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Abstract

This project has successfully demonstrated an
efficient platform  for  development of
CMOS-MEMS resonators integrated with their
associated amplifier circuitry. These high-Q
resonators are elements for

complicated micromechanical circuits or related

fundamental
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sub-systems, such as oscillators, filters, and
mixer-filters. To fabricate such CMOS-MEMS
resonators, we used CIC/TSMC services to
build up the resonator structures followed by a
simple release post-process to successfully
realize functional CMOS-MEMS resonators
with Q’s greater than 1,000. Together with
on-chip  trans-resistance  amplifiers,  fully
integrated CMOS-MEMS resonator circuits
were fabricated and have great potential to act as
significant  building blocks for wireless
transceivers. On-chip CMOS-MEMS high Q
circuits comprised of CMOS-MEMS resonators
made by this project, achieving integration,
miniaturization, and performance enhancement
compared to current technologies, may have
huge impacts on future transceiver architectures.

Keywords: CMOS-MEMS, RF MEMS,
Resonator, High-Q, Wireless Communications
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A GENERALIZED FOUNDRY CMOS PLATFORM FOR
CAPACITIVELY-TRANSDUCED RESONATORS
MONOLITHICALLY INTEGRATED WITH AMPLIFIERS

Wen-Chien Chen', Che-Sheng Chen?, Kuei-Ann Wen2i Long-Sheng Fan', Weileun Fang',
and Sheng-Shian Li

'National Tsing Hua University, Hsinchu, Taiwan
*National Chiao Tung University, Hsinchu, Taiwan

ABSTRACT

A generalized foundry CMOS-MEMS platform suited
for integrated micromechanical resonator circuits
have been developed for commercial multi-user pur-
pose and demonstrated with a fast turnaround time
and a variety of design flexibilities for resonator ap-
plications. With this platform, different configurations
of capacitively-transduced resonators monolithically
integrated with their associated amplifier circuits,
spanning frequencies from 500kHz to 14.5MHz, have
been realized with resonator Q’s around 2,000. This
platform specifically featured with various configura-
tions of structural materials, different arrangements of
mechanical boundary conditions, large transduction
area, well-defined anchors, and performance en-
hancement scaling with IC fabrication technology,
offers a variety of flexible design options suited for
sensor and RF applications.

INTRODUCTION

The present wireless transceivers composed of con-
ventional off-chip mechanical resonators and filters
limit the miniaturization of communication devices as
well as impede the cost-down and system integration
for portable electronics. In order to reduce size, power
consumption, and increase (), vibrating microme-
chanical circuits fabricated using IC-compatible
MEMS technologies have been developed towards the
integration with on-chip RF transistor circuits [1].
However, prior approaches for CMOS-MEMS inte-
gration, such as mixed process [2][3], MEMS-first
[4][5], and MEMS-last [6][7] strategies, requires
enormous complexity and compromise of fabrication
processes, impeding the fast cycling time of nowa-
days product development and of course causing huge
barrier for industrial design houses. As a solution to
aforementioned issues, foundry CMOS-MEMS plat-
form such as  dry-release-based [8] and
wet-release-based [9] approaches provides ease of use,
fast prototyping, and circuit integrated characteristics
for vibrating RF-MEMS applications. Nonetheless, [8]
confronts high motional impedance of their fabricated
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(b) [CMetal [] oxide Il Poly B via
Fig. 1:  Perspective-view schematic of (a) a

CMOS-MEMS free-free beam resonator monolithically
integrated with amplifier circuits. (b) Cross-section
view (A-A’) of resonators fabricated using the pro-
posed platform.

resonators due to the relatively large elec-
tro-to-resonator gap spacing from RIE-etched con-
straint while both [8] and [9] suffer the deficiency in
design flexibilities on structural material configura-
tions, mechanical boundary conditions, vibrating
modes, multi-dimensional motions, and well-defined
anchor geometry without affection of release under-
cut.

To overcome the abovementioned deficiency, this
work develops a generalized platform utilizing TSMC
0.35um 2-Poly-4-Metal process with a simple mask-
less release process, demonstrating ease of use, low
cost, fast turnaround time, and innate MEMS-circuit
integration. ~ Various  configurations of  ca-
pacitively-transduced = CMOS-MEMS  resonators
monolithically integrated with circuits have been
demonstrated using this platform with resonance fre-
quencies spanning from 0.5MHz to 14.5MHz and
with O’s up to 2,200. In addition, the major bottleneck
of capacitive resonators due to high motional imped-
ance R, is alleviated when the electrode-to-resonator



gap spacing, of which R, is proportional to the 4™
power, can be scaled down with advanced IC tech-
nology, e.g., 0.18um or even smaller feature-size
CMOS process.

PLATFORM & DEVICE OPERATION

To demonstrate most of the new features used in this
platform, a laterally vibrating free-free beam resona-
tor [10] with via-supported scheme, as shown in
Fig. 1, is exemplified here to present that a composite
resonator structure is formed utilizing metal (i.e.,
aluminum and tungsten) and SiO, while supported by
vias (VIA) and contacts (CO) which serve not only
electrical interconnects but mechanical supports to
effectively conserve vibrating energy within resonator
bodies due to the tiny size of these supports. As
shown in Fig. 1(a), an on-chip trans-impedance am-
plifier is also integrated with resonators to resolve (1)
parasitic feedthroughs from bond pads and (2) im-
pedance mismatches between resonators and the
50Q-based testing facilities, allowing us to directly
measure the motional current induced by vibrating
motions of resonators without the masking effects
from feedthrough parasitics. To maximize the elec-
tro-mechanical  coupling, the minimum elec-
trode-to-resonator gap spacing of 0.5um in this foun-
dry process is formed between two smooth sidewalls
of metal/via composite where the transduction areas
are greatly improved, allowing smaller motional im-
pedance for the resonators.

As shown in Fig. 1(b), CMOS-MEMS resonators fab-
ricated using the proposed platform specifically pos-
sess several unique features including (1) complex
structural materials which can be made of metal/oxide
composite (case I), metal composite (case II), and
pure metal (case III); (2) various mechanical bound-
ary conditions of resonators such as fixed (not shown
here), simply-supported (case II), and free end (case I
& 1II) designs; (3) multi-dimensional displacements
of resonators capable of in-plane (case I & II) and
out-of-plane (case III) motions to the substrate surface;
(4) standard CMOS vias (VIA) and contacts (CO)
acting as tiny supports of resonators (case I & II), to
effectively isolate the vibrating energy from resona-
tors to their anchors, (5) well-defined anchors without
undercut issue which is often seen in conventional
CMOS-MEMS or SOI process; (6) better transducer

o W 1424MHz | 1) 3.74MH
Fig. 2: Finite element simulated mode shapes for
CMOS-MEMS free-free beam resonators. (a) In-plane
mode. (b) Out-of-plane mode.
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Fig. 3: (a) Top-level circuit schematic and (b) detail
circuit schematic of the single-stage trans-impedance
amplifier used in this work.

efficiency attained by utilizing via-connected walls
(case I & II) to form a flat sidewall electrodes, all of
which offer a variety of flexible options suited for
sensor and RF applications.

To excite this device (shown in Fig. 1(a)), an ac signal
v; together with a dc-bias voltage Vp» would generate
an electrostatic force driving the beam into the corre-
sponding vibration mode shape shown in Fig. 2(a)
while Fig. 2(b) presents vibrating motion of case III in
Fig. 1(b) for comparison. This motion creates
time-varying capacitance between the beam and out-
put electrode, sourcing out an output current i, which
would enter an on-site amplifier with a designed im-
pedance gain. Fig. 3(a) presents the top-level sche-
matic of the trans-impedance amplifier circuit used in
this work to transfer the input motional current of
vibrating resonators into voltage output with certain
amplification factor R; In the detailed circuit sche-
matic of Fig. 3(b), transistors M;-M5 comprise the
basic single stage, differential op amp while M4-M;;
constitute a common-mode feedback circuit that sets
its output dc bias point. The MOS resistor Mg, pro-
vides resistance R, and serves as shunt-shunt feedback
element that allows control of the trans-impedance
gain via adjustment of its gate voltage.

FABRICATION

To fabricate resonators using the presented platform,
chips were manufactured utilizing standard 0.35um
2-Poly-4-Metal CMOS service from TSMC with a
cross-section view shown in Fig. 4(a). Then a com-
mercial SiO, etchant with very high selectivity to
metal layers, vias, and contacts is utilized to release
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Fig. 4: Cross-sections depicting the fabrication proc-
ess used to achieve CMOS-MEMS resonators. (a) After
standard CMOS process. (b) After wet release process.
Various types of resonators are realized using this
platform, including (i) via-supported free-free beam
(B-B’ of Fig. 1(a)), (ii) simply-supported beam, and (iii
pure-metal free-free beam.

the resonator structures depicted in Fig. 4(b) without
the helps of critical point dryers while the transistor
circuits is protected by the passivation layer of silicon
nitride. Please note that the via-connected sidewalls
not only increase the transduction areas but also pro-
tect the inner SiO, without attacks by the release
etchant, providing metal/oxide composite which
might benefits temperature compensation scheme for
future timing reference devices.

Fig.5 presents the SEM’s of fabricated
CMOS-MEMS resonators, including (a) a chip global
view, (b) a via-supported in-plane free-free beam, (c)
a pure-metal out-of-plane free-free beam, (d) an
in-plane simply-supported beam, and (e) an in-plane
clamped-clamped beam, showing that this platform is
capable of producing resonators with various modes,
different mechanical boundary conditions, in-plane
and out-of-plane directions of motions, and diversi-
fied supporting structures. During the wet release
process of Fig. 5(b), via/contact supports of Fig. 6 are
clearly seen, providing enough mechanical strength to
support resonator body even when dc-bias voltage of
more than 100V is applied. Please note that the an-
chored plane in Fig. 6(d) is still intact, offering a rigid
anchor structures without affection of undercut issue
often seen in other fabrication technologies.

EXPERIMENTAL RESULTS

The fabricated resonators with their amplifier circuits
in Fig.5 were tested under controlled pressure of
20uTorr using a custom-built chamber with an elec-
trical hook-up of Fig. 7 for a conventional two-port
measurement. The RF-Out port of an HP 8753ES
network analyzer is connected directly to metal elec-
trode of the CMOS-MEMS resonators inside the
vacuum chamber while the analyzer’s RF-In port is

; ‘ %I‘;ﬁre-Al
/’ ] \ Free-Free —p

: Via-Suppo'
Free-Free

-— Supported

¥ Nodal

_ Support

Fig. 5: The SEM views of fabricated CMOS-MEMS
resonators. (a) Overall-view of a chip. (b)
Via-supported  in-plane  free-free  beam. (c)
Pure-metal out-of-plane free-free beam. (d) In-plane
simply-supported beam. (e) Clamped-clamped beam.

connected to the output electrodes of CMOS amplifier
circuitry. The dc bias voltage is connected to the body
of the resonator.

k0] mins‘/ Via-Support
<4

Stacked Free-Free Beam |

35 mins

Fig. 6: The SEM views of wet release process for
CMOS-MEMS resonators with (a) 25-min, (b) 30-min,
(c) 35-min, and (d) 40-min release time.
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Fig. 7: Schematic illustrating the measurement scheme
showing detailed connections for measurement instru-
mentation.

Fig. 8 presents the measured spectra for the
CMOS-MEMS resonators with their integrated ampli-
fiers spanning frequencies from 0.5MHz to 14.5MHz
with O’s in a range of 800 to 2,200, verifying the ef-
ficacy of this platform. Furthermore, Fig. 9 shows the
measured frequency characteristics for a stacked
comb-drive resonator in Fig. 5(a) under different
measurement conditions. The transmission spectrum
of the resonator integrated with its amplifier under
vacuum obviously outperforms the measured results
of other conditions such as resonators tested with am-
plifier circuit in air (red spectrum) and devices tested
without circuit under vacuum (green spectrum), indi-
cating integration of MEMS and circuits is crucial for
device performance enhancement.

CONCLUSIONS

This work presents a general and easy-to-use platform
provided for users to facilitate design and develop-
ment of high-O MEMS resonating devices integrated

_-75 f,=14.5MHz | — -50 f,=3.66MHz
5-80 L Q=1,590 3 60 Q=1,770
s .85 | 5 -70
% 90 % 80
§ 95 § -90
£100 2100 _—

14.48 14.52 14.57 3.63 3.66 3.68

(a) Frequency [MHz] (b) Frequency [MHz]
= -30 fo=1.42MHz | = 1g [ f,=526kHz
S, 40 Q=810 g Q=2,200
5 50 520
£ 60 £ -30
S 80 = - S
) 1.41 149 © 60502 524 545

Frequency [kHz]

~
(¢}
~

Frequency [MHz] (d)

Fig. 8: Measured frequency characteristics in vacuum
for  fabricated CMOS-MEMS  resonators. (a)
Via-supported in-plane free-free beam of Fig. 5(b). (b)
Out-of-plane free-free beam of Fig. 5(c). (c) In-plane
simply-supported beam of Fig. 5(d). (d) Stacked
comb-drive resonator of Fig. 5(a).
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Fig. 9: Measured frequency characteristics for stacked
comb-drive resonators of Fig. 5(a) under different
measured conditions, including vacuum with amplifier,
air with amplifier, and vacuum without amplifier.

with circuits, capable of achieving single-chip imple-
mentation for sensors and communication applica-
tions. In addition, fully-integrated CMOS-MEMS
resonator circuits, occupying die area of only 340pum
x 110pm in this work, offers very small form factor
and low power consumption suited for future portable
applications.
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REALIZING DEEP-SUBMICRON GAP SPACING FOR CMOS-MEMS
RESONATORS WITH FREQUENCY TUNING CAPABILITY VIA
MODULATED BOUNDARY CONDITIONS

Wen-Chien Chen, Ming-Huang Li, Weileun Fang, and Sheng-Shian Li

National Tsing Hua University, Taiwan

ABSTRACT

Integrated CMOS-MEMS array resonators have
been demonstrated that takes advantage of pull-in
effect to surmount limitations of CMOS foundry
process and attains electrode-to-resonator gap
spacing at a deep-submicron range, leading to
much smaller motional impedance compared to
conventional CMOS-MEMS technologies, while
possessing unique frequency tuning capability by
modulating their mechanical boundary conditions.
With the increase of applied dc-bias which simul-
taneously serves for functions of pull-in and reso-
nator operation, the upward frequency shift of re-
sonance caused by boundary condition (“BC”)
change offers opposite tuning mechanism to
well-known effect of electrical stiffness. As a re-
sult, frequency  variation  induced by
BC-modulation and electrical-stiffness would yield
a frequency-insensitive region under a certain
dc-bias.

INTRODUCTION

Off-chip vibrating mechanical devices such as SAW
and quartz crystals are widely used in wireless trans-
ceivers as front-end filters and timing reference de-
vices. However, their bulky size and discrete nature
impede the integration and performance enhancement
for future multi-mode wireless systems which require
considerable quantities of high-Q resonators. To re-
place these discrete mechanical devices, on-chip mi-
cromechanical resonators have been developed in the
past ten years with frequencies from tens of kHz to a
few GHz and with sufficient Q’s, hence paving a way
of miniaturizing and integration for future wireless
communications [1][2]. However, these technologies
still suffer process complexity, performance comprise,
and cost increase for achieving resonators monolithi-
cally integrated with circuitry [3][4].

As efficacious solutions to realizing integration of
micromechanical resonators and their associated cir-
cuits, CMOS-MEMS technologies offer a simple
and low cost approach using CMOS foundry service
together with maskless release process, now success-
fully demonstrating on-chip high-Q micromechanical

Moving Frame Meander Beam

Pull-in Effect for 3 different
gap configurations

Pull-in
(a) Stopper

Without Pull-in:

d,=58nm d,=217nm d,=275nm

(b) [M1~4 EVAt-3 co H Poly 1 Sio,
Fig. 1: (a) Perspective-view schematic of a
CMOS-MEMS beam-array resonator in a typical
one-port bias and excitation setup. (b) Original elec-
trode-to-resonator gap spacing and three different gap
configurations after pull-in.

d,~700nm
Poly 2

resonators integrated with CMOS circuitry [5][6][7].
However, all of abovementioned CMOS-MEMS
technologies confront the limitation of minimum fea-
ture sizes of CMOS technology, hence causing high
motional impedance due to the relatively large elec-
trode-to-resonator gap spacing of the fabricated reso-
nators. Although such gaps can be scaled down with
advanced CMOS process (e.g., 90nm or smaller), the
cost in MEMS devices would tremendously increase
with over qualification of related CMOS circuitry.

This work introduces an effective approach in stan-
dard CMOS-MEMS technology to greatly reduce the
electrode-to-resonator gap spacing without the need
of advanced CMOS process, hence providing a
cost-effective solution to alleviate performance deg-
radation of resonators using conventional
CMOS-MEMS techniques. With the well-known
electrostatic ~ pull-in  effect, three  different
gap-reduction configurations utilizing the existing
layers of 0.35um 2-poly-4-metal CMOS technology
have been demonstrated to achieve deep-submicron
gaps, significantly lower the motional impedance of
the fabricated CMOS-MEMS resonators. Using gap
reduction mechanism depicted in Fig. 1, beam-array
resonators centered in HF range with gaps of 58nm,
217nm, and 275nm, respectively, have been demon-
strated that achieves comparable electro-mechanical
coupling with their non-CMOS-MEMS counterparts
[1]. In addition, mechanical boundary condition

735



changes of these resonators induced by the electro-
static force via applied dc-bias (pull-in) voltage en-
able frequency tuning capability of resonators. With
the increase of applied dc-bias, the upward frequency
shift of resonance caused by boundary condition
change offers opposite tuning mechanism to electrical
stiffness. As a result, the frequency variation induced
by BC-modulation and electrical-stiffness would yield
a frequency-insensitive region under a certain dc-bias.

GAP REDUCTION & BC-MODULATION

The motional impedance R, of a capacitive resonator
is determined approximately by the expression
__ k-d,

Y 0,0Vl A Q)
where k,, d,, »,, O, and A are lumped stiffness, elec-
trode-to-resonator gap spacing, radian resonance fre-
quency, quality factor, and overlap area, respectively,
of the resonator, and where V» and ¢, are applied
dc-bias and permittivity, respectively. From (1), the
most dominant factor to lower motional impedance of
a resonator is to reduce its gap spacing d, of which R,
is proportional to the 4™ power. To achieve gap reduc-
tion for CMOS-MEMS resonators in Fig. 1(a), soft
springs of meander-type supports were designed to
provide an easy pull-in scheme for resonators to land
on the pull-in stoppers, hence greatly reducing d,
which is determined by the altitude difference be-
tween electrode and pull-in stopper as shown in
Fig. 1(b). With clever use of the existing CMOS lay-
ers (standard TSMC 0.35um 2P4M CMOS process),
three various gap configurations depicted in Fig. 1(b)
can be attained by applying dc-bias voltages greater
than pull-in threshold. After device pull-in, these three
gap configurations of 58nm, 217nm, and 275nm, are
achieved by the altitude difference between pull-in
stopper and underneath electrode, approximating to
thickness difference between Poly-1 and Poly-2 layers
(i.e., 58nm), thickness of Poly-2 layer (i.e., 217nm),
and thickness of Poly-1 layer (i.e., 275nm), respec-
tively, as shown in Fig. 1(b).

To enhance resonator performance, the beam-array
design [8] was utilized to attain lower motional im-

Lower Bound Frequency
f, = 3.462MHz

Upper Bound Frequency
f, = 8.886MHz

Clamped B.C.

(a) C .

Simply-Supported B.C. (b)
Fig. 2: Finite-element-simulated mode shapes for a
CMOS-MEMS beam-array resonator, addressing (a)

lower bound and (b) upper bound frequencies of reso-
nance under pull-in.

pedance, smaller pull-in voltage, and higher power
handling capability than a stand alone resonator. The
equivalent motional impedance of an array resonator
is given by

R

inARRAY = ” (2)

where 7 is the number of constituent resonators of the
array and R, is the motional impedance of a stand-
alone resonator. In this work, a beam array resonator
of Fig. 1(a) with n = 5 was designed utilizing high
velocity coupling scheme where the mechanical cou-
pling locations are at the center position (i.e., highest
velocity at vibration) of a beam, effectively suppress-
ing the spurious modes in contrast to [8].
To operate this device, the beam-array structure is
under pull-in by a dc-bias voltage Vp, hence creating
deep-submicron gaps between resonators and their
underneath electrodes. Together with the existing
dc-bias Vp, an applied ac signal v; in the input elec-
trode generates an electrostatic force acting vertically
on the beam. Then the resulting force drives the reso-
nator into the corresponding vibration mode shape
shown in Fig. 2. This motion creates a dc-biased (by
Vp) time-varying capacitance that then sources out an
output current i, proportional to the amplitude of vi-
bration. With the increase of applied bias Vp, the me-
chanical boundary conditions of the vibrating beam
array resonator would be gradually transformed from
simply-supported BC of Fig. 2(a) (i.e., lower bound
frequency) to quasi clamped BC of Fig.2(b) (i.e.,
upper bound frequency), leading to an upward fre-
quency shift. To certain level of Vp, the resonance
frequency change would be dominated by electrical
stiffness with a downward tendency which was ob-
served in experimental results.

FABRICATION

A generalized CMOS-MEMS platform [7] using

Silicon Substrate

57nm 217nm 275nm 275nm
Composite Composite Composite Pure Metal
4 Metal-3
Poly-2 «~Metal-2

Poly-1
y
[ |

R e—

Silicon Substrate

OMetal mVIA HPoly1 Poly2 SiO2
Fig. 3: Cross-sections depicting the fabrication proc-
ess used to achieve CMOS-MEMS beam-array reso-
nators in this work. (a) After standard CMOS process.
(b) After wet release process and pull-in application.
Various gap-reduction mechanisms and different struc-
tural material configurations are realized in this work.
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Electrode

Fig. 4: (a) Full view, (b) zoom-in view, and (c) resona-
tor-removal view of scanning electron micrographs
(SEMs) of a fabricated CMOS-MEMS composite
beam-array resonator with the 58nm-gap configura-
tion. (d) An SEM of pure-metal beam-array resonator
showing serious warping due to residual stress.

0.35um 2-Poly-4-Metal CMOS service from TSMC
was adopted for device fabrication with a
cross-section view shown in Fig.3(a). After
post-CMOS release process using commercial SiO,
wet etchant, sacrificial oxide is removed, leaving (i)
composite resonator structures composed of metal and
enclosed oxide surrounded by via structure, and (ii)
pure-metal resonator structure consisting of Metal-1
(i.e., aluminum) originally used of CMOS intercon-
nects as shown in the right side of Fig. 3(b). Fig. 4
presents SEM’s of fabricated beam-array resonators
used to evaluate the approach of gap reduction and the
scheme of BC-modulated frequency tuning. In
Fig. 4(b), soft mechanical springs formed by slender
meander-type beams (Metal-1) were designed to low-
er the pull-in voltage of beam-array structure. The gap
reduction scheme can be clearly seen in Fig. 4(c) with
the altitude difference of 58nm between the pull-in
stopper and underneath electrode.

Issues of residual stress in standard CMOS foundry
process usually generate warping on MEMS devices
after structure release and Fig. 4(d) shows such phe-
nomenon on a fabricated beam-array resonator using
Metal-1 as its structural material right after the wet
release process. To investigate the residual stresses of
the fabricated beam-array resonators, Fig. 5(a) pre-
sents the radius of curvature of 3mm for composite
structural materials of Fig. 4(a) while Fig. 5(b) shows
0.18-mm radius of curvature for pure-metal structural
material of Fig. 4(d) by using WYKO NT100 optical
profiler. The significant warping of pure-metal
beam-array resonators hinder the pull-in scheme for
gap reduction and make resonance measurement very
difficult. Fortunately, the stress issue on the
CMOS-MEMS composite beam-array resonator of
Fig. 4(a) is greatly relieved using stacked structure
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composite structural materials and (b) pure-metal
structural material after post-CMOS release process.

shown in Fig. 1(a).

EXPERIMENTAL RESULTS

The pull-in behavior of a CMOS-MEMS composite
beam-array resonator with 58nm-gap-reduction con-
figuration of Fig. 1(a) was measured in Fig. 6 by op-
tical profiler, showing 350nm moving displacement
when pull-in occurred at a dc-bias of 32V. Fig. 7 pre-
sents the measured spectra for beam-array resonators
in three different gap configurations of Fig. 1(b),
verifying the motional impedance is greatly improved
by the gap reduction schemes with R, of 87kQ,
262kQ, and 524kQ, respectively, at dc-bias of 110V.

Fig. 8 presents the frequency variation versus dc-bias
voltage in the 58nm-configuration of Fig. 1(b), show-
ing the resonance frequency tends to increase with
bias increased until the saturation occurs at bias
around 80V. After saturation of frequency variation,
the frequency tendency becomes downward with con-

100

0 <

Pull-in
Occurs
-100
-200

-300 ~Measured
‘ Foint

0 2 6 10 14 18 22 26 30 34 38
Applied DC-Bias [V]

Displacement [nm]

-400

Fig. 6: Displacement of center-measured point ver-
sus applied dc-bias for a CMOS-MEMS composite
beam-array resonator in its 58nm configuration of
Fig. 1(b), indicating pull-in occurred at 32V.
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Fig. 7: Measured frequency characteristics of fabri-
cated beam-array resonators for various gap configu-
rations in Fig. 1(b).

tinuous increase of dc bias. Fig. 9 clearly indicates the
variation of resonance frequency of composite
beam-array ~ resonators is  dominated by
BC-modulation below dc bias of 80V and dictated by
electrical stiffness instead above 80V, hence showing
a dc-bias insensitive region of frequency at 80V as a
result of the balance between modulated BC and elec-
trical stiffness. Due to constrained boundary condi-
tions in this work, the Qs of these composite
beam-array resonators were two orders of magnitude
lower than conventional micromechanical resonators,
therefore hindering further improvement of motional
impedance. With 05 of 4,000 as an example, mo-
tional impedance lower than 1kQ is plausible by using
the gap reduction mechanism of this work.

CONCLUSIONS
55
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Fig. 8: Measured frequency spectra for a fabricated
beam-array resonator with 58nm gap spacing under
different bias voltages.
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Fig. 9: Frequency variation versus dc-bias, showing
two different mechanisms dominate frequency tuning.

An effective approach to achieve sub-micron gap
spacing of capacitively-transduced micromechanical
resonators fabricated by conventional CMOS foundry
process has been demonstrated to greatly lower mo-
tional impedance of resonators without the need of
costly, advanced CMOS technology. With clever use
of the existing CMOS layers, electrode-to-resonator
gaps of 58nm, 217nm, and 275nm in CMOS-MEMS
resonators have been realized using pull-in scheme of
this work, achieving comparable electromechanical
coupling compared to non-CMOS-MEMS counter-
parts. In addition to gap reduction, the resonance fre-
quency of CMOS-MEMS resonators was manipulated
by bias-dependent BC-modulation and electrical
stiffness, both of which show opposite frequency tun-
ing capability, yielding an insensitive region of fre-
quency under certain dc bias voltage.
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