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Abstract—This paper introduces a new paradigm for design
and batch fabrication of isotropic 3-D spherical shell resonators.
The approach uses pressure and surface tension driven plastic
deformation (glassblowing) on a wafer scale as a mechanism for
creating inherently smooth and symmetric 3-D resonant struc-
tures. The feasibility of the new approach was demonstrated by
fabrication and characterization of Pyrex glass spherical shell
resonators with millimeter-scale diameter and average thickness
of 10 pom. Metal electrodes cofabricated along with the shell were
used to actuate the two dynamically balanced four- and six-node
vibratory modes. For 1-MHz glass-blown resonators, the relative
frequency mismatch A f / f between the two degenerate four-node
wineglass modes was measured as 0.63% without any trimming
or tuning. For the higher order six-node wineglass modes, the
relative frequency mismatch was only 0.2%, demonstrating the
potential for precision manufacturing. The intrinsic manufactur-
ing symmetry enabled by the technology may inspire new classes
of high-performance 3-D MEMS for communication and inertial
navigation. [2010-0268]

Index Terms—Fabrication, glass, glassblowing, microscale
sphere, resonator, spherical shell, vibration, wafer-level microma-
chining, wineglass mode, 3-D MEMS.

1. INTRODUCTION

INIATURE resonators are required for a number of

applications, including signal processing, timing, fre-
quency control, and inertial sensing [1]. A wide variety of
surface and bulk fabrication technologies for silicon MEMS
resonators has been developed over the past decades, with
several commercial silicon resonators currently entering the
consumer electronics markets [2]-[4]. A majority of technolo-
gies for MEMS resonator fabrication rely on photolithography
and silicon DRIE, with reported relative fabrication tolerances
on the order of 1% [5]. The well-known limitations of these
technologies are the fabrication imperfections introduced by
etching, such as DRIE-induced scalloping, surface roughness,
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footing effects, and aspect ratio constraints. As a result, the
fabrication of highly symmetric devices, frequency matching,
maximization of quality factor, and further device miniaturiza-
tion without performance sacrifice become challenging. These
factors motivate the investigation of alternative nonplanar archi-
tectures and technologies for resonant MEMS with increased
symmetry, reduced roughness, and increased aspect ratios—all
accomplished simultaneously.

Among the shell-type vibrating elements [6], spherical shells
are promising candidates for resonant 3-D MEMS architectures
due to their structural symmetry, rigidity, and low energy losses
through the shell support. Large surface area and sphericity
also account for uniform thermal distribution and reduced
thermal gradients. In addition, operation of dynamically bal-
anced wineglass modes in 3-D axisymmetric shells provides
increased robustness to fabrication imperfections. This is due
to the fact that the natural frequencies of clamped spherical
shells have weak dependence on thickness variations [7] as
compared to mass-spring type resonators. These considerations
motivate the development of batch micromachined spherical
shell resonators.

Until recently, micromachining of shell-type structures was
limited to isotropic etch of silicon spherical bowls [8], [9] and
LIGA process for cylindrical shells [10]. These technologies
are based on lithography and selective etching, leading to detri-
mental fabrication imperfections such as surface roughness and
scalloping. Fabrication of solid microspheres was developed for
nanophotonics applications, including high-temperature fusion
of quartz fibers [11] and resistive heating of chalcogenide glass
[12]. Manufacturing of spherical shells was demonstrated on a
centimeter scale for bulk metallic glasses [13]. We report an
alternative wafer-level approach for the batch micromachining
of axisymmetric 3-D resonant shells.

This paper explores the hypothesis that plastic deformation
driven by surface tension and differential gas pressure, or
glassblowing [14], may serve as an enabling mechanism for
wafer-scale fabrication of highly smooth and symmetric 3-D
spherical shell resonators. The technique of Pyrex glassblowing
was previously introduced for the creation of spherical cells
for chip-scale atomic devices [15], [16]. The micromachining
approach proposed in this paper allows simultaneous fabri-
cation of spherical shells along with actuation and detection
electrodes. The process consists of the following: 1) bonding
a Pyrex glass wafer on a silicon substrate with pre-etched
cavities; 2) patterning flat metal features on the silicon-on-glass
substrate; and 3) heating the wafer stack above the softening
point of glass. The temperature-induced plastic deformation
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Fig. 1. Conceptual schematics of a 3-D spherical shell resonator fabrication
using wafer-scale metal-on-glass stack glassblowing. (a) Planar structure before
glassblowing. (b) Three-dimensional structure after glassblowing.

of the metal-on-glass stack creates 3-D spherical shells with
integrated metal electrodes (Fig. 1).

This paper is organized into four sections. Section II ana-
lyzes the natural frequencies and mode shapes of a spherical
shell, including the effects of fabrication imperfections on the
resonant frequency. Experimental characterization of resonant
modes, demonstrating the potential of glass-blown shells as
high-quality mechanical vibratory elements using off-chip exci-
tation, is presented in Section III. Section I'V describes the novel
fabrication process for the integration of on-chip 3-D metal
electrodes, including electromagnetic and electrostatic trans-
ducer architectures. Finally, Section V experimentally verifies
the feasibility of 3-D resonant shell resonators with integrated
transduction.

II. FREE VIBRATION OF SPHERICAL SHELLS

This section analyzes the natural frequencies and mode
shapes of glass-blown microshells. The modeling assumes that
spherical shells are thin, elastic, and rigidly clamped at the
edge and that they satisfy Kirchhoff-Love assumptions [17].
The assumptions are valid for the nominal geometry, shown in
Fig. 2.

A. Spherical Shell Natural Frequencies

The general differential equations of spherical shell motion
were derived by van der Neut [18] and Havers [19] for the
static case and later by Federhofer [20] and Novozhilov [21],
[22] for the dynamic case (see the Appendix). The closed-form
analytical solution of these equations is limited to the static case
[21] since the vibration spectrum analysis of spherical shells
with arbitrary boundaries is intricate [23]. The expression for
natural frequencies f,, in the closed form was derived in [7].

Fig. 2. Parameters for the analysis of a glass-blown spherical shell.
(a) Notations and geometry of a spherical shell clamped at the edge. (b) SEM
cross-sectional image of a fabricated shell with nominal geometry.

For a spherical shell (Fig. 2) with shell radius R, thickness £,
edge angle «, Young’s modulus E, Poisson’s ratio v, and
volumetric mass density p

1 kp, E

T2t R p(1 —v?) M

fm

Here, k,,, is a dimensionless frequency parameter for the natural
frequency of a vibratory mode of order m and is calculated
for each m given a set of boundary conditions. As shown in
the Appendix, for a clamped spherical shell with p; = p;(«)
defined by the boundary conditions at the edge angle 6 = a,
frequency parameter k,,, for each p; satisfies

2
Ky, — pi+1+3l/+(11/2)lc);] k2
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where ¢ = 12(1 — v?)R? /.

The analysis of the coefficients of biquadratic eq. (2) shows
that the frequency parameter k,, depends on three physical
parameters: Poisson’s ratio v, radius-to-thickness ratio R/h,
and edge angle afk,, = kn, (v, R/h,a)]. The dimensionless
values k,, were calculated using (2) for the typical geometry
of a micromachined Pyrex shell [Fig. 2(b)], assuming that R =
0.5 mm, h =10 pum, o = 130°, v = 0.2, £ = 64 GPa, and
p = 2.23 glem®, and were converted to the frequency values
fm using (1). The natural frequencies summarized in Table I
for each vibratory mode m = 0,1, 2, 3 revealed the spectrum
of vibrations in a megahertz range.
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TABLE 1
NATURAL FREQUENCIES OF PYREX 7740 SPHERICAL SHELL WITH
NOMINAL GEOMETRY FROM FIG. 2 (IN KILOHERTZ)

Mode Bouncing Rocking Wineglass
m 0 1 2 3
Theory
Equations (1)-(2), fm, 1403 811 1352 1522
Ky, (dimensionless) 0.806 0.466 0.777 0.874
FEM, 80420 nodes 1357 799 1291.4 1556.52
FEM, 32310 nodes 1360 825 1291.45 1556.53
FEM, 14340 nodes 1365 868 1291.55 1556.57
Experiment
Sample no. 1 1193 677,687 1270,1279 1433,1436
Measured Af/f NA 1.4 % 0.71 % 0.21 %
Sample no. 2 1186 689,698 1266,1274 1444,1447
Measured Af/f NA 1.3 % 0.63 % 021 %
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Fig. 3. Scaling of the wineglass vibratory modes m = 2, 3 as a function of

the spherical shell size, calculated for Pyrex glass (material parameters are
included). (Insets) Spherical shell shape mode shapes and velocity distribution
at the equator.

The natural frequencies can be scaled by design using (1)
and (2) to meet application-specific requirements. Fig. 3 shows
the effects of shell radius on the natural frequencies of wine-
glass modes m = 2, 3, calculated using (1). Since the natural
frequency f,, is inversely proportional to the shell radius R,
higher frequencies can be obtained by reducing the radius
(assuming constant R/h). The theoretical analysis is compared
with finite element (FE) modeling in the next section.

B. Spherical Shell Mode Shapes

FE modal analysis was performed using MSC Patran to ana-
lyze the mode shapes of glass-blown shells and to compare with
frequency values predicted theoretically. The modes shown in
Fig. 4 are classified by the order m, which corresponds to half
of the number of nodal lines (points of zero displacement) of
the spherical shell. The resonant frequencies of modes m =
0,1, 2, 3 are summarized for different mesh densities in Table I.

The first bouncing mode [m = 0; Fig. 4(a)] corresponds
to the extension—compression of the sphere along the axis of
symmetry. This motion results in a uniform radial distribution
of displacement vectors, illustrated for the horizontal cross
section. The rocking mode [m = 1; Fig. 4(b)] involves side
bending of the shell, which is seen in a horizontal cross section

as an in-plane translation of every surface point except for
the two nodes. The mode m = 1 is degenerate, and its second
counterpart is spatially oriented 90° relative to the first.

When the shell vibrates in symmetric and dynamically bal-
anced wineglass mode (m = 2), there are four equally spaced
polar zones [Fig. 4(c)]. Neighboring zones move in opposite
directions with an 180° alternating phase. The degenerate coun-
terparts of the four-node wineglass modes are spatially oriented
45° relative to each other. For the higher order wineglass mode
m = 3, there are six nodal lines dividing the resonant shell in
polar zones [Fig. 4(d)]. This mode is also degenerate, and its
counterparts are spatially oriented 30° relative to each other.

The four- and six-node modes are dynamically balanced
and provide inherent rejection of common mode accelerations.
These modes are preferred for operation in harsh environments
[1]. The resonant frequencies obtained by FE modeling for
the same parameters (R = 0.5 mm, h = 10 um, a = 130°,
v =0.2, E =64 GPa, and p = 2.23 g/cm®) are within 3% of
the frequency values predicted by (1) and (2), validating the
modeling approach (see Table I).

C. Effect of Boundary Variations on Frequency

Glass-blown shells operating in wineglass resonant modes
are inherently robust against variations of boundary conditions
at the edge. Fig. 5 shows the effect of boundary variations on
natural frequencies calculated by varying parameter p;(a) of
(2). The boundary of the edge # = « formed during glassblow-
ing depends on the geometry of a sealed silicon cavity, which
affects the natural frequency. The frequencies of shell structures
with a < 130° [including circular membranes (« < 40°) and
hemispherical shells (o = 90°)] show a notable change with
edge angle variation. In contrast, frequencies of spherical shells
(> 130°) are minimally affected in a flat region 130° <
o < 180° (Fig. 5) and have no significant deviation from the
complete shell frequencies. This observation led to the insight
that glass-blown spherical shells (typically o > 130°) operating
in wineglass modes are more resistant to boundary variations,
hence less susceptible to fabrication imperfections.

D. Effect of Thickness Variations on Frequency

Rigidly clamped spherical shells provide increased resistance
to such fabrication imperfections as a thickness variation. The
frequency sensitivity to the thickness change was evaluated
for rigidly clamped (fixed edge) and wineglass (free edge)
spherical shells and was compared to mass-spring type res-
onators. Normalized natural frequencies of a spherical shell
with @ = 130° were calculated from biquadratic eq. (2) by
varying thickness h and were shown in Fig. 6. As expected,
the clamped spherical shells exhibit weak dependence on the
thickness (for modes m = 2, 3). This fact was also supported
by theoretical analysis of thin elastic shells [7]. In contrast,
the natural frequency of wineglass structures scales linearly
with h according to Loper et al. [24]. The same analysis for
conventional planar mass-spring type resonators shows a strong
sensitivity of frequency f to variation w in the beam width
f oc w3/? [25]. As shown in Fig. 6, the frequency dependence
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Fig. 4. Vibratory mode shapes of a clamped spherical shell, showing displacement distribution in 3-D and horizontal cross section. (a) Bouncing mode (m = 0).

(b) Rocking mode (m = 1). (c) Wineglass four-node mode (m
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Fig. 5. Dependence of the natural frequencies on the edge angle o for modes

m = 2,3, calculated for Pyrex spherical shell. The physical parameters are
included.

on thickness variation for a clamped spherical shell with h/R =
0.02 is one order of magnitude lower than that for similar
mass-spring type resonators. This consideration motivates the
development of micromachined spherical shell resonators.

III. GLASS-BLOWN SHELL AS A VIBRATORY ELEMENT

This section reports fabrication and experimental character-
ization of mode shapes and structural isotropy of fabricated
prototypes using an off-chip transducer. Multiple wafer-level
runs were performed to optimize the processing parameters.
The experimental data presented here rely on two fully char-
acterized samples, which were fabricated in the same batch.

A. Spherical Shell Fabrication

The fabrication of 3-D resonant shells presented in this
paper relies on wafer-scale glassblowing, which was previously
developed for the creation of symmetric spherical cells for chip-
scale atomic devices [16]. The process starts by hermitically

= 2). (d) Wineglass six-node mode (m = 3).

10°

Normalized natural frequency, f/f,

10 f7 i
| m— e k /R
...... . |Mass—spring|... 5
------------- resonator || = = =fec h/R
/.,,., ,,,,,,,,,,,,,, ............. ........ ........ Foc (W/L)3/2
10° 10"

Normalized thickness (width), h/R (w/L)

Fig. 6. Dependence of the natural frequencies on the thickness h for spherical
shells and width w for mass-spring type resonators. Shell radius R and beam
length L are fixed. Rigidly clamped shells demonstrate weak dependence on
thickness.

bonding a 100-um-thick Corning Pyrex 7740 glass wafer to
a silicon wafer with an array of 0.5-mm-diameter cylindrical
cavities etched 0.8 mm deep [Fig. 1(a)]. The wafer stack is
then heated above the 850-°C softening point of Pyrex glass.
Above this temperature, the viscosity of glass reduces, and
the expansion of the air trapped inside the pre-etched silicon
cavities causes the flat glass to be blown into symmetric spher-
ical shapes [Fig. 1(b)]. The formation of 1-mm-diameter shells
is deemed independent from the glass weight. As shown in
[26], the effect of gravity g is negligible for shell sizes r less
than the capillary length value [r < k=1 = \/+/(pg)], which
is approximately 3.4 mm for molten borosilicate glasses with
a surface tension of v = 260 - 103 N/m [27] and a density of
p = 2230 kg/m?®.

B. Surface Metrology

Surface roughness is a known performance limiting factor in
microscale resonators [28]. The pressure and surface tension
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Fig. 7. Surface roughness of a glass shell measured with an AFM. The
relative roughness is 1 ppm (roughness/diameter). (a) 1-mm glass-blown shell
with marked 5.2 x 5.2 pum? area of measurement. (b) Surface measurement
indicates 0.85-nm average surface roughness. The color legend is the curvature
radius of the scanned area.

driven glassblowing process is expected to provide surface
roughness improvement compared to the conventional fabrica-
tion processes based on etching. To investigate this hypothesis
experimentally, several glass-blown shells were characterized
using an Agilent Nano R2 atomic force microscope (AFM).
The initial average surface roughness of the Pyrex 7740 sub-
strate before glassblowing was measured as 0.48 nm over
a 5.2 x 5.2 um? area. The average surface roughness after
the fabrication was measured as 0.85 nm on the outer shell
surface. This translates into a surface-roughness-to-size ratio
of 1 ppm relative to the 1 mm diameter of the shell (Fig. 7).
The uncertainty of both AFM measurements was on the order
of +0.2 nm. The final shell roughness is comparable to the
initial glass roughness before the fabrication. Further reduction
in shell roughness can be achieved by controlling the level of
glass impurities and contaminants in the nitrogen atmosphere
of the glassblowing furnace.

To compare the glassblowing technology with conventional
micromachining, the same set of measurements was performed
on a sidewall of a silicon resonator defined by DRIE using
Unaxis Versaline VL-7339. The surface defects were measured
as 17 nm over the same area, which is equivalent to a surface-
roughness-to-size ratio of 167 ppm relative to the 100-xm beam
thickness. This comparison demonstrates the potential of the
glassblowing technology to produce 3-D resonators with very
low surface roughness.

C. Experimental Identification of Mode Shapes

Inherent fabrication symmetry and measured low surface
roughness suggest that glass-blown spheres can serve as high-
quality resonant structures with superior degree of isotropy.

Fig. 8. Photograph of a packaged glass-blown shell bonded to a piezoelectric
actuator for structural mode characterization.

Laser
vibrometer

Signal
analyzer

I -90°

Fig.9. Schematics of the experimental testbed for noncontact characterization
of glass-blown shells using a laser vibrometer.

This section investigates the resonant properties of fabricated
spheres using noncontact characterization methods facilitated
by a Laser Doppler Vibrometer (LDV). For the experiment, a
3-D shell die was eutectically bonded to a piezoelectric plate
actuator and was packaged in a ceramic 24-pin DIP (Fig. 8).
The piezoelectric layer was chosen in the preliminary experi-
ments for the excitation of multiple-order vibratory modes on
a spatial 3-D structure. A Polytec OVF-5000 single-point LDV
was used to directly measure velocities of surface points on the
vibrating shell in real time.

For the experimental identification of resonant frequencies,
the packaged glass-blown shell was mounted on a rotary stage
at the focal point of the LDV (Fig. 9). The frequency spectrum
of vibrations was measured by driving the piezoelectric sub-
strate with 1 VAC at frequencies ranging from 0.6 to 1.45 MHz
and sensing velocity of a single point on the equator. Fig. 10
shows the frequency response of the vibrating shell, revealing
mechanical resonances in the megahertz range consistent with
theoretical predictions (see Table I).

To experimentally identify mode shapes corresponding to
each resonant peak in Fig. 10, the surface velocities of the shell
were measured. Due to the axial symmetry of the fabricated
sphere, vibratory modes can be uniquely identified by the
velocity distribution along the equator. The mode shapes and
velocity distribution for one period of vibrations were predicted
theoretically form = 0, 1, 2, 3 (see Fig. 4). To measure velocity
as a function of the angular position on the shell (longitude),
a scan was performed by rotating the packaged device with
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Fig. 10. Frequency response of a 1-mm-scale glass-blown spherical shell,
revealing balanced resonant modes in the megahertz range.

w2l /330
O Measured velocity amplitude at 698.1 kHz, mm/s
Fit v (p) = [Arsin(p + ¢1)]
o Measured velocity amplitude at 688.9 kHz, mm/s
— — -Fit v(p) = [42sin(p + ¢2)]

210\ . "

Fig. 11. Measured velocity amplitude distribution along the equator of a
spherical shell excited in rocking modes (in polar coordinates).

respect to the stationary LDV beam in 15° increments of
longitude. The positioning error limited the accuracy of the
velocity measurements to within =1 mm/s.

1) Rocking Modes: The velocity amplitudes of the shell
vibrating at 0.689 and 0.698 MHz were measured at 24 equally
spaced points along the equator and were plotted in polar coor-
dinates (Fig. 11). The fit to functions |A; sin(p + ¢;)|,i = 1,2
revealed two nodes for each velocity map, previously observed
in simulated rocking modes (m = 1), shown in Fig. 4(b). As
expected from FE modeling, the relative spatial orientation
1 — 2 between the two degenerate modes is close to 90°.

2) Bouncing Mode: The scanning of vibratory mode at
1.186 MHz revealed a uniform velocity distribution (Fig. 12),
proving that the shell was excited in a bouncing mode (m = 0).

3) Balanced Four-Node Wineglass Modes: For the next fre-
quency range between 1.255 and 1.285 MHz, FE modeling
suggests two degenerate four-node wineglass modes. To iden-
tify the frequency mismatch Af/f between these modes, the
frequency responses of the glass-blown shell were collected at
several locations on the equator, demonstrating mismatch of
only 0.63% with 30 ppm accuracy (Fig. 13). The uncertainty
of the Af/f measurements was determined by a frequency
resolution of 38 Hz for the current experimental setup. The

90 99

O Measured velocity amplitude at 1.186 MHz, mm /s
Fitv(p)=A

Fig. 12. Measured velocity amplitude distribution along the equator of a
spherical shell excited in a bouncing mode (polar coordinates).
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Fig. 13.  Measured frequency responses corresponding to the four-node wine-

glass modes, revealing a relative frequency mismatch A f/ f of only 0.63%.

frequency response at 135° longitude revealed a mechanical
quality (@) factor of 318 in air, which can be improved by
operating in a vacuum. Further enhancement is possible by
minimizing the shell anchoring to the substrate or by using
high-@Q materials.

Next, mode shapes corresponding to the two resonant fre-
quencies were analyzed and compared to the theoretical four-
node wineglass velocity distributions [Fig. 4(c)]. The velocity
maps measured at frequencies of 1.266 and 1.274 MHz exhibit
four points with zero displacement, which is a characteristic of a
balanced four-node wineglass mode (Fig. 14). The relative spa-
tial orientation between the two four-node wineglass velocity
patterns is defined by the principal axes of elasticity. The fit to
functions |A; sin(2¢ + ¢;)| revealed an angle ¢ — o = 27°
between the principal axes of elasticity (Fig. 14).

The deviation from an ideal 45° angle suggests cross cou-
pling between the two theoretically degenerate modes, which
can be attributed to the thickness variation in the horizontal
cross section. This effect can be reduced by using hard mask
lithography for patterning and etching circular cavities or by
increasing the anodic bond strength. The next resonant peaks at
1.42 MHz in Fig. 10 were identified as asymmetric four-node
modes.
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O Measured velocity amplitude at 1.274 MHz, mm/s
Fit v(p) = [A1sin2(p + ¢1)]
o Measured velocity amplitude at 1.266 MHz, mm /s
— — - Fit v(p) = |Azsin2(¢ + 2)|

Fig. 14. Measured velocity amplitude distribution along the equator of a
spherical shell excited in four-node modes (polar coordinates).
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O Measured velocity amplitude at 1.444 MHz, mm /s
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o Measured velocity amplitude at 1.447 MHz, mm/s
— — -Fit v(p) = |Azsin3(p + @2)| + C

Fig. 15. Measured velocity amplitude distribution along the equator of a
spherical shell excited in six-node modes (polar coordinates).

4) Balanced Six-Node Wineglass Modes: The next pair of
mechanical resonances was observed at 1.444 and 1.447 MHz,
corresponding to the six-node modes of vibrations (Fig. 15).
The relative frequency mismatch was 0.2%, with a mechani-
cal Q-factor of 480, demonstrating an improvement over the
four-node mode characteristics. Fitting the data to the mode
shape | 4; sin(3p + ¢;)| + C revealed a 7.5° angle between the
principal axes of elasticity, which deviates from a theoretical
value of 30° due to the limitations of soft mask lithography and
bonding tools used in the current work.

The mode shapes corresponding to each resonant peak
(Fig. 10) were identified experimentally and were summarized
in Table I, demonstrating a 7% agreement between the theo-
retical and measured frequencies for modes m = 1,2, 3. The
difference is partially accounted for by a variation in thickness
of the vertical cross section of the glass-blown shell [Fig. 2(b)].

Despite the apparent modal cross coupling, the degree of
shell symmetry measured in terms of frequency mismatch
Af/f remained less than 1%. Moreover, the frequency mis-
match shows an improvement for the higher order modes (see
Table I). The same phenomenon was observed for high-order

composite bulk acoustic resonators [29], confirming that the
3-D resonator operating in mode m = 3 is more robust to fab-
rication imperfections. The tradeoff, however, is the increased
number of electrodes required for the selective excitation of
high-order modes. The noncontact characterization using off-
chip actuation revealed isotropy and principal axis alignment
comparable to the state-of-the-art planar silicon MEMS [1],
calling for the development of integrated on-chip transducers.

IV. INTEGRATION OF TRANSDUCERS

The integration of the electromagnetic and electrostatic trans-
ducers with the glass-blown spherical resonators requires def-
inition of conductive traces and electrodes on the curved 3-D
surfaces of the spherical structures. Conventional methods such
as line-of-sight metal deposition using a shadow mask are not
practical due to the aspect ratio limitations.

A. 3-D Metal Fabrication Using Wafer-Scale Glassblowing

Instead of patterning metal conductors on the curved surface
of already glass-blown spherical structures, the explored fab-
rication approach relied on the definition of the metal features
prior to the glassblowing step [Fig. 1(a)]. The flat metal features
are deposited on top of the Pyrex substrate using, for instance, a
lift-off procedure. When the bonded Pyrex—Si wafer stack with
patterned metal structures is heated above the 850-°C softening
point of glass, spherical glass structures with integrated 3-D
metal electrodes and traces are created [Fig. 1(b)].

The main practical challenge of the proposed technique was
devising a metal stack that was ductile enough to plastically de-
form together with the glass substrate during the glassblowing
step. At the same time, the metal conductor had to be resistant to
degradation during the high-temperature treatment. The initial
approach of using a stack of 0.5-ym Au and 0.05-ym Cr was
challenging due to the partial segmentation of the continuous
traces during the plastic deformation phase of the glassblowing
process. This limitation was overcome after multiple design
iterations. The successful design was achieved by incorporating
an intermediate 0.6-pm-thick layer of ductile Cu between the
0.05-pym Cr adhesion layer and the 0.4-ym Au corrosion-
resistant top layer. The relatively thin metal stack, compared
to the shell thickness, has a minor effect on the symmetry and
surface roughness of glass-blown structures. Figs. 16, 17, and
20 show fabricated samples containing glass-blown spherical
shells with integrated 3-D metal electrodes and traces, formed
from a flat 200-pum-thick Pyrex glass wafer with patterned
Cr-Cu-Au metal stack. These structures were chosen for the
initial experimental characterization.

B. Magnetic and Electrostatic Transducers

The successful fabrication of the patterned metal features on
the surface of glass-blown spherical structures allowed the in-
tegration of electromagnetic and electrostatic transducers. The
explored architecture for on-chip electromagnetic transducers
utilizes 3-D metal traces on the surface of a glass-blown shell
(Fig. 17). The metal trace was patterned as a folded coil to
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Fig. 16. Photograph of the batch fabricated spherical shell resonators with
integrated electrostatic transducers before wafer-level glassblowing.

Fig. 17. Photographs of a continuous metal trace fabricated on a glass-blown
spherical shell structure. (a) Metal trace before glassblowing. (b) Metal trace
after glassblowing.

account for the stretching of the metal trace during the plastic
deformation of the glass shell. The final 3-D geometry of the
shell and metal electrodes was defined by the glassblowing step,
which created a 20-pm-wide 130-Q2 3-D metal trace across a
spherical resonant shell of 1.3 mm in diameter and 20 pm in
thickness [Fig. 17(b)].

To generate a magnetic field, a pair of millimeter-scale 0.5-T
permanent magnets was bonded to the die on opposite sides of
the glass-blown shell (Fig. 18). When current is passed through
the metal trace on the spherical shell, a distributed Lorentz
force is generated, which is used to excite the mechanical
response of the spherical shell. While electromagnetic actuation
is commonly used in micro- and nanoscale resonators [30], its
drawback is the demanding requirement for strong magnetic
fields (on the order of 1 T), which are usually achieved by using
external permanent magnets or superconductive coils.

The approach for the definition of metal traces on 3-D struc-
tures was also adapted to implement electrostatic transducers

3-D trace

Network analyzer
Agilent 4395A

to 3-D trace

Fig. 18. Schematics of the experimental testbed for on-chip electromagnetic
excitation of glass-blown resonant shells.

embedded in glass-blown spherical resonators. The idea behind
the design of the 3-D capacitors for electrostatic transduction
is to form a large-area high aspect ratio capacitor between the
resonant shell and stationary electrodes supported by satellite
spherical structures (Figs. 1 and 20). The diameters of the
central resonant shell and surrounding satellite shells were
approximately 1.3 and 0.85 mm, respectively.

V. TRANSDUCER CHARACTERIZATION

The feasibility of the 3-D spherical glass-blown resonators
with cofabricated transduction structures was experimentally
demonstrated by driving the central resonant shell into mechan-
ical resonance. This section presents the results illustrating on-
chip electromagnetic and electrostatic actuation.

A. Electromagnetic Actuation

The operation of the 3-D electromagnetic transducers was
characterized experimentally using a spherical shell with inte-
grated 20-um-wide 130-€2 metal trace running across the shell
(Fig. 17). An ac actuation current of 0.2 mA was passed through
the metal trace in a magnetic field of 0.5 T generated by the
two millimeter-scale permanent magnets (Fig. 18). A Lorentz
force on the order of 0.5 N was generated to initiate vibrations
of the glass-blown shell. The mechanical response of the shell
was measured using the LDV. Frequency response charac-
terization revealed a 687-kHz resonance, corresponding to a
rocking mode of shell vibrations (Fig. 19). While this experi-
ment demonstrated operational 3-D electromagnetic resonators
with an integrated actuator, the requirement for relatively high
currents and magnetic fields motivated the investigation of
alternative transduction approaches.

B. Electrostatic Actuation

The performance of the integrated 3-D electrostatic transduc-
ers was characterized using a fabricated prototype with four
discrete capacitors formed between the central resonant shell
surrounded by the eight smaller satellite structures [Fig. 1(b)].
Unlike the electromagnetic architecture, the electrostatic design
ensures a selective excitation of the four-node wineglass mode.
Due to its symmetry, the mode provides inherent rejection
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Fig. 19. Measured frequency response of a glass-blown shell actuated in
a rocking mode with an on-chip 3-D magnetic transducer, demonstrating
feasibility of the actuation approach.

" [3-D electrodes

to 3-D electrodes

Fig. 20. Schematics of the experimental setup for the on-chip electrostatic
excitation of glass-blown resonant shells.

of common mode accelerations and has a potential for high-
quality factor and low phase noise operation [1]. To excite
vibrations of a central shell, a combination of dc and ac
voltages was applied across the capacitors formed between the
central and satellite shells (Fig. 20). The mechanical response
of the electrostatically excited resonator was characterized by
measuring velocities at 36 equally spaced locations along the
shell equator using the LDV. A four-node wineglass mode of
vibration was identified at 943.7 kHz. Due to the increased
diameter of the shell used in the experiment (1.3 mm diameter
compared to 1 mm), this resonant frequency differs from pre-
viously observed 1.27 MHz. The frequency shift is consistent
with the FE modeling.

The velocity amplitude data for the shell equator vibrating at
943.7 kHz were collected and plotted in polar coordinates for
further analysis of the mode-shape (Fig. 21). The measurement
data show a characteristic pattern of a wineglass mode with
four nodes and four points of maximum velocity amplitude. The
analysis of the velocity phase data reveals four regions of 180°
alternating phase, confirming the four-node wineglass mode.

O Measured velocity at 943.7 kHz

Fit 1(¢) = | Asin(2p + ¢ ) |

Fig.21. Measured velocity amplitude and phase distribution along the equator
of a spherical shell vibrating in a four-node wineglass mode excited by on-chip
capacitive transducers.

These experimental results demonstrate the feasibility of inte-
grated 3-D capacitors for excitation of dynamically balanced
wineglass modes in glass-blown spherical shell resonators.

VI. CONCLUSION

A novel approach for the fabrication of 3-D spherical
shell MEMS resonators with cofabricated electromagnetic and
electrostatic transduction was presented and experimentally
illustrated. The fabrication process takes advantage of plastic
deformation driven by gas pressure and surface tension forces
(glassblowing) to create smooth, symmetric, and high aspect
ratio 3-D structures. The axisymmetric 3-D shell architectures
demonstrated surface-roughness-to-height ratio on the order of
1 ppm. The mode shapes and natural frequencies predicted an-
alytically were confirmed experimentally with 7% agreement.
Without any trimming or tuning of the natural frequencies,
a 1-MHz shell resonator demonstrated a 0.63% frequency
mismatch between two degenerate four-node wineglass modes.
Excitation at higher order six-node wineglass modes revealed
only a 0.2% relative frequency mismatch.

Our preliminary results provide inspiration for further design
and fabrication of application-specific architectures of 3-D vi-
bratory MEMS such as resonators and gyroscopes. Even though
the presented results are initial steps toward mature dynamic
3-D MEMS, we believe that the approach may lead to high-
precision devices with high aspect ratio architectures, efficient
low-noise transduction, increased stability, and reduced energy
dissipation, thus enabling a new class of inertial instruments
and truly exploiting the physics of 3-D elastic waves in sym-
metric shells on a microscale.

APPENDIX
CALCULATION OF A FREQUENCY PARAMETER £k,

Based on general shell-of-revolution equations of equilib-
rium proposed by Love [17] and later expanded by Novozhilov
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[21] in terms of displacement components u, v, and w
[Fig. 2(a)], free harmonic vibrations of a thin elastic spherical
shell are governed by the partial differential equations [31]

AU +2U = — (1 —v?)(Fy + )
AV +2V =F;
62

AAw + 2Aw + Pw = T U+ER+20-1v3)F (3)

— VvV

where A is the Laplacian operator, ¢ = 12(1 — v?)R? /h?, and

U=— +uco +%g—;f(1+l/)w
V_8 +wvcotf 11110%

pR2 02w
T EEw Lo
F2_E8t22[8§+UCOt0+sin9&p}
F3=72(1 +£)pR % [(33‘9/+V00t6_Sir119(;Z]'

U and V are the scalar functions of the displacement compo-
nents; R and h are the shell radius and thickness, respectively;
E and v are the Young’s modulus and Poisson’s ratio, respec-
tively; and p is the volumetric mass density. The boundary
conditions of a spherical shell rigidly clamped at the edge angle
0=a

Ugma = V]p=ma = W]o=a =0 (Qw/30)|g=a =0 (4)
together with the partial differential equations (3) define a
boundary value problem.

The effect of the boundary conditions on the natural fre-
quencies is studied by applying the method of separation of
variables. By substituting functions U, V, and w in the form
of Fourier series

I
hE

U U, (0) cos(my) cos(27 fint)
m=0

V= i Vin (0) sin(me) cos(27 fint)
m=0

w = Z W, (0) cos(mep) cos (27 fr,t)

3
Il
=)

the system (3) can be reduced to the ordinary differential
equations in terms of w,,, = w,,(0) and V,,, = V,,,(9)

2
AAAw,, + (4 + kX)) AAw,, + ¢ (1 -7 k’"yz)

1+3v k2

X Awy, 4 2 (2+ 1_y2k3n7 1_V2)wm0 5)
k2

AVm+2<1+1_mV> V=0 ()

where k,, is the dimensionless frequency parameter introduced
in (1) for the natural frequency of the mth mode and is cal-
culated for each m for a set of boundary conditions. System

egs. (5) and (6) decouple into two independent equations.
Equation (6) describes purely tangential motion (u,v) of a
spherical shell, while (5) includes also normal vibrations (w).
Nevertheless, both equations are taken into account to satisfy
the boundary conditions (4).

Each of (5) and (6) is a particular case of the differential
equation for spherical harmonics, and their solutions for the
spherical shell bounded by one circular boundary are

3
Wny = Y AiPM(cosO) Vi = A4P)t(cosh) ()
i=1

where P"(cos0) is the associated Legendre functions of the
first kind of the order m and degree n;. The set of permissible
values n; is calculated by satisfying the boundary conditions
in (4). The degrees n; are real or complex numbers for the
shell with arbitrary boundaries and an integer for the complete
spherical shell with no boundary constraints. The values p; =
n;(n; + 1) are used to solve the characteristic equation of (5)

2
ky, — [pi+1—|—31/—|—(1—1/2)1;;] k2,

opi — 4

+(1l/2)|:pi2+pi =2 ]0 (®)

and to determine the frequency parameter k,,. The roots of
biquadratic eq. (8) are defined by the coefficients ¢, p;, and
v, showing that the frequency parameter k,,, depends on three
physical parameters: thickness-to-radius ratio /R, edge angle
«, and Poisson’s ratio v.

The frequency parameter k,, for each vibratory mode m
is calculated by solving characteristic equation (8) and by
satisfying the boundary conditions given by (4). The dimen-
sionless values k,,, are converted to the spherical shell natural
frequencies f,, by using (1).
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