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Piezoelectric Aluminum Nitride Vibrating
Contour-Mode MEMS Resonators

Gianluca Piazza, Member, IEEE, Philip J. Stephanou, Member, IEEE, and Albert P. (Al)Pisano

Abstract—This paper reports theoretical analysis and experi-
mental results on a new class of rectangular plate and ring-shaped
contour-mode piezoelectric aluminum nitride radio-frequency
microelectromechanical systems resonators that span a frequency
range from 19 to 656 MHz showing high-quality factors in air
(Qmax = 4300 at 229.9 MHz), low motional resistance (ranging
from 50 to 700
), and center frequencies that are lithographically
defined. These resonators achieve the lowest value of motional re-
sistance ever reported for contour-mode resonators and combine
it with high Q factors, therefore enabling the fabrication of arrays
of high-performance microresonators with different frequencies
on a single chip. Uncompensated temperature coefficients of
frequency of approximately 25 ppm C were also recorded for
these resonators. Initial discussions on mass loading mechanisms
induced by metal electrodes and energy loss phenomenon are
provided. [2006-0019]

Index Terms—Aluminum nitride, contour-mode resonators, mi-
croelectromechanical systems (MEMS) resonators, piezoelectric
resonators, radio-frequency (RF) MEMS.

I. INTRODUCTION

T
HE demand of consumer electronics for radio-frequency

(RF) filters and frequency reference elements has focused

attention on the reduction of size, power consumption, and price

and pushed current research interests towards the manufacturing

of a single-chip integrated RF solution. Vibrating contour-mode

microelectromechanical system (MEMS) resonators constitute

a very promising technology for ultimately realizing this vision.

Several electrostatically transduced micromechanical

resonators have been demonstrated in the very-high- and

ultra-high-frequency spectra [1]–[4]; despite their sheer high

Q on the order of 10 000, they exhibit large values of motional

resistance (hundreds of k ), which ultimately complicates

the interfacing of these electrostatic devices to 50 RF sys-

tems. The low electromechanical coupling coefficient of the

surface-based electrostatic transduction mechanism cannot be

sufficiently improved without introducing ultrasmall air gaps

(less than 20 nm) in the fabrication process. Furthermore, recent

efforts [5]–[8] trying to act on geometrical parameters, such as

the effective actuation area, in order to reduce the equivalent
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motional resistance have not shown very significant improve-

ments. Recently proposed “internal” electrostatic transduction

[9], [10] represents a potential method for reducing the mo-

tional resistance of these resonators, but it is still an unproven

technology and suffers from the need of large bias voltages

that ultimately limit the reliability of ultrathin layers of high-K

dielectrics and intrinsic large capacitance values that mask the

resonator response at high frequencies.

Piezoelectric materials such as aluminum nitride or quartz

inherently offer order of magnitude larger electromechanical

coupling coefficients. Body forces produced by thin piezo-

electric elements have been successfully exploited in surface

acoustic wave (SAW) devices [11], film bulk acoustic wave

resonators (FBARs) [12], and shear-mode quartz resonators

[13], achieving gigahertz frequencies and demonstrating high

Q factors. Despite being a proven technology, SAW devices do

not scale well to RF applications due to the resulting need for

submicrometer lithography and decreasing power handling ca-

pabilities. Moreover, FBARs and shear-mode quartz resonators

do not permit economical manufacturing of a single-chip RF

module because multiple frequencyselective arrays of piezo-

electric resonators cannot be easily fabricated on the same

substrate since film thickness determines the frequency.

This paper introduces a new class of aluminum nitride piezo-

electric resonators that have their fundamental frequency de-

fined by in-plane dimensions, which are prescribed at the com-

puter-aided design (CAD) layout level. For this reason the de-

vices are called contour-mode resonators. The use of contour

modes (with frequencies determined by in-plane dimensions

and not film thickness as for FBARs or shear quartz resonators)

permits the batch fabrication of arrays of piezoelectric microres-

onators with different frequencies on a single chip. These de-

vices, realized in the shape of plates or rings, uniquely combine

multiple frequencies with the ability to interface directly with

50 systems (by means of a low motional resistance generally

varying between 50 and 700 ) and achieve high quality fac-

tors (as high as 4300 at 230 MHz) in air. The next sections will

focus on the electromechanical analysis of these resonators, the

techniques used for their fabrication, and their electrical perfor-

mance and offer discussions on the temperature dependence and

mass sensitivity of their center frequency and energy loss mech-

anisms.

II. DESIGN OF RECTANGULAR PLATE RESONATORS

Fig. 1 shows a schematic diagram of an AlN contour-mode

resonators shaped as a rectangular plate. The resonator is made

out of an AlN body sandwiched between a bottom Pt electrode

and a top Al electrode. A vertical electric field applied across

the film thickness induces in plane dilation of the structure

1057-7157/$20.00 © 2006 IEEE
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Fig. 1. Schematic representation of one-port AlN contour-mode rectangular
plate resonator.

through the coefficient and excites the resonator either

in length-extensional or width-extensional mode shapes, de-

pending on whether the structure vibrates primarily across its

length or width and the excitation frequency. The equivalent

electromechanical model of the resonator is derived. First

frequency equation and mode shapes are given, and then the

equivalent parameters are computed using an energy method

based on Mason’s derivation [14]. As will be shown, the

analysis of the most important mode shapes for the rectangular

plate can be simplified to the one-dimensional case of a bar

vibrating across either its length or width.

The problem of in-plane vibrations of plates has been solved

in many different ways in the past [15], [16]. It is very com-

plicated to obtain exact closed-form solutions; an approximate

solution that gives the frequency equation and mode shape is re-

ported in [14]

(1)

where

(2)

and

(3)

where

(4)

and is the width of the resonator, its length, the mode

number, and and the in-plane Poisson’s ratio and equiva-

lent Young’s modulus of AlN. An equivalent Young’s modulus

was introduced for AlN. This is justified by the in-plane sym-

metry of highly -axis oriented AlN films as in the case of this

paper. and are the coordinate of the system with parallel

to the length and parallel to the width of the plate; and

represent the displacement, respectively, in the and direc-

tions.

Several modes of vibrations can be found in the rectangular

plate either by changing the mode number or by exchanging

the dimension of length with width (and therefore looking at

width-extensional mode shapes). Only few (Fig. 2) of these

modes of vibration can be electrically detected [15]. Their

detection depends on both the strength of the electromechanical

coupling associated with the particular mode and the quality

factor of the mechanical structure. Intuitively, just those mode

shapes that undergo a net area change over the whole electroded

surface generate a net motional current and can be detected

electrically. Analytically, the electromechanical coupling

takes this effect into account and can be approximately com-

puted as

(5)

where is the total charge stored on one electrode,

the maximum displacements the structure undergoes at the lo-

cation for which the equivalent parameters are computed,

the piezoelectric coefficient, and the displacement, re-

spectively, in the and directions, and is the electroded

area of the resonator. The rest of the symbols were defined

in (1)–(4). This value applies for the length-extensional mode

shown in Fig. 2(a). The same result approximately applies to

the width-extensional mode shown in Fig. 2(b), if is substi-

tuted for . It is difficult to compute an analytical expression

for the electromechanical coupling of all the modes without re-

sorting to advanced analysis techniques [15]. The values pro-

vided are those associated with the two fundamental modes that

offer practical applications for the resonator and that were ex-

perimentally detected.

The equivalent mass of the resonator can be computed in the

following way:

(6)

where is the thickness of the plate. Equation (6) applies

to both the fundamental length and width-extensional mode

shapes. It is therefore possible to compute the electromechan-

ical parameters that describe a one-port rectangular plate

vibrating in a length-extensional mode [14]

(7)
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Fig. 2. Fundamental mode shapes detected in AlN contour-mode rectangular plate resonators. The (a) length-extensional mode and (b) width extensional mode
are the two most important modes of practical interest. These modes of vibrations are characterized by large strain of the same sign and therefore by low motional
resistance.

Fig. 3. AlN ring-shaped contour-mode micromechanical resonators: (a) one-port circular ring and (b) one-port square-shaped ring.

where is the resonant frequency of the device; , , and

represent, in accordance with the Butterworth Van Dyke

model, the motional components of the resonator, respectively,

resistance, capacitance, and inductance; is the static parallel

capacitance of the device; and is the relative dielectric con-

stant of AlN in the z direction. The same values apply for the

width-extensional mode of Fig. 2(b) if is exchanged with

and vice versa.

In conclusion, the equivalent electromechanical parameters

of a rectangular plate vibrating either in a length or width ex-

tensional contour mode shape were derived. The in-plane di-

mension of the plate (either length or width) set the resonant

frequency. In principle, the designer could act on the second

dimension (width for length-extensional mode and length for

width-extensional mode) to independently set the motional re-

sistance. As was shown in [5], a certain aspect ratio between

length and width of the resonator (generally not larger than

one-tenth) needs to be preserved, in order to maintain the de-

sired mode shape and avoid excitation of spurious responses.

In fact, large aspect ratios tend to make the structure very com-

pliant and susceptible to flexural vibrations.

III. DESIGN OF RING-SHAPED RESONATORS

Fig. 3 shows two implementations of ring-shaped contour-

mode AlN microresonators. An AlN elastic body shaped in the

form of a ring (circular or square shaped, but could be gener-

alized to any number of sides) is sandwiched between Al and

Pt electrodes. An electric field applied across the thickness of

the film tends to dilate the structure and makes it vibrate in a

breathing mode across its width. As will be shown, the funda-

mental dimension that sets the center frequency of the microres-

onator is the width of the ring. These resonators are one-port de-

vices in which the whole top surface is electroded. This topology

guarantees that maximum energy is coupled into the desired

mode, minimal motional resistance is obtained, and undesired

modes are minimized. A general theory to derive the frequency

and mode shape of the ring is presented. The equivalent param-

eters will be computed only for the approximate case in which

the average perimeter of the ring is much larger than its width,

which is the case that was experimentally verified.

According to [17], the frequency equation of a circular ring

vibrating in a pure radial-extensional mode shape is given by

(8)

where

(9)

and is the outer radius of the ring, the inner radius

of the ring, the Poisson’s ratio of AlN, its mass density,
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Fig. 4. Mode shapes analysis performed in ANSYS for a 20 �m wide and 90 �m inner radius circular ring and a 20 �m wide and 180 �m inner length square-
shaped ring. Nondeformed shape is represented by dashed lines. Electrodes were not included in this simulation.

and its equivalent Young’s modulus, as defined for (1)–(4).

Quantities and are Bessel functions of first and second kind,

whereas and are modified Bessel functions. The mode

shape of the ring is described by the following equation [17]:

(10)

where (with being the film’s sound velocity), is

the radial coordinate, and and are two constants that can

be found by applying the boundary conditions of zero stress at

the inner and outer surfaces of the ring. Although accurate, (9)

and (10) are fairly complicated and difficult to handle. It can be

shown [5] that when the average radius of the ring is much

larger than the width of the ring itself, the mode of vibration of

the ring can be approximated by one of a bar vibrating across its

length. It is sufficient to map the length of the bar to the width

of the ring and the width of the bar to the average perimeter of

the ring to compute the equivalent electromechanical parame-

ters for the ring resonator. This approximation was verified by

simulations in ANSYS. The equivalent electrical parameters of

a circular ring are therefore expressed as

(11)

Fig. 4 shows the typical modes of vibration of the circular and

square-shaped rings. The same equations apply for the square-

shaped ring or a ring with any number of sides as long as we

substitute 2 with the effective average perimeter of the

ring. The effective perimeter differs from the real perimeter of

the structure by a correction factor , less than one, and takes

into account the fact that not all the edges undergo the same

displacement as in the case of the circular ring. Let us remind

the reader that the values of equivalent electrical parameters are

only approximations and should be used mainly as a tool to un-

derstand the fundamental parametric trends that affect the per-

formance of the resonator.

It is worth noting that for the ring structure, low values of the

motional resistance (less than 200 ) can be set independently

of the frequency with more flexibility than in the case of the

rectangular plate for which a fixed aspect ratio needed to be

preserved. In fact, even if large diameter rings are employed,

the circular ring structure maintains an overall larger stiffness

than plates with equivalent motional resistance.

In order to maximize the Q of the resonator, quarter-wave

tethers were employed. These tethers are located on one or either

side of the resonator. Their effect on Q is better described in the

following sections. It can be intuitively anticipated that the use

of a single anchor improves the quality factor of the device and

the use of notched solutions (see Fig. 9) reduces the appearance

of spurious mode shapes.

IV. FREQUENCY SETTING

As evident from the previous sections, the key aspect of AlN

contour-mode resonators is to have their center frequency set by

the in-plane dimensions and therefore be lithographically defin-

able. Other factors such as electrode thickness, anchor size, and

sidewall angle also affect to a second order the resonant fre-

quency of these devices.

The metal electrodes have a finite mass and specific sound

velocity. As for any mechanical system, appending an external

mass affects its resonant frequency. The mass density of Pt is

about 6.5 times larger than that of AlN, whereas its modulus of

elasticity is 2.4 times smaller. Al has a mass density that is 1.2

times smaller than that of AlN and a modulus of elasticity that is

5.8 times smaller. To a first degree of approximation, the effect

of mass loading on the center frequency of the microstructure is

dominated by the Pt electrode, and Al (generally thinner than Pt

because of its higher conductivity) can be neglected. The effect

of mass loading on the center frequency due to Pt can be com-

puted in the following way [18]:

(12)

where is the unloaded center frequency, is the equivalent

Young’s modulus, and is the cross-sectional area perpendic-

ular to the main direction of propagation of the elastic wave in

the piezoelectric body. The subscripts Pt and P refer to platinum

and the piezoelectric resonator, respectively. Fig. 5 shows the
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Fig. 5. Shift f =f versus Pt thickness for a 2-�m-thick AlN film. For a
200-nm-thick Pt electrode, the frequency shift is approximately 700 ppm/nm.
Results are based on (12).

Fig. 6. Schematic view of the process flow used to fabricate AlN piezoelectric
resonators. (a) Low stress nitride deposition by LPCVD, followed by Pt pat-
terning by liftoff and AlN sputter deposition; (b) open via access to bottom Pt
electrode through AlN; (c) deposition of top Al electrode and patterning by dry
etch in Cl -based chemistry. AlN is wet etched by hot H PO (160 C); (d)
Cl -based dry etching of AlN resonant devices and dry release in XeF .

fractional change in frequency that occurs when the Pt

thickness is changed between 100 and 400 nm. It is clear that

the impact of Pt thickness on the resonator center frequency is

significant (Al has an impact about one-tenth of Pt). The ana-

lytical results were also verified with ANSYS and showed close

agreement within 3%. Despite this loading effect, the manufac-

turing tolerances on thickness variation are less stringent than

that reported for FBAR (thickness mode resonators), for which

less than 0.1% uniformity across the wafer is demanded. Con-

tour-mode resonators require tolerances on the thickness unifor-

mity that are about 10 larger ( 1%), therefore simplifying the

fabrication process. Tolerances for the lateral dimensions of the

contour-mode devices are similar to those for the film thickness

of FBAR technology, but state-of-the-art integrated circuit man-

ufacturing tools excel at defining small features lithographically,

therefore reducing the challenge of accurate frequency setting.

Ultimately, the realization of high frequency and accurate con-

tour-mode structures could result in a more economically viable

solution than existing FBAR resonators.

A slight drawback of the release process (see Fig. 6 and next

section on fabrication) is that some undercut is experienced un-

derneath the anchor location. Unfortunately, this phenomenon

renders more complicated computing the equivalent stiffness of

the anchors and their effect on the center frequency of the res-

onator. In any case, the influence of the anchor stiffness on the

Fig. 7. Effect of sidewall sloping (as shown in inset) on the fundamental fre-
quency of an unelectroded, 20-�m-wide circular ring resonator as the one shown
in Fig. 9(a).

Fig. 8. SEM of a one-port 200� 50 �m AlN rectangular plate.

resonator frequency is a second-order effect and can be consid-

ered negligible to a first degree of approximation.

The slope of the AlN sidewall has instead a more significant

effect on the center frequency. As shown in Fig. 7, ANSYS

simulations for an unelectroded, 20- m-wide AlN circular ring

predicts a downshift in the resonant frequency with an increase

in the sidewall angle. This phenomenon can be explained by

a change in the average width of the ring due to an effective

trapezoidal cross section with a bottom side wider than the one

drawn in the CAD layout. According to these considerations,

it can be extrapolated that the effect of the sidewall sloping is

going to have a more significant impact on higher frequency de-

vices, for which the difference between the top and bottom sides

approaches the fundamental wavelength of the resonator. Accu-

rate control of sidewall sloping will be necessary for reliable and

high-yield fabrication of contour-mode resonators.

V. RESONATOR FABRICATION

A robust four-mask, potentially post-CMOS compatible

process has been used to fabricate these devices (Fig. 6). An

approximately 2- m-thick AlN film is sandwiched between

a bottom platinum electrode and a top aluminum electrode.

AlN films were sputter-deposited using a single-module AMS

physical vapor deposition (PVD) sputtering tool. C-axis ori-

ented, highly crystalline films with rocking curve values below

2 were obtained. The fabrication process starts by patterning
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Fig. 9. SEM image of (a) a single-support circular-shaped contour-mode 20-�m-wide ring resonator; (b) a single-support square-shaped contour-mode 20-�m
-wide ring resonator; (c) a two-support circular-shaped contour-mode 10-�m-wide ring resonator and zoomed-in view of notched support; and (d) a two-support
square-shaped contour-mode 10-�m-wide ring resonator and zoomed-in view of notched support.

the bottom Pt electrode on a low-stress nitride buffer layer

in order to reduce parasitic capacitance and electrical losses.

In addition, patterning of the Pt electrode offers the opportu-

nity to lithographically fine-tune the center frequency of the

resonator by mass loading. Openings to contact the bottom

electrode are quickly wet etched through AlN in a hot (160

C) phosphoric bath. The top Al electrode is patterned by dry

etching. -based dry etching has been used to pattern AlN

and obtain fairly straight sidewalls (16 from vertical). During

the dry etch process, the AlN film is masked by oxide deposited

either by electron cyclotron resonance or by low-temperature

chemical vapor deposition techniques C . When

low temperature oxide is used, the top Al electrode is protected

by a thin ( 30 nm) layer of Nb that is subsequently removed

with the remaining oxide during a -based dry etch step.

The structures are released by dry etching of silicon in ,

thereby eliminating stiction between the devices and substrate

and significantly increasing yield.

Fig. 8 shows a 200 50 m rectangular plate AlN resonator

that was realized using the aforementioned process. The same

process was employed to fabricate the circular and square

shaped rings that are represented in Fig. 9. Fig. 9(c) and (d)

shows notched solutions that were implemented to minimize

anchor interference with the resonator mode shape.

VI. EXPERIMENTAL RESULTS

The fabricated micromechanical resonators were tested in a

Janis micromanipulated RF probe station at atmospheric pres-

sure and under 5 mTorr vacuum. Ground-signal-ground probes

from Picoprobe were used. parameters were extracted for

one-port devices. No interface circuitry between the resonator

and the network analyzer was needed. Given the low impedance

values shown by the resonators, it was possible to directly mea-

sure the frequency response of the resonators. parameters

were converted into equivalent admittances using an Agilent

E8358A network analyzer. One-port parameter calibration

(SOL) was performed using short (S) open (O), and load (L) on

a ceramic substrate. The quality factor Q of the resonators was

extracted directly from the admittance plot by measuring the

3 dB bandwidth of the device under test.

A. Rectangular Plates

Different aspect ratios (length/width ratio) and sizes were

considered for the rectangular plates. It was experimentally

shown that aspect ratios of 4:1 offer slightly higher quality

factors and correspondingly lower motional resistance than

plates having 2:1 aspect ratios. Also, low values of motional

resistance below 1 k were obtained for plates with lengths

above 200 m. For the aforementioned reasons, experimental

results related to 200 50 m plates are presented and for

which a large number of data were collected. Given the high

electromechanical coupling provided by the entire top surface

being electroded, the plate was excited into two fundamental

mode shapes: the length-extensional mode [Fig. 2(a)] and

the width-extensional mode [Fig. 2(b)]. Other weakly excited

modes are not detected electrically due to the static capacitive

response of the device caused by .

Fig. 10 shows the admittance curves for a typical rectangular

plate excited in both fundamental contour modes. These curves

were extracted from parameters and measured at atmo-

spheric pressure. Q ranging from 2000 to 3000 were obtained

at atmospheric pressure. It is very important to notice that the

width-extensional mode can achieve a motional resistance as

low as 125 at 85.4 MHz. Although higher Qs were achieved

with the length-extensional mode, the width-extensional mode

has a lower motional resistance given its larger electromechan-

ical coupling proportional to the overall length and not only

the width of the structure. Because of its lower impedance,

the width-extensional mode is more amenable to the imple-

mentation of intermediate-frequency filters [19], whereas the
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TABLE I
COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS FOR THE EQUIVALENT ELECTRICAL COMPONENTS (BASED ON BVD) OF RECTANGULAR

PLATE RESONATOR OF FIG. 10 AND CIRCULAR RING OF FIG. 11(a). THE FOLLOWING VALUES WERE USED: E = 385 GPa, � = 5; 080 kg=m , d = 2 pC=N,
AND " = 10. EXPERIMENTAL VALUES OF Q WERE USED IN CALCULATING THE THEORETICAL PARAMETERS. EQUIVALENT E AND � WERE COMPUTED

TAKING INTO ACCOUNT Pt MASS LOADING (Pt THICKNESS OF 230 nm WAS USED) ACCORDING TO [36]

Fig. 10. (a) Typical admittance plot for a one-port rectangular plate resonator
excited in a length-extensional contour mode and (b) typical admittance plot for
a one-port rectangular plate resonator excited in a width-extensional contour
mode.

lower frequency mode could be used to realize frequency

reference elements. Table I compares the frequency and equiv-

alent electrical parameters extracted from the experimental

curves of these rectangular plate resonators with the values

obtained from the theoretical derivation. The Q values used in

the theoretical calculations are the same as were extracted from

the experimental response of the resonator, since an adequate

way to determine, a priori, the overall Q of the device has not

yet been identified. The frequency values are predicted with

a high degree of accuracy once the electrode mass loading

effect is taken into account. Although the experimental and

theoretical values for the electrical parameters are not closely

matched, the agreement is sufficient to justify the use of (7)

for the initial design of these resonators. The difference in the

static capacitance is introduced by parasitic capacitances in

the substrate which were not taken into account in (7). These

parasitic capacitances limit the resonator performance at higher

frequencies. Resonator size and therefore static capacitance

scale in fact with frequency. At high frequencies, the response

Fig. 11. (a) Admittance plot for a single-support 223.9 MHz circular ring res-
onator with a width of 20 �m and inner radius of 90 �m. (b) Admittance plot
for a notched-support 472.7 MHz circular ring resonator with a width of 10 �m
and inner radius of 90 �m. (c) Admittance plot for the second overtone of a
notched-support circular ring resonator with a width of 20 �m and inner radius
of 90 �m.

of small capacitance devices will be masked by parasitic capac-

itances that instead stay constant with frequency.

B. Circular and Square-Shaped Rings

Contour-mode micromechanical ring-shaped resonators were

fabricated using the same process. To better understand the ef-

fect of anchors, as shown in Fig. 9(c) and (d), notches were intro-

duced in some of the structures in order to minimize the interfer-

ence of the anchor on the mode shape. Fig. 11(a) represents the

typical response of a circular ring microresonator with a single
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Fig. 12. Ansys simulation of the 20 �m ring resonator response of Fig. 10(a) showing the origin of the spurious response in proximity of the main resonant peak.
This spurious mode does not appear if the anchor is removed.

unnotched support. Motional resistance as low as 56 and Q of

2400 in air were recorded for this 223.9 MHz resonator. A com-

parison of identical resonators showed that notched supports did

not substantially improve the Q of the resonator but reduced

the interference between the anchors and the resonator motion,

especially for resonators with smaller ring widths or with two

anchors. Less mechanical interference translates into a cleaner

electrical signal with fewer spurious resonances. As shown in

Fig. 12, the spurious mode in close proximity of the main reso-

nant peak and present in the responses of Figs. 11(a) and 18 is

caused by the use of the tether. This effect was even more sig-

nificant when two anchors were introduced and the two peaks

reached the same magnitude. This phenomenon was definitely

attenuated when notched supports were introduced as shown by

the cleaner response of the 472.2 MHz Fig. 11(b).

Table I compares experimental and theoretical values of the

equivalent electromechanical parameters of the 223.9 MHz res-

onator. Except for a necessary assumption on the Q value, here

obtained from experimental values, we conclude that (11) is a

valuable tool for the design of piezoelectric ring resonators de-

spite the slight difference between the theoretical and experi-

mental values.

Fig. 11(b) presents the highest Q of 2900 obtained for a cir-

cular ring resonator at 472.7 MHz with notched supports, a

width of 10 m, and an inner radius of 90 m. The motional

resistance of this resonator is approximately 84 . To further

prove the less intrusive nature of notched supports, a 20- m

-wide ring with 90 m inner radius could be excited in its second

overtone reaching a frequency of 656.2 MHz with Q of 1400

and Fig. 11(c). It was also possible to control the

value of the motional resistance of these resonators by changing

the size of the inner radius. A 20- m-wide circular ring with an

inner radius of 40 m exhibits a motional resistance of 204

at 227.4 MHz. This reduction in size affects the quality factor

of these resonators that is now reduced to 1100. This is prob-

ably due to the change in the aspect ratio between anchor size

Fig. 13. Admittance plot for a 475.3 MHz notched-support square-shaped ring
resonator with a width of 10 �m and inner length of 180 �m.

(kept constant) and resonator size, therefore causing larger en-

ergy leak through the anchor in the smaller resonator.

Square-shaped micromechanical ring resonators were also

excited in width-extensional mode shapes. The typical response

for a 10- m-wide resonator with inner ring length of 180 m

is shown in Fig. 13. Although these devices were able to reach

a frequency as high as 475.3 MHz with respectable Q of 1600

and approximately 130 , these resonators show several

spurious modes which cannot be suppressed even when notched

supports are used. The authors presume that the presence of 90

corners causes distortion in the width extensional mode shape

of the square-shaped ring and induces spurious vibrations in

proximity of the fundamental mode.

VII. TEMPERATURE COEFFICIENT OF FREQUENCY

As has been shown in the design sections, the resonant fre-

quency of a micromechanical resonator depends on its geom-

etry (in plane dimensions for contour modes), equivalent mod-

ulus of elasticity, and mass density. Because all these parameters

vary with temperature, the center frequency is subject to fluctua-

tions whenever the temperature changes. According to the spec-
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TABLE II
EXPERIMENTAL DATA FOR THE TEMPERATURE COEFFICIENT OF FREQUENCY

(TCF) OF THE CONTOUR-MODE AlN RESONATORS PRESENTED IN THIS PAPER

ification for quartz crystals used in time-keeping applications

for handsets, variations of a few ( 50) parts per million (ppm)

over the whole temperature range of operation (generally 25

to 85 C) are demanded. This is the primary reason why spe-

cific and expensive crystal cuts or on-chip digital compensation

(DCXO) are needed for oscillators used in wireless communi-

cations. For filtering applications, the specifications are some-

what more relaxed and generally no compensation is needed.

Filters are generally designed with slightly wider bandwidths to

accommodate for temperature-induced frequency shifts.

The temperature coefficient of frequency(TCF) of a resonator

is generally expressed in ppm/ C and is given by

TCF (13)

where is the fundamental geometrical parameter that sets the

center frequency and denotes temperature. This equation is

very general and does not take into account the particular strain

distribution in the structure or any residual stress. Although ap-

proximate, it offers a good estimate for the TCF of AlN. It is

worth noting that for contour-mode resonators, differently from

tuning fork resonators [20], the mismatch between the temper-

ature coefficient of the piezoelectric stack and the silicon sub-

strate is negligible to a first degree of approximation. This is

because either the AlN structures have a single anchor or the

modes of vibration have an equivalent stiffness at the anchoring

location that is much larger than the stiffness of the anchor itself;

therefore any deformation at the clamping location is negligible.

In general, we can state that for contour-mode resonators

TCF (14)

where and are the linear coefficients of thermal expansion

for AlN in the 1 (in the plane of the film) and 3 (out of plane)

directions, respectively; is a coefficient that can be

found in the literature [21] and describes the temperature vari-

ation of the in-plane modulus of elasticity. For AlN, the largest

contribution to the TCF comes from the equivalent in-plane

modulus of elasticity 37 ppm C , whereas and

take on values of 4.2 and 5.3 ppm C, respectively. According

to this theoretical derivation, the TCF of AlN should be around

16 ppm C. Experimental values for the different types of

resonators and modes of vibrations are reported in Table II

with typical values of around 25 ppm C being recorded.

The microstructures were placed on a temperature-controlled

chip holder and heated between room temperature and 100

C (cooling below room temperature was not performed). The

TCF shows, to a first degree of approximation, a linear behavior

over the range of temperatures tested. All the resonators show

TCFs slightly larger than the theoretically predicted value. It

is believed that the metals used for the electrodes and some

residual stress that were not taken into account in the theoretical

model might affect the experimental value. Although the TCF

of AlN is acceptable for filtering applications, it is relatively

large for timekeeping functions and needs to be compensated.

Its linear behavior simplifies on-chip electronic techniques

that can be used for compensation, but mechanical or mate-

rial related techniques [22], [23] should also be employed to

reduce the TCF to less than 1 ppm C. A proposed method

to tune the center frequency of the resonator and compensate

for slight temperature variations involves the use of a dc bias

superimposed on the ac driving signal. By purely piezoelectric

means of actuation acting on the coefficient, the structure

undergoes dimensional changes when a dc bias is applied. In

theory, the frequency shift for contour-mode resonator due to

an applied dc voltage is given by

(15)

where is the film thickness.

Unfortunately, the effect of such dc bias is not significant

as theoretically predicted (1.7 ppm/V) and experimentally (4.4

ppm/V) verified for a 1.5- m-thick film and can be used only for

fine-tuning of the center frequency. Although the inverse pro-

portionality between frequency tuning and film thickness was

experimentally demonstrated (frequency tuning changes from

4.4 to 3.5 ppm/V when film thickness is changed from 1.5 to

2 m), there is a discrepancy between the theoretical value and

the experimental results. The cause of such discrepancy has not

yet been identified.

VIII. QUALITY FACTOR

The quality factor Q of a resonator is a direct measure of the

energy lost per cycle. The higher the Q, the lower the energy lost

(16)

A high quality factor is therefore desirable because it mini-

mizes the amount of energy that is dissipated. A high quality

factor also positively affects the performance of timekeeping

oscillators by reducing phase noise. For filtering application, a

high Q in combination with a low translates into lower in-

sertion losses, therefore improving the overall signal transmis-

sion and reducing the specifications on gain elements such as

low-noise amplifiers.

This section discusses the main factors that affect the Q of

AlN contour-mode micromechanical resonators and present

some initial experimental results that offer insight towards Q

improvement.

Energy loss mechanisms in micromechanical resonators have

been widely studied in the literature [24]–[28]. The following

are among the most significant sources of energy loss that have

been identified:
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Fig. 14. AFM characterization of out-plane motion in circular ring structures
and cross-sectional view of ANSYS simulations showing the superposition of
purely radial-extensional vibrations with out-of-plane deflections. It is believed
that the asymmetry in the materials stack (different metals) and the sloped side-
walls cause out-of-plane deflections.

• thermoelastic dissipation ;

• anchor losses ;

• air damping ;

• electrical loading due to electrode resistivity ;

• intrinsic material losses either in the AlN film or in

the metal electrodes.

In addition, the presence of spurious modes superimposed or

in close proximity of the resonator center frequency should be

accounted as important mechanisms of energy dissipation [29].

This loss mechanism can be represented by a general, ,

which includes any other process of mechanical energy leakage

related to the specific mode shape. will not be specifi-

cally addressed in this discussion. It is important to note that all

these loss mechanisms affect the overall Q of the structure in

this way

(17)

Fig. 15. Cross-sectional view of ANSYS simulation showing the out-of-plane
motion of a ring resonator due to linearly sloping sidewalls.

TABLE III
STATISTICAL DATA FOR ANCHOR LOSS STUDY FOR A 20-�m-WIDE RING

WITH 90 �m INNER RADIUS. THREE DATA SAMPLES WERE TAKEN FOR EACH

SUPPORT SIZE. “AVE.” STANDS FOR AVERAGE VALUE. “SPAN” IS MAX MINUS

MIN

As shown in [24], thermoelastic dissipation is generally not

significant for AlN micromechanical structures excited in con-

tour mode shapes, and Q should be limited to approximately

32 000 at frequencies approaching 1 GHz. This value is well be-

yond what is experimentally recorded. Thermoelastic damping

is the loss of energy through dissipative thermal currents, which

are induced by mechanical strains. Because the structure under-

goes very small displacement and very small strain gradients by

moving only in its plane, thermoelastic damping is not the dom-

inant loss mechanism. This statement should be reviewed when

the motion of the structure deviates from the ideal behavior and

does not show a perfectly planar displacement. As is evident

from the ANSYS simulation of Fig. 14 and the initial atomic

force microscopy (AFM) measurements [30], the motion of a

circular ring deviates from the ideal planar motion. The asym-

metry introduced by the different metal electrodes that were

used and the sloped sidewalls of the device produce out-of-plane

deflections as seen in Figs. 14 and 15.

Also, out-of-plane deflections could play an important role

in affecting anchor losses [31]. Mechanical vibrations induced

at the anchoring points cause mechanical energy to escape the

system, unless some techniques that make use of quarter-wave

reflectors are adopted in order to trap the energy inside the mi-

crostructure [32]. The quarter-wave supports work efficiently

only if the vibrations are confined in the plane of the structure.

Experimental studies have been conducted on one-port cir-

cular rings and rectangular plates in order to identify the effect

of anchor losses on the overall quality factor. The experimental
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TABLE IV
EXPERIMENTAL RESULTS IN TERMS OF CENTER FREQUENCY, Q, AND MOTIONAL RESISTANCE FOR A 200� 50 �m PLATE EXCITED IN LENGTH-EXTENSIONAL

(SUBSCRIPT 1) AND WIDTH-EXTENSIONAL (SUBSCRIPT 2) MODE SHAPES FOR WHICH ANCHOR LOCATION (FIG. 16) AND SIZE WERE CHANGED. THE DATA

ARE FOR RESONATORS FABRICATED ON THE SAME WAFER

results have shown that the number of anchors drastically af-

fect the mode shape of circular rings. The use of two tethers,

unless notched, gives rise to unwanted modes and degrades the

quality factor of the device. As shown by the experimental re-

sults presented in previous sections, notched supports minimize

interferences of the anchors with respect to the mode shape but

do not seem to directly affect the Q of the structure. From the

results illustrated in Table III it is evident that the width of the

anchor does not substantially affect the Q of the resonator for a

fixed ring diameter size.

A different trend was observed for the rectangular plates.

The use of two tethers renders the mode shape more stable

(no spurious resonances are introduced) and the structure

capable of withstanding higher power. In general, before they

experience mechanical nonlinearity, 200 50 m rectangular

plate resonators can withstand power levels up to 7 dBm

with two tethers and 11 dBm with one tether when excited

in the width-extensional mode. Because smaller displacement

and larger stiffness characterize the same resonators at higher

frequency, it is expected that these resonators will be able to

withstand larger power levels in the order of several dBms at

gigahertz frequencies. This trend is confirmed by the circular

rings that can withstand power levels between 5 and 3 dBm

at 230 MHz. In addition, for the plates, the width and length of

the tethers do affect Q. In general, shorter and thinner tethers

improve the quality factor of the resonator (Table IV). It is

also important to note that by changing the clamping location

(Fig. 16) and moving the anchors from along the length (Type

A and B) of the structure to along its width (Type C and D), the

Fig. 16. Schematic representation of different anchoring schemes used on rect-
angular plate resonators.

length-extensional mode is suppressed. Although quarter-wave

tethers were implemented for both types of resonators, they do

not seem to play a significant role in minimizing energy loss.

The undercut produced by the release process affects the sup-

port length and stiffness, making it difficult to establish whether

the tethers are effectively behaving as quarter-wave reflectors.

A more efficient way of building reflectors is to introduce a

material mismatch between the mechanical structure and the

anchors [10].

Air damping is not a dominant loss mechanism for contour-

mode resonators. Experiments in vacuum and at atmospheric

pressure have shown Q improvements in vacuum of 20–30% for

rectangular plates below 100 MHz and of approximately 14%

for circular ring at 230 MHz. It is believed that the effect of air

damping will decrease at higher frequencies because the res-

onator displacement diminishes with frequency.

Electric losses introduced by metal lines with relatively high

resistivity such as Pt (Pt resistivity is about four times that of

Al) can become significant especially if the motional resistance
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Fig. 17. Augmented BVD model including electrical losses in the Al (R )
and (Pt R ) electrodes.

Fig. 18. Admittance plot for a 20�m circular ring resonator showing Q of 4300
at 229.9 MHz. This resonator was made out of 3-�m-thick AlN.

of the resonators keeps decreasing. Currently, ring-shaped res-

onators with Pt thickness of around 100 nm do not exhibit Qs

higher than 2000, whereas devices with Pt thickness of about

200 nm were able to reach quality factors as high as 3000. Either

thicker electrodes or lower resistivity metals will be required

when the Q is raised and the motional resistance of the microres-

onator is reduced. The losses introduced by the series resistance

due to the metal electrodes should therefore be taken into ac-

count in the equivalent electrical model and the simple Butter-

worth Van Dyke (BVD) model modified as shown in Fig. 17.

These electrical losses were not included in the calculations of

the equivalent electrical parameters of the resonators reported

in Table I. Their effect cannot in fact be described by a simple

model, but a distributed model that takes into account the fact

that the resonator is locally in parallel with the electrode at each

point on its surface should be adopted. Efforts to characterize

this effect are ongoing.

Another interesting result that can be linked to losses due

to electrical resistivity, but cannot solely be explained by it, is

the experimental observation that higher quality factors (as high

as 4300) were obtained for 3- m-thick circular ring microres-

onators (Fig. 18). Thicker resonators have slightly larger mo-

tional resistance ( is proportional to film thickness) and are

therefore less sensitive to ohmic electrical loading. At the same

time the higher Q could be related to the larger volume of the

structure. It has in fact been shown that Q tends to increase with

volume [33].

Finally, material losses could play an extremely important

role. Whereas it is believed that AlN is a high Q material, the

metal electrodes might be a primary source of energy loss. It

has been shown in the literature [34], [35] that metals generally

have low Q and could dramatically affect the overall Q of the

resonator. Although this statement is purely speculative and has

not been proven experimentally for contour-mode resonators,

the authors strongly believe that the internal mechanical losses

in the electrodes could be one of the primary reasons of Q degra-

dation.

IX. CONCLUSION

For the first time, low motional resistance plate and ring-

shaped contour-mode AlN piezoelectric resonators were suc-

cessfully demonstrated. These resonators exhibit Q as high as

4300 at 230 MHz in air and small impedance values that permit

their interface with 50 RF systems. The center frequency of

these piezoelectric resonators is set by lithographic techniques

(and not film thickness as for FBARs or shear quartz resonators),

therefore truly enabling the fabrication of arrays of microres-

onators with different frequencies on a single chip. Initial the-

oretical and experimental observations were provided to de-

scribe mass loading, temperature effects, and energy loss mech-

anisms for this new class of MEMS resonators. Based on the re-

ported results, circular ring resonators and rectangular plate res-

onators can be considered as the optimal candidates to demon-

strate high-Q and high-frequency resonators. Arrangements of

parallel arrays of small resonators may be required to maintain

overall structural stiffness and low motional resistance at high

frequency. Ongoing research focuses its attention on expanding

the frequency range of these resonators to gigahertz, increasing

their Q factor and eliminating spurious responses.
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