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Abstract—This paper reports on the design, fabrication and testing 
of novel one and two port piezoelectric contour-mode MEMS 
resonators that can be employed in RF wireless communications as 
frequency reference elements or arranged in arrays to form 
filterbanks.  The paper offers a comparison of one and two port 
resonant devices exhibiting frequencies ranging from 80 to 
800 MHz, quality factors from 1,000 to 4,000 in air and motional 
resistances ranging from 25 to 200 � .  Fundamental advantages 
and limitations of each solution are discussed.  Experimental results 
regarding a novel implementation of an 800 MHz one port 
resonators and a new class of two-port stacked contour resonators 
are presented. 

I. INTRODUCTION  

Recent advances in surface micromachining techniques have 
enabled the realization of miniaturized, high quality factor bulk 
acoustic resonators that can be integrated with state-of-the-art 
CMOS electronics [1-4].  Amongst these MEMS devices, a new 
class of resonators, dubbed contour mode because of their in-
plane mode of vibration, has received much attention due to its 
ability to provide multiple frequency devices on the same silicon 
substrate.  These laterally vibrating microstructures not only 
provide the advantages of compact size, low power consumption 
and realization with high yield mass producible components, but 
can also enable paradigm-shifting solutions for simpler frequency 
synthesizers and transceivers.  For example, direct frequency 
synthesis without the need of complicated phase locked loops 
will be possible in spread spectrum communication systems via 
multi-frequency filterbanks (Fig. 1).  Furthermore, fast frequency 
hopping and direct channel selection will be enabled by arrays of 
high Q micromechanical resonators. 

Electrostatic and piezoelectric transduction mechanisms have 
emerged as the preeminent techniques for driving and sensing 
resonant vibrations in micromechanical structures.  
Electrostatically-transduced resonators have demonstrated 
extremely high quality factors and high frequencies (up to GHz 
by employing overtones) [2], but suffer from large motional 
impedances that make their interface with 50 �  RF system 
troublesome.  Recent research activities [5] have demonstrated 

that lower impedances (100 �  to 10 k� ) can be obtained via 
dielectric transduction by filling the actuation gap with solid 
high-k dielectrics.  Although very promising, this technology is 
still unproven and fundamentally suffers from large intrinsic 
capacitances that mask the resonator response at high frequencies 
or complicate their interface with standard circuitry. 

Piezoelectric actuation in aluminum nitride contour-mode 
resonators has been proven as a superior technology [1], capable 
of intrinsically providing low motional resistance (25 to 200 � ) 
while maintaining high quality factors (1,000-4,000) and 
reasonable reactance values that ease their interface with state-of-
the-art circuitry.  This paper reports design and experimental 
results of one and two port implementations of piezoelectric 
contour-mode resonators and describes advantages and 
disadvantages of each solution.  Furthermore, experimental 
results for a novel one port solution employed to reach 
frequencies as high as 800 MHz and a new class of two port 
stacked resonators are presented.   

 

Figure 1.  Schematic representation of envisioned next-generation frequency 
synthesizer for spread spectrum communications and contour modes of 
vibrations of rectangular plates and rings. 
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II. RESONATOR DESIGN 

Contour mode of vibrations can be excited in c-axis oriented 
aluminum nitride films via the d31 piezoelectric coefficient.  By 
applying an electric field across the film sandwiched between a 
top and bottom electrode, the MEMS structure tends to expand 
laterally and can be excited in resonant vibrations whose 
frequency is set by the in-plane dimensions of the device.   The 
most promising structures to obtain high Q and high frequency of 
operations are rings and rectangular plates as shown in Figure 1.  
The frequency of vibration is generally set by the width of the 
structure, whereas the second dimension can be employed to 
control the equivalent motional resistance and static capacitance 
of the device.  This is an additional degree of freedom that a disk 
structure does not offer.  The equivalent circuit representation for 
a transducer is a simplified version of the Mason’s model as 
shown in Figure 2.  This model will be employed in the 
following sections to describe one and two port devices and 
analyze their fundamental characteristics.    
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Figure 2.  Conventional Mason lumped circuit model for a piezoelectric 
resonator. 

A.  One Port Resonators 
A one port resonator is a device for which the simplified 

model of Figure 2 is terminated in a short, representing, in the 
acoustic domain, a perfectly reflective boundary such as air.  In 
one port configurations, the static capacitance of the device 
appears in parallel with the motional components of the resonator 
and its value depends, if fringing fields are neglected, on the 
electroded area.  Particular attention should be placed in 
patterning the top electrode which sets not only the motional 
impedance of the device, but also its electromechanical coupling 
coefficients, kt

2, and affects selective excitation of mechanical 
modes.  For example a completely patterned surface, such as the 
one adopted for plates and rings [1], yields the lowest possible 
motional resistance and higher electromechanical strength for the 
fundamental mode over spurious inharmonic resonances, but 
theoretically limits kt

2 to about 86 % of its maximum value [6].  
This is a tradeoff that the designer needs to consider when laying 
out the structure. 

In order to obtain high manufacturing yield, the device center 
frequency needs to be set with accuracy within 0.1 %.  Film 
thickness has only a second order effect on frequency and the 
contour-mode device sensitivity to thickness variations is at least 
10X less than for FBAR technology.  Sputtering deposition tools 
can easily provide 0.5% uniformity across 200 mm wafers, 
therefore satisfying frequency requirements in the thickness 
direction for contour-mode resonator (it remains a challenge for 

FBAR).  The lateral dimensions of the structure have a direct 
impact on the frequency of the device (as the thickness does in 
FBAR resonators).  Standard lithography tools generally have 
tolerances in the order of 5% of their minimum feature size.  This 
means that 0.1% accuracy can be easily obtained for frequency as 
high as 200 MHz. Lithographic definitions of lateral features for 
high frequency devices can pose a challenge for reliable and 
reproducible manufacturing of contour mode resonators. 

In order to desensitize the resonator center frequency from 
the definition of absolute lateral dimensions and simultaneously 
maintain adequate structural rigidity at high frequencies, a new 
contour-mode device based on selective patterning of the top and 
bottom electrode has been devised [7]. By exciting adjacent 
rectangular strips out of phase with respect to each other (Fig. 3 
and 5), high frequency contour modes of vibration (as high as 
several GHz) can now be selectively transduced in large plates 
(100x51 � m for the 803 MHz rectangular plate shown here).  
Electrode periodicity and plate absolute dimensions now set the 
center frequency of the device and dramatically relax 
manufacturing constraints in a manner similar to SAW devices.  
Furthermore, the number of rectangular strips can be prescribed 
at the mask layout level to arbitrarily scale the motional 
resistance and static capacitance of the device. 
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Figure 3.  Schematic of resonator cross section showing selective electrode 
patterning and signal routing. The polarity of each top and bottom electrode pair 
alternates at half-wavelength intervals. The period of the electrode pairs 
determines the operating frequency of the resonator while the number of periods 
affects its motional resistance. 

B. Two Port Resonators 
A two port resonator can be represented by two cascaded 

networks of the type depicted in Figure 2.  Ideally, it can be 
modeled as two resonators coupled at an infinitely stiff location.  
This implementation is generally encountered in macroscale 
resonant piezoelectric transformers.  A clear advantage of this 
solution is the electrical isolation of the input and output 
terminals that facilitates the transduction of these devices at 
higher frequencies.  This, in fact, is the only demonstrated 
implementation for electrostatically-driven resonators above few 
MHz.  Two possible embodiments for two port piezoelectric 
resonators have been analyzed (Fig. 4).  In Figure 4a the two port 
configuration is realized by placing the electrodes adjacent to 
each others in the lateral dimensions [8].  Another topology 
consists of stacking the transducers on top of one another 
(Fig. 4b).  This second implementation is more effective since it 
matches the motional resistance of a one port device occupying a 
given layout area and improves the mechanical coupling into the 
fundamental mode by effectively driving the device over the 
entire top surface.  Furthermore, this second solution limits the 



input to output capacitive feedthrough to the substrate by 
eliminating coupling through the AlN film that is present 
between the driving and sensing electrodes in the first 
configuration.  The two port stacked topology was implemented 
for both rectangular and ring geometries.  In order to minimize 
the anchors’ interference with the fundamental radial-extensional 
mode shape, the ring structure (as shown in Figure 6) was 
anchored at a single location requiring routing the output signal 
in close proximity of the input signal and ultimately limiting the 
effectiveness of the isolation induced by the two port solution. 

 

Figure 4.  Schematic representation of the reduction in parasitic feedthrough 
capacitance obtained by moving from a horizontal (a) to a vertical (b) two port 
topology.  The vertical stack suffers solely from substrate parasitics whereas the 
horizontal structure suffers from a direct capacitance through the device. 

III.  DEVICE FABRICATION 

The fabrication process employed for manufacturing the resonant 
microstructures of this work is based on surface micromachining 
techniques that are compatible with state-of-the-art CMOS 
production systems.  The process employed for this work is the 
same as described in [9], excepting an additional Pt lift-off step 
for the intermediate electrode layer used in the stacked 
topography of Figure 4b.   
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Figure 5.  Optical micrograph of micromechanical resonator with selectively 
patterned half-wavelength electrodes. The polarity of the electric excitation 
signal alternates between adjacent top and bottom electrode pairs.  
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Figure 6.  Scanning electron micrograph of a two port stacked ring showing the 
parasitic capacitance induced by the proximity of input and output electrodes.  
The inset shows cross sectional details of the structure formed by two 1 � m 
thicke layers of AlN. 

Therefore one and two port resonators can be fabricated on the 
same substrate. The metallization steps are conventional 
micromachining processes, whereas the etching of AlN and the 
release of the microstructures can be considered somewhat 
exotic.  In the last decade, etching of III-V compounds and XeF2 
release are gaining wider use and understanding and they are 
considered reliable for high yield and large volume electronic 
manufacturing.   

IV. EXPERIMENTAL RESULTS 

One and two port resonators were tested in a 
micromanipulated RF probe station in ambient conditions.  A 
standard Short, Open, Load and Through (SOLT) calibration was 
performed using a Picoprobe ceramic substrate and the device 
under test was directly connected to an Agilent E5071B network 
analyzer without the need for any external interface electronics.   

A. One port Resonators 
Figure 9a shows the highest quality factor of 4,300 recorded 

in air for a 20 � m wide AlN one port ring resonator at 
229.9 MHz.  The same resonator has a motional resistance of 
50 � . The resonator was fabricated out of a 3 � m thick AlN 
layer.  These thicker resonators show higher quality factors 
(~ 1.7X what is generally recorded for 2 � m devices).  Although 
the reasons for such a net Q improvement have not been 
thoroughly understood, the authors presume that three 
fundamental mechanisms are responsible for this Q 
enhancement: (i) decreased electrical loading due to reduced ratio 
of electrode resistance to resonator motional resistance (RM is 
proportional to film thickness); (ii) increased AlN to metal 
volume ratio which proportionally reduces relative material 
losses in low Q metals; (iii) smaller out of plane vibrations and 
therefore reduced energy leakage in spurious modes due to 
higher structural stiffness in the thickness direction. 



 fo= 229.9 MHz 
RM ~ 50 �  
Q ~ 4,300 

fo=803MHz 
RM ~ 24 �  
Q ~ 1,300 

 

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

Figure 9b shows a plot of the admittance response for the new 
class of piezoelectric contour-extensional MEMS resonators that 
have been designed to perform optimally at high frequencies.  
The AlN plate in this instance measures 51x100 � m, and the Pt 
electrodes have a 3 � m line width and spacing. Notice the 
effective suppression of spurious modes achieved by the 
specifically engineered electrode configuration.  The resonator 
shows a Q of approximately 1,300 and an RM of 24 �  at 
803 MHz.  This is the highest frequency reported to date by 
contour-mode resonators transduced in their fundamental mode 
of vibration.   

B. Two Port Resonators 
Two port stacked resonators in the form of rectangular and 

circular ring plates were tested. The rectangular plate measures 
200x50 � m as shown in Figure 4 and has a fundamental width-
extensional mode of vibration at 82.8 MHz with an unloaded Q 
of 1,700 and RM of 170 � .  A lower frequency length-extensional 
mode is present in this specific structure, although it has been 
shown (for one port configurations) that this mode can be 
suppressed by simply anchoring the structure along its width.  
This resonator exhibits a feedthrough capacitance of only 20 fF, 
which greatly eases the electrical characterization of the device.  
The circular ring response (Fig. 11b) is not as clean and spurious 
modes tend to overlap with the fundamental mode.  The 
resonator still has an unloaded Q of 1,500 and an RM of 150 �  at 
214.5 MHz.  In this case the feedthrough capacitance increases to 
the order of 70 fF.  This is due to the proximity of input and 
output electrodes that are routed through the same anchor.  The 
S21 plots for both the rectangular plate and circular ring 
apparently show responses that can be generated by pure LCR 
circuits or devices with large kt

2 (from plot kt
2 is larger than 8%).  

This is just an artifact of the measurement method in which the 
large input and output capacitances are shunted and masked by 
50 �  termination resistors.  The overall model presented in the 
design section should instead apply, and the input and output 
capacitances need to be taken into account, especially when the 
resonators are arranged in arrays or interfaced with other circuits.  
Nonetheless the two port implementation does offer the 
capability of reducing electrical feedthrough between input and 
output ports and potentially enable the realization of resonant 
transformers. 
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RM ~ 175 �  
Q ~ 1,700 
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Figure 8.  Transmission plots for two port stacked resonators showing the 
resposnes of a 82.8 MHz rectangular plate and a 214.5 MHz ring structure.  

V. CONCLUSION 

Design, fabrication and testing of novel one and two port 
contour-mode resonators were reported. These devices will 
enable new methods of frequency synthesis in spread spectrum 
communications.  Experimental results for a new class of high 
frequency one port devices were presented and low feedthrough 
capacitances were achieved via two port stacked configurations.  
Advantages and disadvantages of one and two port devices in 
terms of mechanical robustness and electrical detection have 
been highlighted.  It should be noted that each of these 
configurations offer specific pros and cons that must be weighed 
to assess their suitability for a particular application.  Future work 
will look at improving the quality factor of these devices and 
increasing the frequency of operation of the two classes of 
resonator into GHz frequencies.  

ACKNOWLEDGMENT  

The authors wish to thanks the Berkeley Microfabrication 
staff and AMS, Inc. for their help. 

REFERENCES 
[1] G. Piazza, et al., "Low motional resistance ring-shaped contour-mode 

aluminum nitride piezoelectric micromechanical resonators for UHF 
applications," MEMS  2005, pp.20-3. 

[2] L. Sheng-Shian, et al., "Micromechanical "hollow-disk" ring resonators," 
MEMS 2004, pp.821-4. 

[3] S. Pourkamali, et al., "Vertical capacitive SiBARs," MEMS 2005, pp.211-
14.  

[4] M. Dubois, et al., "Integration of high-Q BAW resonators and filters above 
IC," ISSCC 2005,  pp. 392-394. 

[5] D. Weinstein, et al., "Dielectrically Transduced Single-Ended to 
Differential MEMS Filter," ISSCC 2006, pp. 318-319. 

[6] W. G. Cady, Piezoelectricity; an introduction to the theory and applications 
of electromechanical phenomena in crystals, McGraw-Hill Book 
Company, Inc., 1946. 

[7] P. J. Stephanou and A. P. Pisano, "800 MHz Low Motional Resistance 
Countour-Extensional Aluminum Nitride Micromechanical Resonators," 
submitted to Hilton Head, 2006. 

[8] G. Piazza and A. P. Pisano, "Dry-Released Post-CMOS Compatible 
Contour-Mode Aluminum Nitride Micromechanical Resonators for VHF 
Applications," Hilton Head 2004, pp. 37-40. 

[9] G. Piazza, et al., "Single-chip multiple-frequency filters based on contour-
mode aluminum nitride piezoelectric micromechanical resonators,"  
TRANSDUCERS '05, pp. 2065-2068. 


