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Abstract—We present a design approach that enables monolithic integration of high-quality-factor (Q) radio-frequency (RF)
microelectromechanical systems (MEMS) resonators with CMOS
electronics. Commercially available CMOS processes that feature
two polysilicon layers and field oxide isolation can be used to implement this approach. By using a nonplanar resonator geometry
in conjunction with mechanical stress in polycrystalline silicon
(poly) gate layers, we create rigid and robust mechanical structures with efficient electromechanical transduction. We demonstrate polysilicon domes with capacitive pickup and arch-bridge
resonators with piezoresistive readout. The small footprint of our
MEMS structures enables on-chip integration of large arrays of
resonators for RF signal processing or sensing applications. Their
large surface-to-volume ratio in combination with high rigidity
(that alleviates stiction associated with wet chemistry processing)
can make these resonators particularly useful for sensors that
require surface functionalization.
[2009-0223]
Index Terms—CMOS, microelectromechanical
(MEMS), radio frequency (RF), resonator, sensor.
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I. I NTRODUCTION

T

HE ONGOING search for a microelectromechanical systems (MEMS) design that is compatible with commercially available CMOS processes might be compared to the
search for “Cinderella’s foot to fit a crystal slipper.” The
rigid sequence of fabrication steps implemented at a particular
CMOS foundry may exclude on-chip integration for some mechanical structures and require elaborate post-CMOS processing for others [1], [2]. Hybrid integration was demonstrated
as an attractive alternative [3]; however, in the case of radiofrequency (RF) MEMS resonators, it is the monolithic (on-chip)
integration with CMOS electronics that is expected to open
numerous possibilities for advanced signal processing [4] or
sensing applications [5].
Successful monolithic integration of plate [6], beam [7]–[9],
and wine glass [10] resonators in a submicrometer CMOS
process (e.g., Austriamicrosystems (AMS), 0.35 μm) has been
reported recently with high-Q resonators implemented in
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polysilicon (gate) layers and mostly utilizing in-plane motion with capacitive detection. Since the polysilicon thickness
(≈200 nm [8]) defines one dimension of the capacitor’s plate,
even with a narrow vacuum gap (interpoly oxide ≈40 nm
was used as a sacrificial layer [10]), the value for the pickup
capacitor can hardly exceed half of a femtofarad, leading to
high motional resistance (Rm ≈ 3 MΩ) [8]. Rm is expected to
be lower for the plate-type resonator reported in [6]. However,
this type of structure is prone to stiction, particularly when
compressive stress is present in polysilicon.
Our objective was to develop MEMS resonator designs
yielding high-Q RF MEMS resonators within commercially
available CMOS processes, compatible with low-resolution
low-cost CMOS fab, and producing robust structures with low
motional resistance. Since both RF and sensing applications are
targeted, in addition to high-Q and long-term stability, the ideal
structure would have a large surface-to-volume ratio and would
be suitable for wet chemistry treatment, including deposition of
a thin polymer layer onto the surface of the resonator in order
to provide specificity toward a particular analyte of interest.

II. D ESIGN AND FABRICATION
In this paper, we present two micromechanical RF resonators: domes and arch bridges implemented in 1.5-μm resolution CMOS offered by ON Semiconductor (formerly AMI)
through MOSIS. This process follows closely the “classic”
CMOS fabrication flow described, for example, in [11]. The
details (design rules, electrical and structural parameters, etc.)
can be obtained from MOSIS [12]. The realization of the design
is enabled by the surface curvature at the edges of the field
oxide (FOX) areas. The double-tapered cross section of the
FOX edge, known as the “bird’s beak” (BB), is defined by
the encroachment of the oxide underneath the silicon nitride
mask during the thermal oxidation step [11], [13]. The length
of the “beak” is comparable to the FOX thickness and is often
perceived as a negative feature that limits integration density.
For a MEMS designer, however, the BB presents an opportunity
to create a 3-D structure within otherwise perfectly planar
CMOS. A circular hole (with radius that is comparable to the
BB size) opened in the middle of some “ACTIVE” polygon
[14] will create a FOX “goose bump.” Being conformal, the
gate polysilicon layer deposited over that bump forms a shell.
In the simplest mechanical structure, a single poly-layer shell
can be drawn with a small opening at the apex. During postCMOS processing, the opening in the poly layer functions as
an irrigation hole for hydrofluoric acid (HF) or buffered oxide
etch (BOE) to remove the underlying oxide (FOX bump), thus
releasing the shell.
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Fig. 1. (a) Schematic view of the cross section of the double-poly dome
resonator. The part of the cross section encircled in (a) is shown on (b) a SEM
image with Si substrate marked as (1), FOX as (2), BBs as (3), poly1 as (4), and
poly2 as (5).

Fig. 3. “Flat-top” dome resonator with radius larger than the BB length. A
thermoelastic actuator implemented as a poly1 heater is seen in the bottom left
quadrant parallel to the resonator’s circumference.

Fig. 4. Frequency response of the dome resonator acquired with thermoelastic
(optical) excitation and interferometric readout [16].

Fig. 2. Double-poly dome resonator with the vibrating shell comprising the
top (poly2) layer. The interpoly oxide was used as a sacrificial layer and was
removed with a wet etch, freeing the dome and revealing the bottom (poly1)
layer through the etch opening.

In order to convert mechanical vibrations into an electrical
signal, another layer has to be present. In our dome-type structures (cross section shown in Fig. 1), the first (bottom) polysilicon (poly1) layer does not have an irrigation hole. The poly1
“bump” stays permanently attached to the FOX (and is unaffected by the HF dip). The second (top) poly2 layer covers the
poly1 layer conformally, and poly2 has an opening at the apex
that is defined by the layout and therefore created when the
entire poly2 layer is patterned in CMOS fabrication flow. The
interpoly oxide (50-nm thermally grown oxide that normally
defines a double-poly capacitor [15]) takes the role of the sacrificial layer. The wet-etch release provides a shell comprising
the poly2 layer suspended over a base poly1 electrode (Fig. 2).
The dome shape of the poly2 structure is essential. An
alternative structure—a flat disc with thickness h and built-in
compressive stress σ clamped along the edges is expected to
buckle when its radius exceeds the critical value [17]

14Et2
.
(1)
Rcritical =
12(1 − η 2 )σ

For example, assuming a compressive stress σ = 100 MPa in a
320-nm-thick polysilicon film (Young’s modulus E = 170 GPa
and Poisson’s ratio η = 0.22) leads to an estimate of Rcritical ≈
14 μm. Any slight asymmetry in the structure or surface tension
during wet-etch release can lead to buckling of much smaller
suspended structures. According to our observations, for a flat
polysilicon film, the chances of buckling upward or snapping
down into the substrate can be comparable, precluding largescale integration [16]. In contrast to a flat disc, a compressive
stress in our “precurved” (or BB-launched) dome structure will
only project it upward during the release, enhancing the gap
and reducing the risk of shorting the capacitor. Even domes
with a radius substantially larger than the BB length do well
in wet release given that the outer diameter (OD) is still within
Rcritical (domes like that display a flat top; see Fig. 3). The
extra rigidity added by the dome’s shape increases the resonant
frequency [18] of the structure. Out of all the different resonator
types we have fabricated in CMOS so far, dome resonators have
shown the highest quality factor Q = 7980 (Fig. 4). However,
two factors might limit the dome’s applicability.
1) The fundamental frequency is defined by the extent of
the suspended part of the dome, i.e., by the duration
of the wet-etch release. In other words, all the domes
on a single chip that have been co-released will have
similar resonant frequencies. Some diversity can still be
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Fig. 5. “Arch-bridge” resonator. The poly1 band along the center line of the
bridge was used for piezoresistive readout. A broader poly2 stripe blankets
the device, providing partial protection to interpoly oxide during release. A
thermoelastic actuator (poly1 meander, also covered by poly2 blanket) is shown
in the right bottom corner.

introduced by varying, for example, the diameter of the
irrigation hole at the dome’s apex. However, covering a
substantial frequency range by a collection of resonators
on a single chip can be challenging.
2) The vulnerability associated with the narrow gap in the
design. To our best knowledge, all demonstrated CMOSintegrated high- Q MEMS resonators are based on capacitive transduction and therefore are subject to this
vulnerability. The high rigidity of our dome resonators
and the protection of the gap provided by the suspended
shell (as opposed to a fully exposed lateral gap, featured
by in-plane vibrating devices [7]) can mitigate, but not
eliminate, the problem.
A search for a CMOS-compatible MEMS resonator with
natural frequency defined solely by layout, as opposed to the
release procedure (i.e., wet etch timing) and without narrow
gaps leads us to an arched bridge architecture (Fig. 5). The
curvature of such a bridge is defined by the BB as well, but
in contrast to the dome resonators, the sacrificial layer for
the bridge is the FOX itself. The layout for the arch bridge
starts with a rectangular shape drawn on the FOX layer, which
produces a “pillow-shaped” SiO2 slab. The poly1–poly2 stripe
spanning across this slab adopts the out-of-plane curvature
of the FOX pillow, creating an arch. As it was in the dome
case, the arch can have a flat top if the width of the FOX
rectangle is larger than the BB length. By dissolving the FOX,
one can create a suspended structure that can be viewed as a
clamped-clamped beam comprising a solid three-layer stack:
poly1-interpoly oxide-poly2. The end parts of the poly stripe
that extend over the FOX area form the anchoring points of
the bridge. Since the interpoly oxide is located close to the
center plane of the suspended beam, the out-of-plane vibrations
produce a time-variable in-plane mechanical stress that is always unidirectional within each single poly layer. We utilize
the piezoresistive properties of polysilicon to monitor the stress
variation and thus transduce the motion of the resonator.
The integrity of the multistack bridge is crucial. Ideally,
the wet etch would dissolve the sacrificial FOX layer without
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Fig. 6. Cross section of the “arch-bridge” resonator along the line shown by
A-A markers in Fig. 5. The image shows the integrity of the bond between the
top of the poly1 slab and the bottom of the poly2 cover.

affecting the interpoly oxide, thus avoiding delamination of
the bridge. The wide wing layout shown in Fig. 5 allows us
to minimize the exposure time of the interpoly oxide to HF,
without violating the design rules on the minimum spacing
allowed between the poly1 and poly2 edges. By modifying
the wet-etch chemistry, one can also inhibit the narrow gap
etch rate (interpoly and gate oxide). Such an effect can be
achieved by adding glycerol to the BOE (3:5), which leads to
an increased viscosity. A cross section of the suspended part
of the arch bridge released in the glycerol–BOE mixture is
shown in Fig. 6. The crucial bonding between the poly1 top and
poly2 cover appears to be undamaged by the release procedure.
The exact mechanism of the “side-pocket” formation (≈30-nmwide openings between the poly1 spine and poly2 sidewalls) is
debatable. The electrical test shows that poly1 and poly2 are
isolated after the release procedure, and these side pockets do
not seem to affect the quality factor.
Similar laminated (poly–oxide–poly) vibrating structures
with piezoresistive readout can also be implemented as a flat
plate (double clamped bridge or U-shaped cantilever similar to
that in [19]). Similar structures can be fabricated in double-poly
CMOS or can be implemented in a SOI-based CMOS fabrication flow by using a single-crystal silicon (SOI) layer—gate
oxide—gate polysilicon stack for the resonator. The suspended
structures would have to be anchored by larger supporting pads
placed on the FOX. In order to keep the undercut of the supporting pads under control, the wet etch of the flat bridges has
to be timed. We expect to find arch bridges as the most tolerant,
flat bridges as moderately sensitive, and dome resonators as the
most affected by variations in the wet-etch time.
The dome resonators and arch bridges for our experiments
were cofabricated on a single chip. The beginning of the postCMOS processing is also common: In order to remove the
silicon nitride cap layer and the interlayer dielectrics (ILDs)
from the top of the resonators, we used a two-step process.
First, a reactive ion etch was used to open a circular well of
approximately 30 μm in diameter above the resonator. This
etch (14 min, CF4 , 30 sccm, 30 mtorr, 150 W) was timed to
go through SiN cap and most of the ILD, but to stop well
before reaching the poly layer. For many CMOS fabs, this
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first step can be included in the CMOS flow by placing a
window in the “OPEN GLASS” layer designated for contact
pads openings (from our experience, we know that it works for
the ON Semiconductors process and it was verified for AMS
as well [8]). The rest of the ILD that remains on the top of
the resonator after the reactive ion etching step was removed in
the second step by either an HF dip (≈20 sec) or by a longer
BOE–glycerol etch (≈9 min) that leaves smaller undercuts.
The remainder of the procedure is different for domes and
bridges. For the domes, the release itself starts with magnetron
sputtering of a 100-nm-thick Cr film in order to protect the sidewalls of the well. Optical lithography was used then to remove
the Cr film from the apex of the resonator in order to open the
irrigation hole. An HF wet etch was then used to dissolve
the sacrificial interpoly oxide (etch rate ≈ 1.75 μm/min) and
thus release the dome. Sidewall protection during the wet etch
is critical in order to avoid undercutting the ILD outside the
resonator well, which otherwise would ruin the surrounding
electronics (HF would dissolve the ILD approximately an order
of magnitude faster than the thermally grown oxide that comprises the sacrificial layer). The release procedure is completed
by stripping off the remaining Cr film.
To release the arch-bridge resonators once the ILD has been
removed from the resonator’s well, a new layer of photoresist
with windows opened to expose the bridges was used as a
mask for ≈70-min BOE–glycerol etch in order to undercut
the bridges. Our preliminary data show that the timing of the
wet etch has to be optimized to reduce chip-to-chip variation
of the fundamental frequencies of the arch bridges. Rinsing in
acetone and methanol completes the release procedure. Owing
to the high rigidity of our resonators, critical point drying is not
required, and multiple rinse/air-dry cycles are easily tolerated.
III. R ESULTS AND D ISCUSSION
In order to evaluate the mechanical properties of the released
structures, the postprocessed CMOS chips were placed in a
vacuum test chamber that provides both optical and electrical accesses. For extracting the mechanical parameters of the
resonators and for sorting out damaged structures, an optical
setup was used. Interferometric readout is based on cw HeNe
laser (633 nm), and thermoelastic excitation is provided by an
independently positioned intensity-modulated diode laser beam
(405 nm) [16]. The thermal relaxation time for a disc of radius
R = 5 μm can be estimated as
Cρ
τ=
K



R
(0)

μ1

2
≈ 50 ns

(2)

where C is the heat capacity, K is the thermal conductivity,
(0)
ρ is the density of silicon, and μ1 is the root of a Bessel
(0)
function (J0 (μ1 ) = 0) [20]. A similar expression provides
an estimate for the relaxation time in a 9-μm-long bridge of
τ ≈ 30 ns [20]. The fact that the resonant frequencies of the
mechanical structures are close to the thermal cutoff provides
an effective mechanism for thermoelastic drive in the 100-MHz
region. Most importantly, the optical technique allows us to

Fig. 7. Fundamental mode frequency of arch bridges (Fig. 5) as a function of
bridge length (all the structures shown are co-fabricated on the same chip). Data
acquired using thermoelastic (optical) excitation and interferometric readout
[16]. The solid line is a fit to equation (3).

evaluate the ultimate performance of the mechanical structure
itself. Since no electrical connection is required, the resonators
can be released in the cleanest way. For example, if the entire
unprotected chip is submerged into HF the electronics will
be ruined, but the domes will be released without ever being
exposed to photoresist or other sources of contamination (see
data in Fig. 4). For the arch-bridge resonators, a similar “blanket
release” procedure and optical measurements provided us with
a quality factor Q in excess of 4000.
The all-optical technique was also used for the mask-released
chips when the large number of the devices to be evaluated
made wirebonding impractical. For example, an array of the
arch-bridge resonators with increasing length was used to
demonstrate the possibility of covering a substantial frequency
range with a single set of on-chip devices, as shown in Fig. 7.
As a guide to the eye, the plot (thin line) shows the fundamental
frequency calculated for a flat doubly clamped bridge with
T-shaped cross section [21]

1/2
EI
λ20
(3)
f=
2πL m
where, for the length L, we use the full span of the arch bridge
(including slopes defined by BB), E is the modulus of elasticity,
m is mass per unit length of the beam, and parameter λ0 = 4.73
is defined by the boundary conditions. The moment of inertia
I (about neutral axis) was calculated using the 2-μm width of
the poly1 spine and the 5-μm poly2 width (wing span). The
thickness of the polysilicon layer (d = 420 nm) was used for
the poly1 spine and poly2 side wings (the part of the poly2
stripe grown on FOX). Part of the poly2 layer grown on the
top of the narrow ridge of poly1 spine appears to have smaller
thickness, i.e., d∗ ≈ 200 nm (see Fig. 6).
For electrical measurements, two identical bridges of which
only one is released (depicted by a variable resistor in Fig. 8)
were placed next to each other and connected in series, creating
half of a Wheatstone bridge. The poly1 stripe comprising the
“spine” of the arch bridge in Fig. 5 has a resistance of 600 Ω
(including leads). With such a low impedance, the central point
of the bridge can be connected directly to the spectrum analyzer
input (the on-chip amplifier is not required in order to test the
structure).
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Fig. 8. Resonant response of the arch bridge acquired with piezoresistive
readout. The inset shows the electrical diagram of the half-bridge and biasing
used for the electrical readout.

Symmetric dc biasing (±1.5 V) and an off-chip preamplifier
with five-fold gain were used to acquire the resonance curve
shown in Fig. 8. The center of the resonant peak (fres =
36.85 MHz) is close to the 39-MHz fundamental frequency
calculated based on a flat bridge approximation (above), assuming that the total length of the bridge is 10.5 μm (flat
part, 9 μm), the width of the poly1 spine is 1.5 μm, and
the poly2 width is 4.5 μm. The resonator was driven thermoelastically (optically) and showed a quality factor Q = 800.
Piezoresistive readout with thermoelastic drive can be subject
to a feedthrough due to temperature-dependent resistivity of
silicon. Optical thermoelastic drive can potentially provide an
additional feedthrough due to photoconductivity of silicon.
Both of these mechanisms can be important, even though they
are supposed to be broadband and should contribute to background as opposed to the resonant response. We are planning
a detailed study of the relative contributions of these effects as
well as a significant effort toward improving the efficiency of
the microfabricated heater (poly1, Fig. 5). As fabricated, the
heater requires an ac power in excess of 1 mW (see discussion
for dome resonators hereinafter). For our next design, we are
planning to use the top poly layer (electrically isolated by the
interpoly oxide) for electrostatic or thermal drive. By optimizing the release procedure, we hope to bring the quality factor
of the arch-bridge resonators up to the “blanket release” value
Q ≈ 4000.
In contrast to arch-bridge resonators, electrical readout for
the dome resonators with capacitive transduction requires an
on-chip amplifier in order to counteract the effect of parasitic
capacitance associated with the connecting electrical wires.
The transimpedance amplifier (TIA) with transresistance rm ≈
1 kΩ was designed with a common-gate (CG) first stage [22],
[23], opting for lower gain but wider bandwidth. The dome
readout capacitor is connected in parallel to the source resistor
of the CG stage, so that establishing the working point automatically sets the dc bias (Vp ≈ 3.6 V) across the dome capacitor.
The second stage of the amplifier (shown on the schematics as a
triangle symbol) includes a common-source stage and an output
buffer compatible with a 50-Ω load.
A SEM image of the released dome resonator integrated with
the TIA is shown in Fig. 9. The fact that the footprint of the
mechanical structure is smaller than a wirebonding pad (also
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Fig. 9. Schematic diagram of the on-chip TIA (dome resonator depicted as a
variable capacitor) and SEM image of the released dome integrated with TIA.

true for the arch-bridge resonators) is a compelling argument
for on-chip integration of RF MEMS. The resonance curve
shown in Fig. 10 acquired with capacitive drive and electrical
readout demonstrates a quality factor Q = 1020 (in vacuum,
P ≈ 10−7 torr) with a center frequency of 51.36 MHz. The
max
≈ ∼ 10−3 , background
height of the resonance peak (δS21
subtracted) provides us an estimate for the motional resistance
dome
dome
≈ 740 kΩ at Vp = 3.6 V. By fitting Rm
into the folRm
lowing analytical expression [3], we can calculate the effective
value for the poly1–poly2 vacuum gap h as h∗ = 120 nm (to
be compared with the 55-nm initial thickness of the interpoly
oxide):
Rm =

ks h4
.
2πfres ε2 A2 Vp2 Q

(4)

dome
The measured Rm
value for the dome resonator represents
almost an order of magnitude improvement in comparison
bridge
≈ 5 MΩ recalculated for
to the motional resistance Rm
the same Vp = 3.6 V for the state-of-the-art CMOS-integrated
double clamped bridge resonator [7]. The fact that the width
of the optically detected resonance peak shown in Fig. 10 is
equal to that recorded with capacitive pickup indicates that the
dominating mechanism of the dissipation is unrelated to the
transduction mechanism. Some resist residue that is adjacent
to the dome structure visible in the SEM image is indicative
of the possibility that the Q factor might be further improved
by implementing a more aggressive cleaning procedure. The
dome
≈ 2.1 kΩ based on the highest
projected value for Rm
Q = 7980 observed in our dome resonators and Vp = 24 V
(half of the breakdown voltage for the oxide underlying poly2
layer) might be close to the maximum achievable for the dometype design in this particular AMI 1.5-μm CMOS process. Redome
value for the 10-μm-OD dome resonator
markably, this Rm
fabricated in the unmodified flow of the low-end CMOS process
appears to be comparable to that of the 64-μm-OD wine glass
resonator fabricated in a highly specialized MEMS-dedicated
wg
wg
≈ 11.73 kΩ, measured at 7 V [3] (Rm
≈ 1 kΩ,
process: Rm
when recalculated for Vp = 24 V).
The dome resonators shown in Figs. 2 and 9 were designed
with the heater element implemented as a narrow (1.5-μm)
poly1 arc adjacent to the dome. The heater–dome separation
(2 μm, dictated by design rules) defines the efficiency of the
drive and ultimately affects the insertion loss (S21 ) of the
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Fig. 10. (Left) Frequency response of the integrated dome resonator acquired with capacitive drive and capacitive readout (solid circles) compared to capacitive
drive and optical readout (open circles). (Right) Long-term frequency stability of the integrated dome resonator (capacitive drive and readout).

overall device. We have found that such a 2-μm spacing results
in an actuation ac power of ≈1 mW to enable a readily observable amplitude of the dome’s vibration. Since thermoelastic
actuation acts as an ideal mixer [24], one can reduce the
required ac signal power by adding a dc offset. However, unlike
with the capacitive drive, a dc bias applied to the heater actuator
will dissipate additional power.
Employing a higher resolution CMOS process and moving
the heater closer to the dome or placing it directly on the
vibrating shell [25] will improve the drive efficiency. Our
dome resonators have enough surface area for the heater to be
implemented as a heavily implanted strip across the dome. In
order to evaluate the ultimate efficiency of the thermoelastic
drive for our dome resonators, we emulated the on-dome heater
using a laser beam (diode laser, λ = 405 nm) focused on
the suspended structure. Knowing the total laser power, its
modulation depth, and the absorption coefficient of polysilicon
at a 405-nm wavelength, we can estimate the ac power required
drive
≈ 5 μW when dc bias is utilized.
as 50 μW, projecting Wac
A thermoelastic actuator with purely ohmic impedance (no
reactive component) can greatly simplify impedance matching
and can reduce the intermodulation [24]. However, if the figure
of merit is based solely on the insertion loss, capacitive drive is
a viable competitor to thermoelastic actuation. We are planning
a detailed comparison of resonators with these two actuation
mechanisms that would include crosstalk (thermal versus capacitive), insertion loss, and linearity considerations.
The frequency stability of MEMS RF resonators is another key parameter that can be even more important than
the insertion loss for some applications. To address concerns
regarding the stability of polysilicon-fabricated (as opposed
to single-crystal silicon) mechanical structures, the resonance
curve with capacitive drive and electrical readout (in vacuum, at
room temperature) was repeatedly acquired over a 50-h period.
Lorentzian fits for each peak provided the center frequency that
is shown as a function of time in Fig. 10. A linear fit of the
data in Fig. 10 provides us with a long-term drift of 20 Hz/h
(accumulated drift ≈20 ppm in 50 h). From the standard deviation σ ≈ 420 Hz, the short-time performance of the tested dome
can be estimated: 2σ/f ≈ 16 ppm. The short-term stability
can be compared to the half-width of the resonant peak Δf :
2σ ≈ Δf /50. The measured value for the long-term stability
is close to what is expected, given a temperature coefficient
of 30 ppm/◦ C reported for single-crystal silicon resonators

[26] and temperature variations of ±0.5 ◦ C in our room. In
a temperature-controlled environment (±0.1 ◦ C), long-term
stability as good as ≈3 ppm was reported for single-crystal
micromechanical resonators [26].
The demonstrated frequency stability combined with on-chip
integration can enable some applications in RF communication,
where microminiaturization is a key requirement (e.g., “smart
dust” [27], implantable/ingestible medical devices [28], etc.).
Particularly in the case of medical applications, the physical
size of the device can be severely constrained, whereas the
requirements for the RF performance might be relaxed given
the requirements of short transmission distance and low rate
of data transfer for these applications [28]. It would still take
a significant improvement in motional resistance Rm before
MEMS resonators similar to those described in this paper can
be used as the front-end RF filters for radio receivers. However,
one can envision an integrated MEMS resonator as the core of
a local oscillator in a simple on-chip RF transmitter dedicated,
for example, to beam out the information regarding pressure,
temperature, pH, etc. In order to evaluate the performance of the
dome or arch-bridge-based frequency source, we are currently
working on the implementation of an integrated MEMS-based
frequency generator and voltage-controlled oscillator.
Aside from the possibility of the replacement of existing offchip components in RF devices, we anticipate that the ability
to produce large arrays of low-phase-noise oscillators monolithically integrated on-chip in an affordable CMOS process
will contribute toward growing interest into biologically inspired oscillator-based neural-network-type signal processing
[29], [30].
For sensing applications, the short-term stability of our dome
resonator σ can be projected into the added mass minimum
detectable level δm = 2σMR ≈ 1.5 fg in vacuum (given the
mass of the dome resonator MR ≈ 80 pg). Based on a quality
factor Q ≈ 400 measured for a similar dome resonator in
ambient conditions, we can estimate δm ≈ 3 fg in air. To
the best of our knowledge, this paper is the first to present
monolithically CMOS-integrated MEMS resonators that can
tolerate wet-chemistry-based functionalization. For example,
photochemical methods [31], [32] can be employed to selectively coat the surface of a particular resonator, while others
remain uncoated, thus introducing specificity for a particular
analyte and allowing differential measurements in order to
factor out temperature and pressure effects. Fabrication of large
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arrays of integrated resonators covered with different selective
polymers can be enabled with this technique. By setting the
proper palette of the polymers, one can identify the components present in the vapor by measuring the frequency shift
fingerprint of all the devices. This information could be fed
into a principal component analysis or artificial neural network
algorithm to evoke recognition of a particular analyte [33].

IV. C ONCLUSION
We have presented a design approach that allows monolithic
CMOS integration of high quality factor (Q ≈ 103 –104 ) RF
(fres ≈ 10–100 MHz) MEMS resonators. The test structures,
namely, dome resonators (a thin shell implemented in top
polysilicon layer) with capacitive transduction and multilayer
arch-bridge resonators with piezoresistive readout, were fabricated within an unmodified flow of a standard CMOS processes
(AMI, 1.5-μm minimum feature size). Our design approach
can be suitable for a variety of commercially available CMOS
processes that feature double polysilicon layers and FOX isolation. The concept of the multilayer bridge-type resonator design
with piezoresistive transduction might potentially be extended
toward SOI-based CMOS.
For the dome resonators, we provide an estimate for
the motional resistance Rm ≈ 740 kΩ at a bias voltage of
3.6 V. This represents a significant improvement over previously reported CMOS-integrated beam resonators. We demonstrate a 20-ppm long-term frequency stability (50 h) for dome
resonators and short-term stability δf /f ≈ 16 ppm. Although
inferior to quartz crystals, CMOS-integrated MEMS resonators
can find some applications in the areas where spectral purity is
an affordable tradeoff for microminiaturization.
In contrast to previously presented CMOS MEMS resonators, our design either completely avoids employing narrow
gaps (arch bridges) or at least has the gap protected (hidden
underneath the structure—domes). Structures can be air-dried
after immersion into liquids (no critical point dry required),
thus enabling surface functionalization required for sensing
applications. Based on the frequency stability data, we project
the added mass minimum detectable level of 1.5 fg in vacuum
and 3 fg in air for dome resonators.
We consider the refining of the excitation methods (thermoelastic and/or capacitive) as the next major step required to
improve the performance of our devices. This would include a
comparative study of the capacitive and thermal feedthrough as
well as insertion loss associated with each method. Exploring
temperature stability and dispersion of the resonant frequency
caused by the variations in post-CMOS processing will also
be necessary to define the areas of applicability for domes
and bridge-type resonators. Finally, in order to expand the frequency range for dome resonators and bridges, we are planning
to migrate toward higher resolution CMOS processes.
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