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Abstract—The vector components of acceleration sensitivity I”
for a closed-loop oscillator referenced to a wine-glass disk array-
composite resonator employing tiny (~92nm) electrode-to-
resonator capacitive transducer gaps were measured along axes
perpendicular and parallel to the substrate to be
I'yoriicar-13.6ppb/g and I,.,,~4.92ppb/g, respectively, which are
on par with commercial quartz-based oscillator products. Inte-
restingly, the measured acceleration sensitivity greatly exceeds
the prediction of theory. In particular, models for frequency
shifts due to variations in electrical stiffness and mechanical
stress predict acceleration sensitivities orders of magnitude low-
er than measured here. Consideration of other microphonic
contributors reveals that the measurements of this work were
probably limited by the bond wires and package stresses of the
board-level realization of the oscillator, so are very likely not
representative of the performance actually achievable by a fully-
integrated micromechanical resonator oscillator, where MEMS
and transistors share a single chip. Still, the measured micro-
phonic performance on par with mid-grade quartz oscillators at
least provides some reassurance that the tiny electrode-to-
resonator gaps used in high frequency capacitively transduced
micromechanical resonators will not compromise the stabilities
of oscillators referenced to them in conventional applications
that currently accept mid-grade quartz resonators.

Keywords—MEMS, microphonics, acceleration sensitivity, vi-
bration, capacitive transducer, small gap, electrical stiffness.

L INTRODUCTION

Micromechanical resonators constructed via MEMS tech-
nology have recently been spotlighted as potential next gener-
ation mechanical signal processors for use in oscillators, fil-
ters, mixers, and even amplifiers. Beyond offering substantial
reductions in size, power consumption, and manufacturing
cost, their potential for single-chip integration with CMOS
integrated circuits is expected to yield a degree of system-level
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miniaturization and resultant parasitic loss reductions that en-
courage a paradigm shift in wireless communication system
architecture [1]. Indeed, capacitively transduced microme-
chanical resonators, such as shown in Fig. 1, that use voltage-
induced electric fields across electrode-to-resonator gaps to
excite and sense resonance have now been demonstrated with
long-term stability less than £2 ppm over 10,000 hours of op-
eration [2]; excellent temperature stability of better than £0.05
ppm over -20°C~80°C using less than 18 mW of oven power
[3]; quality factor Q greater than 10,000 at GHz frequencies
[4], and fQ products exceeding 5.1x10" [5]. Moreover, the
recent demonstration of phase-noise performance that meets
commercial global systems for mobile communication (GSM)
specifications suggests that micromechanical resonators
should soon be usable in higher-end applications beyond con-
sumer electronics, where micromechanical resonator-based
oscillators are already commercialized and now encroaching
on markets traditionally dominated by quartz [6].

While the use of capacitive transduction provides many
benefits, including higher O and a larger available set of mate-
rials, early capacitive transducer realizations suffered from a
relatively weaker electromechanical coupling factor compared
to other transduction methods. The resulting high motional
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Fig. 1 (a) Top view schematic and (b) cross-section of a typical disk-type
capacitively transduced micromechanical resonator. Voltage-induced electric
fields across electrode-to-resonator gaps are used to excite and sense the
resonator. ¢) ANSYS finite element simulated mode-shape.
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impedance then made difficult matching to low (e.g., 50Q)
impedance systems. Among methods for improving electro-
mechanical coupling in capacitive transducers, reducing the
electrode-to-resonator gap spacing is mathematically the most
effective [7]. Doing so, however, is not a simple prospect
when the gaps are lateral ones, such as in Fig. 1. For example,
although e-beam lithography and subsequent etching to form
lateral gaps has been suggested as one possible way to reduce
gaps over those obtainable via conventional lithography [8],
its low throughput and high cost pose significant barriers to
volume production. As a result, sidewall sacrificial spacer
methods, such as first used in [9], have dominated among
methods for achieving lateral gaps down to 50nm, but below
this suffer from etchant and etch by-product diffusion limita-
tions that compromise yield . The latest remedy to this uses
atomic layer deposition (ALD) to deposit high-k dielectric
material into a sacrificial spacer-defined gap, partially (but not
fully) filling it to achieve a much smaller effective gap spacing
[7]. This approach recently achieved repeatable gap spacings
as small as 37nm that enabled the first micromechanical reso-
nators with simultaneous high Q (>70,000) and low motional
impedance (R,<130Q) at 61 MHz [10].

But gap reduction also raises concerns regarding suscepti-
bility to acceleration, i.e., to microphonics. Indeed, many os-
cillators find use in dynamic platforms, for which resilience
against vibration is important. Acceleration from environmen-
tal vibration is well known to degrade the short-term stability
of oscillators, especially ones referenced to mechanical reso-
nators that respond to acceleration by shifts in resonance fre-
quency. Needless to say, acceleration sensitivity has been stu-
died extensively in quartz-crystal oscillators [11].

The acceleration-induced resonance frequency shift Af for
a mechanical resonator is often expressed as,
A

——=Tea with T=T %+ p+T: (1)

where fis the resonance frequency, « is the acceleration in

vector form, and T is the acceleration sensitivity of the reso-
nator gauging the amount of the frequency shift for a given
acceleration.

If an oscillator with a mechanical reference resonator ex-
periences a vibration at frequency f,, its output signal phase is
modulated by the instantaneous frequency shift of the resona-
tor governed by (1), creating sideband peaks in the output
power spectrum as shown in the schematic in Fig. 2. Since
only power at the carrier frequency constitutes the output of an
oscillator, and power at all other frequencies is considered
noise, these side peaks can be interpreted as noise at a fre-
quency offset of f, from the carrier, and their relative height
can be expressed as
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Fig. 2: Oscillator output power spectrum in the presence of vibration with
frequency f,. Sideband peaks appear at offsets f, from the carrier frequency.
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It should be noted that, in the presence of random vibration,
this noise would appear as 1/ noise, and would therefore do-
minate the oscillator phase noise performance. Indeed, resona-
tor acceleration sensitivity often governs oscillator perfor-

mance in dynamic platforms.

Recently, the acceleration sensitivities of oscillators refe-
renced to capacitively transduced micromechanical resonators
with gaps of 1ym and 150nm were measured and reported [12,
13]. This work focuses on smaller-gapped capacitive micro-
mechanical resonator oscillators, with an aim to elucidate the
fundamental mechanisms governing the acceleration sensitivi-
ty of micromechanical resonators that employ electrode-to-
resonator gaps with spacings less than 100nm. Two main me-
chanisms are considered: 1) changes in electrical stiffness
caused by acceleration-induced changes in -electrode-to-
resonator gap spacing; and 2) the effect of acceleration-
induced stress on the resonant structure. Using ANSYS finite
element simulation, silicon surface micromachined resonators
are modeled and analyzed, and these models are compared
with measurement data. Other potential mechanisms asso-
ciated with the testing apparatus that can dominate the accele-
ration sensitivity of tested resonator oscillators are discussed,
as well.

II.  POTENTIAL CONTRIBUTORS TO ACCELERATION
SENSITIVITY

A. Acceleration-Induced Electrical Stiffness Changes

Spring softening due to electrical stiffness is a well known
non-linear dynamical phenomenon associated with capacitive
transduction. In capacitive transduction, as described in Fig. 3,
the electrical drive force generated by a constant bias voltage
Vp applied across the electrode-to-resonator gap increases as
the resonator approaches the electrode, i.e., as the capacitive
gap decreases, and decreases as the resonator moves farther
from the electrode. Since the change in force is proportional to
displacement, it can be modeled as an effective electrical stiff-
ness that can be expressed as

o, _etr,’
ox d’

where € and A4 are the permittivity and overlap area, respec-
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Fig. 3: Lumped model of a capacitively transduced micromechanical resona-
tor. The electrostatic force depends on the gap size between the resonator
and the electrode; as the resonator displacement x increases, the gap size
decreases resulting in an increase in the electrostatic force. This displace-
ment dependency of the electrostatic force behaves similarly to a mechanical
restoring force, but in the opposite direction.
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tively, of the electrode-to-resonator gap. Since it acts against
the restoring force of the resonator’s mechanical stiffness, 4,
subtracts from the overall stiffness of the resonator structure,
yielding a resonance frequency given by

1 [k 1 [k, -k, 3
Y L
m

AL A

m

“4)

where k is the overall stiffness, m is the resonator mass, £, is
the mechanical stiffness, and f, is the original natural frequen-
cy of the resonator (with Vp = 0V).

Using (3) and (4), the fractional frequency change of the
resonance frequency brought about by acceleration-induced
changes in gap spacing and overlap area can be expressed as

A 1 eV’

~ =— Ad for gap spacing change

f 2d%,

A1)’ ®
L = _—3—PAA for overlap area change

f 2 d k)?l

where 4d is change in gap spacing and 44 is change in over-
lap area. Note that as the electrode-to-resonator gap d shrinks,
(5) predicts much larger shifts in frequency shifts due to acce-
leration-induced shifts in both cases.

B.  Acceleration-Induced Stress Changes

As a mechanical resonator experiences acceleration, a
stress gradient is induced in the resonant structure, which re-
sults in a shift in resonance frequency. Reference [12] investi-
gated this stress effect for the case of beam-type MEMS, for
which the principal mechanism for acceleration sensitivity is
axial stress due to the D’Alembert force from a floating
coupled mass. This magnitude of this effect depends on the
magnitude of the induced force, making the resonator mass an
important factor. In other words, as mass increases, accelera-
tion induces more force, which then generates a larger shift in
the resonance frequency. In addition, the stress distribution,
i.e., locations of highest stress, also influence the amount of
frequency shift. Finite element simulation is an effective
means for modeling such acceleration induced-stress distribu-
tions on a resonant structure and for linking them to the result-
ing resonance frequency change.

b) 3050

Fig. 4: a) SEM images of the capacitively transduced micromechanical reso-
nators used in this study. Five resonators are coupled in parallel via half-
wave beam, and each disk is suspended from the substrate by two diagonally
anchored support beams (4.5umL x 1pmW x 3 pmH) at the vibration nodes.
The 92nm electrode-to-resonator gap is defined by an SiO, sidewall sacrifi-
cial layer. b) Mode shape (wine-glass mode) of an individual disk from
ANSYS FE simulation. At resonance, all disk resonators vibrate identically.

C. Vibration Susceptibility of Non-Resonant Components

Many microwave electronic components are known to be
sensitive to vibration, from coaxial cables that typically exhi-
bit acceleration sensitivities from 10*~10°rad/g [14]; to band-
pass filters; mechanical phase shifters; and printed circuit
boards [15]. Indeed, investigations on the role of such compo-
nents on oscillator acceleration sensitivity [14, 16] reveal that
they can often dominate. Thus, the resolution of any board-
level test set-up gauging the acceleration sensitivity of the
micromechanical resonator oscillators of interest, here, is ul-
timately limited by contributions from non-resonant board-
level components.

III. MODELING

To investigate the acceleration sensitivity of small-gap ca-
pacitively transduced micromechanical resonators, this work
employs the polysilicon wine-glass mode disk array-
composite resonator depicted in Fig. 4. Here, five disk resona-
tors are coupled by half-wavelength beams to form a compo-
site resonator structure that vibrates at a designed mode fre-
quency. Because it uses several resonators, this composite
resonator handles more power and exhibits lower impedance
than a single stand-alone resonator, both of which are benefi-
cial to oscillator design and performance. Each disk has a ra-
dius of R=32um and thickness of A=3um, and is suspended by
two support beams attached opposite one another at wine-
glass mode nodal points, as indicated in Fig. 4.

When 7 resonators are assembled into an array-composite,
the composite structure takes on values of stiffness and mass
that are n times the value at the same location on a single
stand-alone resonator. In other words, the composite structure
is n times stiffer than any one of its constituent resonators.
However, the mass of the composite is also larger, so forces
generated by accelerations will likely also be approximately »
times larger, suggesting that the acceleration response of the
composite should be similar to that of a single resonator, al-
though not exactly the same. In order to simplify the analysis
so as to more easily delineate important dependencies, the
analyses to follow are done on a single resonator, with the
understanding that they will only be approximate for the ar-
ray-composite actually tested.

Using models from [17], the mechanical stiffness at the an-
ti-nodes of a stand-alone constituent disk resonator in Fig. 4 is
calculated to be k,=6.61x10° N/m. The capacitive transducer
area for the disk is 4=5.04x10""m” The resonance frequency
is /~61MHz, and the sacrificial sidewall spacer-defined [18]
electrode-to-resonator gap is d=92nm. At V=12V, using (3),
the electrical stiffness is calculated to be k£, =885N/m. These
values are used to obtain some of the numbers in the analyses
to follow.

A. Acceleration-Induced Electrical Stiffness Changes
1) Vertical Acceleration

When a disk resonator experiences a vertical (or z-
directed) acceleration, the resonator displaces in that direction,
yielding a change in transducer area A, as shown in Fig. 5. The
resulting change in electrical stiffness, k., can be expressed as
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Fig. 5: a) Conceptual schematic of a capacitively transduced micromechani-
cal resonator experiencing vertical acceleration. The capacitive transducer
area changes due to vertical displacement of the resonator. b) Side view of
ANSYS finite element simulation showing resonator displacement due to
vertical acceleration.
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The fractional transducer area change, A4/4, can be ap-
proximated as the resonator displacement, d, with respect to
the resonator thickness, /, after which equation (6-1) can be
expressed as,

(6-1)

Ak@ = kE é

h

Using ANSYS finite element modeling, the resonator dis-

placement per unit acceleration in the z-direction is simulated

to be 6=8.71 x10°nm/g. Using this in (1), (5), and (6-2), the z-

direction acceleration sensitivity for a capacitively transduced
micromechanical disk resonator becomes

(6-2)

rZ,elecAstif]’ = 1'81X107“ /g (7)

2) Lateral Acceleration

When a disk experiences a lateral (i.e., in plane) accelera-
tion, its transducer gap, d, changes as shown in Fig. 6a. Unlike
the case of vertical acceleration, since the resonator is anc-
hored diagonally, its displacement varies depending on the
orientation of the acceleration. As shown in the ANSYS finite
element simulation of Fig. 6b, the resonator displacement is
maximized when the acceleration is perpendicular to the anc-
hors and bends the supporting beams flexurally. In contrast,
when the acceleration is parallel to the anchors, it must act
against substantially stiffer restoring forces that minimize dis-
placements along this direction, thus, minimizing the accelera-
tion sensitivity. Fig. 7 presents plots of x and y direction reso-
nator displacements (dy and dy) with respect to the orientation
of the acceleration. The directional dependence of resonator
displacements in units of nano-meter per g can be expressed as
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Fig. 6: a) Conceptual schematic of a capacitively transduced micromechani-
cal resonator experiencing lateral acceleration. Here, the capacitive transduc-
er gap changes due to the lateral displacement of the resonator. b) Finite
element simulation of resonator displacement due to the lateral acceleration.
When the acceleration orientation is perpendicular to the anchors (left side),
the support beams bend, generating more displacement than when the accele-
ration is parallel to the anchors (right side).
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Fig. 7: Plots of resonant structure displacement with respect to acceleration
orientation. a) x-direction displacement per 1g acceleration and b) y-direction
displacement per 1g acceleration in nano-meters.
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Fig. 8: a) When the resonator displaces, the transducer gap decreases by ¢ on
one side (thus k. increases) at the same time the gap increases by J on the
other (thus &, decreases). The combined electrical stiffness change thus can-
cel to first order, resulting in a much smaller change in total resonator stiff-
ness. This, of course, enhances the resonator’s resilience to against lateral
direction acceleration. b) Plot of lateral acceleration sensitivity due to elec-
trical stiffness changes with respect to the orientation of the acceleration.
When the resonator sees accelerations perpendicular to its support beams, its
acceleration sensitivity maximizes at [Lyeral, elec.stifi=1 .80"ﬁ/g.

S, =137x10"a, —-1.51x10a,
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For lateral accelerations, the overall change in electrical
stiffness becomes more complicated when electrodes are
placed symmetrically around the resonator, as is the case for
the wine-glass disk under consideration. Fig. 8a shows an ex-
ample case when the disk displaces in the y-direction. Here,
the electrode-to-resonator gap decreases by ¢ on the upper
side, but increases by J on the lower side. As a result, %, in-
creases at the upper side, but decreases at the lower side. The
overall resonator stiffness contribution from electrical stiffness
can thus be expressed as the difference between these two:

Ak, = Ak, — Ak,
(A4, (5]2 3 (5)2 ©

= 6—3 —_— = —ke —_

d d) 2 °\d

Combining (8) and (9), expressions for lateral acceleration
sensitivity can be expressed as

rX,elec.Stiﬁ =-1.27 X10716 /g
FY,elec.xt[[f =1.27x 10716 /g

(10)

276



a) . w o b) 90 2.5e-014
w3020 H 60

. 201

L N 156014,
150/ . o
fro © . Ye-014,

180N

Fra:linnalchmg::; frequency, ¥f &
ws. Acceleration Orientation(")
Fig. 9: a) ANSYS FE simulation to model resonance frequency changes
caused by acceleration induced stress. Most of the induced stress is concen-
trated locally around the vibration nodes, and thus, have very little influence
on resonance contortions. b) Plot of lateral acceleration sensitivity due to
acceleration-induced stress with respect to the acceleration orientation. When
the resonator experiences acceleration perpendicular to the support beams,
its acceleration sensitivity maximizes at I yeral, stress =2.43™4/g.
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and plotted as shown in Fig. 8b. Note that the predicted lateral
direction acceleration sensitivities of (9) are substantially
smaller than the vertical direction sensitivities modeled in (7)
by several orders of magnitude. Clearly, cancellation of elec-
trical stiffness contributions by symmetrical electrode place-
ment is an effective means for nulling electrical-stiffness-
based acceleration sensitivity in the lateral direction.

B. Acceleration-Induced Stress Changes

The change in resonance frequency due to acceleration-
induced stress changes was explored by means of ANSYS
finite element simulation, as shown in Fig. 9. Again, lateral
acceleration sensitivity exhibits directionality with respect to
the acceleration orientation, i.e. when the acceleration is per-
pendicular to the anchors maximum stress/strain is induced
yielding the largest frequency shift, and when the acceleration
is parallel to the anchors minimum stress/strain is induced,
thus producing the least frequency shift. From the ANSYS-
simulated plot in Fig. 9b, expressions for stress-based accele-
ration sensitivity for the resonance frequency of a wine-glass
disk resonator can be summarized as

FX,S[}’ES.Y = 1 73 X 1 0714 / g
rY,stresx = _1 7 1 X 1 0714 / g
= -15
FZ,stress - 202)(10 /g (11)
or
Fperpendicularm anchors, stress =—-494x 10_14 /g

=-2.64x10"%/g

parelleltoanchors, stress

It should be noted that the acceleration sensitivity values in
(11) are several orders of magnitude smaller than those for
tuning fork beam-type resonators reported in [12], which were
L ining f,,,k=10’8~10' /g. This is because 1) the anchors for the
wine-glass mode resonators in this study are strategically
placed at vibration nodes, so that induced stresses are mostly
local with very little impact on the rest of the resonant struc-
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Fig. 10: a) Photo of the experimental setup. b) Oscillator PCB used in this
study. Here, wires were used to reconfigure the PCB and resonators were
connected to the circuit board via wire-bonds. ¢) Schematic of the experi-
mental setup. When the circuit boards are excited, the acceleration amplitude
and oscillator output power are measured simultaneously.
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Fig. 11: Measured output power spectrum while the oscillator PCB expe-
riences lateral direction acceleration at £,=200Hz.
ture, as can be seen in Fig. 9a; and 2) high-frequency disk
resonators have smaller masses, so induce much less force

than low frequency tuning forks under identical accelerations.

IV. MEASUREMENT

Fig. 10 illustrates the experimental setup used to measure
acceleration sensitivity of oscillators referenced to wine-glass
disk array-composite resonators, such as shown in Fig. 4. The
rudimentary sustaining oscillator used in these measurements
consisted of an SA5211 transimpedance amplifier and an
ADS8322 clamping amplifier, and connected with the resonator
die on the printed circuit board (PCB) shown in Fig. 10b.
Freescale accelerometers (MMA1213 and MMA3201) housed
on another PCB were used to accurately measure acceleration.
A Bruel & Kjaer Type 4809 shaker, to which both PCB’s
were attached, provided accelerations while an Agilent 8711A
spectrum analyzer measured the output power of the oscilla-
tor. Fig. 11 presents a measured plot of the oscillator output
power spectrum when the oscillator experiences a lateral vi-
bration of 15g (rms) at 200Hz. From plots like Fig. 11, the
heights of sideband peaks were determined and the accelera-
tion sensitivity, I, extracted using (3). A statistically relevant
set of data was obtained by exciting the oscillator in both lat-
eral and vertical directions with various acceleration ampli-
tudes at 200kHz and 300kHz.

Fig. 12 summarizes the measured acceleration sensitivity
values, which are seen to vary very little with respect to the
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Fig. 12: Summary of measured acceleration sensitivity values for the sub-
100nm capacitively transduced surface micromachined resonator oscillator.
From the data, the micromechanical resonator oscillators of this work per-
form on par with mid-range commercial quartz-based oscillators. However,
theoretical models predict much lower acceleration sensitivities than meas-
ured here, which suggests that components other than the resonator in the
oscillator circuit might dominate among frequency shifting mechanisms.

vibration frequencies or the acceleration amplitudes. The av-
erage values of vertical and lateral acceleration sensitivity for
the disk array-composite resonator-based oscillators were
measured to be I car~13.6ppb/g and [4ea~4.92ppb/g, re-
spectively. As indicated in Fig. 12, these preliminary results
indicate that the acceleration sensitivity of oscillators refe-
renced to sub-100nm gap capacitively transduced microme-
chanical resonators are at least on par with mid-grade com-
mercial quartz-based oscillators.

V. DISCUSSION

Although the measured acceleration sensitivities are quite
good, they are several orders of magnitude higher than those
expected by the models of Section III. This suggests the exis-
tence of other dominant acceleration-induced mechanisms in
the tested oscillator. As discussed in Section II, non-resonant
circuit components, such as wire-bonds or soldered items, can
often dominate the oscillator acceleration sensitivity. For ex-
ample, oscillators constructed of only electronic components,
i.e., not mechanically resonant ones, have exhibited very high
acceleration sensitivities in the range of 7=10°~107/g [19]. A
quick glance at Fig. 10b reveals that the rudimentary circuit
board used in this study has several potential sources which
could easily degrade the acceleration sensitivity of the oscilla-
tor. In particular, unbound wires were used to reconfigure the
circuit board during testing, and these were probably very
susceptible to vibrations. Even if these wires were held down
(e.g., via epoxy), there are still aluminum wire-bonds connect-
ing the resonator to the oscillator circuit. Given that wire-
bonds have acceleration sensitivities high enough to be used
even as acceleration sensors in previous work [20], wire-
bonds could very well limit the acceleration sensitivity resolu-
tion of the test apparatus.

To remedy the above issues and allow measurement of the
true acceleration sensitivity of micromechanical resonator-
based oscillators, single-chip integration is likely needed [21].
Work towards this is in progress.

VI. CONCLUSIONS

This work modeled and measured the acceleration sensi-
tivity of oscillators referenced to extremely small gap capa-

citvely transduced micromechanical resonators, yielding val-
ues for acceleration sensitivity of [I.cq~13.6ppb/g and
L urerar~4.92ppb/g, for directions perpendicular to and parallel
to the substrate, respectively. Although on par with commer-
cial quartz-based oscillator products, the measured values are
still far higher than the 0.0181 ppb/g predicted by theory,
when assuming electrical stiffness and mechanical stresses as
major mechanisms for acceleration sensitivity. Non-resonant
board-level components, such as reconfiguring wires and bond
wires, are suspected as limiting sources of acceleration sensi-
tivity in this work. Work to fully integrate micromechanical
resonator oscillators on single-chips, so as to remove the board
and its acceleration sensitive components, is presently under-
way with the aim of measuring the true acceleration insensi-
tivity achievable via MEMS technology.
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