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Abstract—This paper reports on the design, fabrication anddsting

of novel one and two port piezoelectric contour-mogl MEMS

resonators that can be employed in RF wireless commications as
frequency reference elements or arranged in arraysto form

filterbanks. The paper offers a comparison of oneand two port

resonant devices exhibiting frequencies ranging fmm 80 to
800 MHz, quality factors from 1,000 to 4,000 in airand motional

resistances ranging from 25 to 200 . Fundamental advantages
and limitations of each solution are discussed. Perimental results

regarding a novel implementation of an 800 MHz oneport

resonators and a new class of two-port stacked canir resonators
are presented.

l. INTRODUCTION

Recent advances in surface micromachining techaigase
enabled the realization of miniaturized, high gyalactor bulk
acoustic resonators that can be integrated witte-sffathe-art
CMOS electronics [1-4]. Amongst these MEMS devicgesew
class of resonators, dubbed contour mode becaugieeinfin-
plane mode of vibration, has received much attantioe to its
ability to provide multiple frequency devices om ttame silicon
substrate. These laterally vibrating microstruesumot only
provide the advantages of compact size, low powasemption
and realization with high yield mass producible poments, but
can also enable paradigm-shifting solutions forpdimfrequency
synthesizers and transceivers. For example, direquency
synthesis without the need of complicated phas&elbdoops
will be possible in spread spectrum communicatigstesns via
multi-frequency filterbanks (Fig. 1). Furthermofast frequency
hopping and direct channel selection will be endiblg arrays of
high Q micromechanical resonators.

Electrostatic and piezoelectric transduction meigmas have
emerged as the preeminent techniques for drivirdy semsing
resonant  vibrations in  micromechanical
Electrostatically-transduced resonators have detraied
extremely high quality factors and high frequendigs to GHz
by employing overtones) [2], but suffer from largetional
impedances that make their interface with 50RF system
troublesome. Recent research activities [5] hasmahstrated
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that lower impedances (100to 10k ) can be obtained via
dielectric transduction by filling the actuationpgavith solid
high-k dielectrics. Although very promising, thischnology is
still unproven and fundamentally suffers from larigrinsic
capacitances that mask the resonator responsghafraguencies
or complicate their interface with standard cinguit

Piezoelectric actuation in aluminum nitride contowde
resonators has been proven as a superior techndlhgyapable
of intrinsically providing low motional resistan¢g5 to 200 )
while maintaining high quality factors (1,000-4,00@&nd
reasonable reactance values that ease their iteenfith state-of-
the-art circuitry. This paper reports design amxgesimental
results of one and two port implementations of qébectric
contour-mode resonators and describes advantages
disadvantages of each solution. Furthermore, @xpetal
results for a novel one port solution employed ®ach
frequencies as high as 800 MHz and a new classvofpiort
stacked resonators are presented.

structures.

Figure 1. Schematic representation of envisioned next-geioerdtrequency
synthesizer for spread spectrum communications eeodtour modes of
vibrations of rectangular plates and rings.
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. RESONATORDESIGN

Contour mode of vibrations can be excited in c-axiented
aluminum nitride films via the & piezoelectric coefficient. By
applying an electric field across the film sandwidhbetween a
top and bottom electrode, the MEMS structure tendsxpand
laterally and can be excited in resonant vibratiomsose
frequency is set by the in-plane dimensions ofdéeice. The
most promising structures to obtain high Q and Highuency of
operations are rings and rectangular plates asrsimowigure 1.
The frequency of vibration is generally set by thidth of the
structure, whereas the second dimension can beogatplto
control the equivalent motional resistance andcstatpacitance
of the device. This is an additional degree oédi@m that a disk
structure does not offer. The equivalent circgfiresentation for
a transducer is a simplified version of the Masomisdel as
shown in Figure 2. This model will be employed time
following sections to describe one and two porticey and
analyze their fundamental characteristics.
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Figure 2. Conventional Mason lumped circuit model for a pweotric
resonator.

A. One Port Resonators

A one port resonator is a device for which the difireg
model of Figure 2 is terminated in a short, repnéeg, in the
acoustic domain, a perfectly reflective boundarghsas air. In
one port configurations, the static capacitanceth&f device
appears in parallel with the motional componenthefresonator
and its value depends, if fringing fields are netd, on the
electroded area. Particular attention should bacqad in
patterning the top electrode which sets not onky mhotional
impedance of the device, but also its electromechhnoupling

FBAR). The lateral dimensions of the structure ehavdirect
impact on the frequency of the device (as the tiesk does in
FBAR resonators). Standard lithography tools gahethave

tolerances in the order of 5% of their minimum teatsize. This
means that 0.1% accuracy can be easily obtainddefquency as
high as 200 MHz. Lithographic definitions of latefeatures for
high frequency devices can pose a challenge faabtel and

reproducible manufacturing of contour mode resasato

In order to desensitize the resonator center fregyudrom
the definition of absolute lateral dimensions amdutaneously
maintain adequate structural rigidity at high freqcies, a new
contour-mode device based on selective patterrfitigeatop and
bottom electrode has been devised [7]. By excithujpcent
rectangular strips out of phase with respect td edber (Fig. 3
and 5), high frequency contour modes of vibratias Ligh as
several GHz) can now be selectively transducediigel plates
(100x51 m for the 803 MHz rectangular plate shown here).
Electrode periodicity and plate absolute dimensiooe set the
center frequency of the device and dramaticallyaxel
manufacturing constraints in a manner similar toABAevices.
Furthermore, the number of rectangular strips camprescribed
at the mask layout level to arbitrarily scale theotional
resistance and static capacitance of the device.
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Figure 3. Schematic of resonator cross section showing $etealectrode
patterning and signal routing. The polarity of eém and bottom electrode pair
alternates at half-wavelength intervals. The perwfdthe electrode pairs
determines the operating frequency of the resoneltde the number of periods
affects its motional resistance.

B. Two Port Resonators

A two port resonator can be represented by two ackest
networks of the type depicted in Figure 2. Ideaitycan be
modeled as two resonators coupled at an infing#ff/ location.

coefficients, ¥, and affects selective excitation of mechanical—l—hiS implementation is generally encountered in noscale

modes. For example a completely patterned surfagsh as the
one adopted for plates and rings [1], yields theelkt possible
motional resistance and higher electromechanicahgth for the
fundamental mode over spurious inharmonic resorsanbat
theoretically limits ¥ to about 86 % of its maximum value [6].
This is a tradeoff that the designer needs to densvhen laying
out the structure.

In order to obtain high manufacturing yield, thevide center
frequency needs to be set with accuracy within%.1 Film
thickness has only a second order effect on freqquamd the
contour-mode device sensitivity to thickness varia is at least
10X less than for FBAR technology. Sputtering defian tools
can easily provide 0.5% uniformity across 200 mmfers
therefore satisfying frequency requirements in th&kness
direction for contour-mode resonator (it remainshallenge for

resonant piezoelectric transformers. A clear athge of this
solution is the electrical isolation of the inpuhda output
terminals that facilitates the transduction of thedevices at
higher frequencies. This, in fact, is the only destrated
implementation for electrostatically-driven resamatabove few
MHz. Two possible embodiments for two port piezotic
resonators have been analyzed (Fig. 4). In Figarthe two port
configuration is realized by placing the electrodefacent to
each others in the lateral dimensions [8]. Anottapology
consists of stacking the transducers on top of anether
(Fig. 4b). This second implementation is more @ffe since it
matches the motional resistance of a one port dedcupying a
given layout area and improves the mechanical dogiito the
fundamental mode by effectively driving the devioeer the
entire top surface. Furthermore, this second ispiutmits the



input to output capacitive feedthrough to the guaist by
eliminating coupling through the AIN film that isrgsent
between the driving and sensing electrodes in thet f
configuration. The two port stacked topology wamplemented
for both rectangular and ring geometries. In otdeminimize
the anchors’ interference with the fundamentalakeitensional
mode shape, the ring structure (as shown in Fig)revas
anchored at a single location requiring routing dlgput signal
in close proximity of the input signal and ultimigtémiting the
effectiveness of the isolation induced by the twd golution.

Figure 4. Schematic representation of the reduction in ptérafedthrough
capacitance obtained by moving from a horizontakdaa vertical (b) two port

topology. The vertical stack suffers solely froobstrate parasitics whereas the

horizontal structure suffers from a direct capamitathrough the device.

I1l.  DEVICE FABRICATION

The fabrication process employed for manufactutirgresonant
microstructures of this work is based on surfaceromachining
techniques that are compatible with state-of-the@MOS
production systems. The process employed forwik is the
same as described in [9], excepting an additiohdiftFoff step

for the intermediate electrode layer used in thacksd
topography of Figure 4b.
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Figure 5. Optical micrograph of micromechanical resonatorhwselectively
patterned half-wavelength electrodes. The polaoitythe electric excitation
signal alternates between adjacent top and bottecirede pairs.
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Figure 6. Scanning electron micrograph of a two port staakeg showing the
parasitic capacitance induced by the proximity rgfut and output electrodes.
The inset shows cross sectional details of thectstrer formed by two 1 m
thicke layers of AIN.

Therefore one and two port resonators can be faiedcon the
same substrate. The metallization steps are caowaht
micromachining processes, whereas the etching Wf &id the
release of the microstructures can be consideredewbat
exotic. In the last decade, etching of IlI-V corapds and Xef
release are gaining wider use and understandingttaed are
considered reliable for high yield and large voluslectronic
manufacturing.

IV. EXPERIMENTAL RESULTS

One and two port resonators were tested in
micromanipulated RF probe station in ambient comat A
standard Short, Open, Load and Through (SOLT) cldn was
performed using a Picoprobe ceramic substrate haddévice
under test was directly connected to an Agilent/A&) network
analyzer without the need for any external intexfalectronics.

A. One port Resonators
Figure 9a shows the highest quality factor of 4,88€brded

in air for a 20 m wide AIN one port ring resonator at

229.9 MHz. The same resonator has a motionaltaesis of
50 . The resonator was fabricated out of ar8 thick AIN
layer. These thicker resonators show higher qudéttors
(~ 1.7X what is generally recorded for th devices). Although
the reasons for such a net Q improvement have een b
thoroughly understood, the authors presume
fundamental mechanisms are responsible for this
enhancement: (i) decreased electrical loading dweduced ratio
of electrode resistance to resonator motional tasie (R, is
proportional to film thickness); (ii) increased Al metal
volume ratio which proportionally reduces relativeaterial
losses in low Q metals; (iii) smaller out of plavierations and
therefore reduced energy leakage in spurious matles to
higher structural stiffness in the thickness dicett

thateethr

Q



fo=229.9 MHz f,=803MHz
Rw ~ 50 Ru ~ 24
Q ~ 4,300 Q~ 1,300

Figure 7. Admittance plots for a 229.9 MHz one port ring mstor and a
803 MHz contour-extensional plate.

Figure 9b shows a plot of the admittance respomisthé new
class of piezoelectric contour-extensional MEMSnedors that
have been designed to perform optimally at higlgdencies.
The AIN plate in this instance measures 51x164) and the Pt
electrodes have a 3m line width and spacing. Notice the
effective suppression of spurious modes achieved thry
specifically engineered electrode configurationheTresonator
shows a Q of approximately 1,300 and af & 24 at
803 MHz. This is the highest frequency reporteddéde by
contour-mode resonators transduced in their fundéahenode
of vibration.

B. Two Port Resonators

Two port stacked resonators in the form of rectéargand
circular ring plates were tested. The rectangulatepmeasures

0 f,= 82.8 MHz 0 f= 214.5 MHz

2o Ry ~ 175 104 Ru ~ 150
Q~1,700 Q~ 1,500
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Figure 8. Transmission plots for two port stacked resonatshswing the
resposnes of a 82.8 MHz rectangular plate and &2MH#z ring structure.

V. CONCLUSION

Design, fabrication and testing of novel one and fort
contour-mode resonators were reported. These dewa#
enable new methods of frequency synthesis in spspadtrum
communications. Experimental results for a nevslaf high
frequency one port devices were presented and dedtlfirough
capacitances were achieved via two port stackefigtoations.
Advantages and disadvantages of one and two peitefein
terms of mechanical robustness and electrical tietethave
been highlighted. It should be noted that eachthase
configurations offer specific pros and cons thastthe weighed
to assess their suitability for a particular aplien. Future work
will look at improving the quality factor of thes#evices and
increasing the frequency of operation of the twassés of
resonator into GHz frequencies.

200x50 m as shown in Figure 4 and has a fundamental width-

extensional mode of vibration at 82.8 MHz with arloaded Q

of 1,700 and R of 170 . A lower frequency length-extensional

mode is present in this specific structure, althoitghas been
shown (for one port configurations) that this mocn be
suppressed by simply anchoring the structure altngvidth.
This resonator exhibits a feedthrough capacitafianly 20 fF,
which greatly eases the electrical characterizabibthe device.
The circular ring response (Fig. 11b) is not asmland spurious
modes tend to overlap with the fundamental modehe T
resonator still has an unloaded Q of 1,500 andaofR50 at
214.5 MHz. In this case the feedthrough capacitamcreases to
the order of 70 fF. This is due to the proximitfyieput and
output electrodes that are routed through the sambor. The
S,; plots for both the rectangular plate and circutarg
apparently show responses that can be generatgdireyLCR
circuits or devices with largg?(from plot k? is larger than 8%).
This is just an artifact of the measurement metinodhich the
large input and output capacitances are shuntechwstked by
50 termination resistors. The overall model presgmtethe
design section should instead apply, and the i@mat output
capacitances need to be taken into account, efipegtzen the
resonators are arranged in arrays or interfaced atfter circuits.
Nonetheless the two port implementation does offiee
capability of reducing electrical feedthrough betwenput and
output ports and potentially enable the realizatidnresonant
transformers.
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