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ABSTRACT

The performance of a MEMS aluminum nitride trampoline-shape
piezoelectric resonator is analyzed using three-dimensional finite
element simulations. The device, targeted to operate at
frequencies in the 3 GHz range is suitable for ultra-high
frequency (UHF) filtering applications. Material damping is
accounted for in the model. The simulations are used to predict
the effects of various geometric parameters on the resonator
overall performance which is evaluated with the effective
acoustic coupling coefficient (K2

) and the quality factor (Q) and
extracted from the electrical impedance frequency response plots.
The results indicate that (i) K2 is insensitive to geometry
(K2,....,6.5%), (ii) Q increases linearly with the AIN thickness and
(iii) a trampoline resonator with three legs is slightly more
efficient than those with more.

1. INTRODUCTION

In the last ten years, there have been multiple research efforts to
incorporate innovative microfabrication and material processing
techniques to enhance the performance of resonators used in
filters in the ultra-high-frequency (UHF) regime such as those
required in wireless communication devices [1]-[8]. As a result,
functioning microelectromechanical systems (MEMS)-based filter
components with designs of various level of complexity have been
built. Among them is a 3x3 array of trampoline-shape resonators
fabricated at the University of California at Santa Barbara (UCSB)
[9]. The device is shown in Fig. 1. It consists of nine circular
resonator 300 Jlm in diameter, about 2 Jlm thick, supported by
eight beams 300 Jlm long and 24 Jlm wide. The span between the
resonators' centers is 1000 Jlm. The resonator and the beams are
made of the piezoelectric material aluminum nitride chosen for its
high acoustic velocity (,....,10927 mls) and good piezoelectric
coefficient (1.55 C/m2) [10]. The outer portion of each beam rests
on a silicon substrate. The beams support the vibrating part of the
structure and electrically connect the resonator via a MEMS
component attached to the far ends of the beams. It is expected
that the beams would minimize the transfer of acoustic energy
from the resonating element to the surrounding system and
diminish attachment loss that would result from clamping the
membrane to the substrate. A gold electrode approximately 0.27
Jlm thick covers the top circular portion of the resonator so the

beams are not piezoelectrically activated. The device is driven by
a 1.5 GHz AC current oriented parallel to the axis of polarization
(z-direction). By choosing an input frequency close to the natural
frequency of the resonator, longitudinal (through-thickness)
resonance is observed. For this particular type of MEMS
applications, longitudinal over transverse vibrations are preferred
because in the first instance, the resonant frequency varies as the
inverse of the thickness according to the relation f=nV/2h (where
n is the mode of vibration, h is the material's thickness and V is
the material's acoustic velocity) while in the latter the resonant
frequency are inversely proportional to the square of the length
square. Consequently, attaining frequencies in the UHF regime,
would require the difficult task to built resonators a few microns
long while resonators a few microns thick would have the
potential to attain frequencies in the order of GHz. In this case, the
magnitude of the current takes into account the mass loading
effects, Le. the decrease of the resonance frequency due to the
electrodes' added mass.

Fabrication techniques specific to the UCSB design can be
found in [9]. They include an Inductively Coupled Plasma (ICP)
chlorine process to etch the AIN and a MEMS-based bulk silicon
Deep Reactive Ion Etch (DRIE) process to form a circular air
cavity. The AIN film is sputtered directly onto a <100> silicon
wafer. The UCSB Fabrication team has also characterized the
performance of the device by measuring the electromechanical
coupling coefficient K2 and the quality Q-factor using a network
analyzer. K2 combines the elastic, piezoelectric and dielectric
material coefficients [11] and is the ratio of electrical energy to
mechanical energy stored in the device. A high value of K2 is
desired and associated with a broad bandwidth. The Q-factor
measures mechanical losses and is an indication of the sharpness
of the resonant response of the system. In theory, infinite values of
Q can be achieved but in practice, values of Q on the order of only
103 are expected in this kind of electronic applications because
filters have complex geometries and energy can dissipate at many
locations [1]-[4]-[8].

Experimental values reported in [9] for the UCSB device
i~clude Q=150 and K2=6.3% at 1.5 GHz which are significantly
hIgher than those reported in the literature for similar designs [7]
but the Q-s are not yet on the order of the expected thousand
mentioned above, motivating further investigations. We have
focused our efforts on developing three dimensional finite element
models using the commercial FEM package Abaqus [12] to
quantify the effects of various geometric parameters on the
performance of the trampoline device. This is a systematic
parametric study aimed at providing useful information to
researchers at the design stages of piezoelectric resonators in view
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of the difficulties, length and cost associated with the reproduction
in the lab of the various configurations we investigate.

that is the values that cause the impedance to be zero and infinite
respectively [15]:

K2 is evaluated from the magnitude (real part) of the impedance
while Q is evaluated from the phase angle (imaginary part) of the
impedance. In 92), Id(ldffjr,a is the absolute value of the derivative
of the phase ~ evaluated at the resonant or the anti-resonant
frequency.

In this work, we employ a particular form of damping known
as Rayleigh damping which is written as a linear combination of
the mass and stiffness matrix as [C]=a[M] +~[K], via two
positive coefficients and which results in a set of uncoupled
orthogonal modal equations of motion. The coefficient a is the
mass proportional damping and simulates the process of a model
moving through a viscous medium while the f3 coefficient can be
thought as internal damping associated with the material itself
[12]. In the simulations performed for this work, we assumed a to
be zero and ~ was calculated to be equal to 2.82xIO-14 s, a value
slightly lower than the one reported in [16].

Figure 1. 3x3 Array of AIN trampoline resonators fabricated at
UCSB.
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2. THEORY

The relevant equations for lossless piezoelectric materials,
assuming constant temperature, are

where {T}, {S}, {E} and {D} represent the stress, strain, electric
field and electric displacement components respectively while
[eEl, [£8] and [e] are the elasticity matrix at constant electric field,
the dielectric permittivity matrix at constant strain and the matrix
of piezoelectric coefficients [14]. The components of E are given
by the gradient of the electric potential <po The superscript T
indicates the transpose.

A resonator behavior is characterized by its electrical
impedance Z (00), a complex quantity, defined as the ratio of
voltage V (00) over the current I (00) and where 00 is the natural
frequency equal to 21tf. The performance values can be expressed
as a combination of the resonant and anti-resonant frequencies

L

ffJ = ffJo

~---~_nn=O

maintained at a uniform potential (<p= <Po).

Figure 2. Mechanical and electrical boundary conditions of the
resonator enforced in the simulations.

For each case, we generated the electrical impedance
frequency response (EIFR) from which the resonant and anti
resonant frequencies were extracted. Then we calculated the the
simulations refers to the geometry and dimensions of the
resonator. The indices are the resonator's diameter, the number of
legs, the legs length and the resonator thickness, respectively. For

We simulated various configurations of aluminum nitride
trampoline resonators enforcing the same mechanical and
electrical boundary conditions as the device fabricated at UCSB
as shown on Fig. 2. All external surfaces are stress free (T=O)
except the ends of the beams which are fixed (u=O). The surfaces
for which no electrical potential is specified are charge free
(D.o=O). The bottom surface of the resonator has zero potential
(<p =0) to represent a grounded electrode while the top surface is

3. SIMULATIONS RESULTS

(1){T}= [C E] {S }_[e]T {E}

{D }=[e]{S}+[E s ]{E},

Our simulations use an eight-node, three-dimensional
piezoelectric brick element (C3D8E) with four degrees of freedom
per node, corresponding to three components of displacement and
one electrical potential. The methodology we employ for the
simulations is summarized as follows: Phase I investigates the
performance of an ideal trampoline resonator where the electrodes
thicknesses have been neglected and which is subjected to various
changes in dimensions and geometry. Then, the resonator which
has achieved the best performance values is assembled in pairs
and quads to model a filter array (Phase II). The third phase
consists in adding the electrodes to the resonator modeling. This
has been described in [13]. Phase IV contains a more complete
analysis of the resonator with electrodes encased in a silicon
substrate. In the present paper, we report the results of Phase I.
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Frequency (GHz)

Figure 3. (a) The AIN trampoline resonator d300-41-300-1.7 at
rest and (b) resonating at 3.17 GHz in a thickness-mode (3
direction). (c)EIFR generated from the FEM simulations showing
a pick magnitude at 3.17 GHz.
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instance d300-41-1 00-1.7 refers to a trampoline resonator 300 Jlm
in diameter, 1.7 Jlm thick, with four legs 100 Jlm long and 24 Jlm
wide. The legs and the circular portion of the resonator have the
same thickness. All simulations include a Rayleigh damping
coefficient ~ =2.82xI0·14 S.

3.1 Through-Thickness Mode
Figure 3 shows the trampoline resonator 300 Jlm in diameter and
1.7 Jlm thick, with four legs 300 Jlm long and 24 Jlm wide, at rest
and resonating in the thickness direction (-3 axis) at 3.17 GHz, a
value reported by the Abaqus simulations (not legible on Fig. 3b).
This value agrees very well with the one calculated from the EIFR
plot generated from the simulation data and indicated on Fig. 3c
by a sharp pick at 3.17 GHz. This value is also very close to 3.21
GHz which is the value obtained from a one-dimensional analysis
using the relation fa=V/2h. The small discrepancy is due to the
fact that the simulations are three-dimensional and include
damping. As expected, the damped system resonates at a
frequency lower than the one that would result in an undamped
system.

a)

2

3

3.2 AIN Thickness
We performed six simulations of AIN trampoline resonators
(d300-41-100) with thicknesses ranging from 0.85 Jlm to 4 Jlm.
Figure 4 shows the anti-resonant frequencies of the device as a
function of the AIN thickness and how well they compare to those
obtained from the one-dimensional undamped model. This is
because, for a light damped system such as the one at hand, it can
be shown that the resonant frequencies slightly differ from the
ones obtained from the undamped model [17]. We plotted on Fig.
5 the performance coefficients obtain from (2) after generating the
EIFR magnitude and phase plots for each thickness case. It shows
that K2 remains almost constant with thickness (K2,....,6.15%), a
value slightly higher than the one obtained with the one
dimensional undamped model (K2=5.88%) but very close to the
one measured for the UCSB device (6,3% [9]). The Q-factors
range from 997 to 4475 and increase linearly with the AIN
thickness. Furthermore, by substituting the estimated value of the
anti-resonant frequency obtained from the one-dimensional model
(fa=V/2h) into the expression Qa=I/~O)a, the expression Qa=hl1tV~

is obtained. This simple model makes it clear that Qa values are in
fact proportional to the resonator's thickness. Thus, thick
resonators are capable of achieving high values of Q however the
magnitude of the anti-resonant frequency also drops significantly
illustrating some of the trade-off associated with design decisions.
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as the leg length is increased, spurious modes become stronger
and shift to the right and closer to the anti-resonance peak which
will potentially affect the value of Qa if the spurious modes
approach the anti-resonant frequency too closely. On the other
hand, the results suggest by extrapolation that if the beams are too
short, the spurious modes would be in the proximity of the
resonant frequency and would result in greater dissipation during
resonance and a degraded Q-factor.

'.

Figure 4. Anti-resonant frequencies (faJ as a function of AIN
thickness. Results obtained from the simulations of d300-41-1 00
** resonators.
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Figure 6. Effect of leg length on the EIFR magnitude and
phase. Results obtainedfrom the simulations ofd300-81-**1.7
resonators.

6.5

3.3 Leg Length
Figure 6 shows the EIFR obtained from the simulations of
trampoline resonators (d300-81-**-1.7) with leg length varying
from 100 Jlm to 300 Jlm. There is an excitation of spurious modes
between the resonant and anti-resonant frequencies which
increases with the beam length. The performance values are
summarized in Table I. It shows that the leg length has minimal
effect on K2 and Q. Most of the dissipated energy at resonance is
lost in the central portion of the resonator so the added leg's
length on the performance of the resonator is minimal. This had
been confirmed by the values measured for the device fabricated
at UCSB Fabrication [9]. However, Fig. 6 brings out clearly that

Table I. Performance coefficients as afunction ofleg length.

3.4 Number of Legs
We performed FEM simulations of a trampoline resonator 300
Jlm in diameter with three, four or eight legs, 100 Jlm long and
1.7 Jlm thick. Figure 7 shows how the number of legs affects the
EIFR. The obvious feature is that the resonator with three legs
experiences resonance and anti-resonance at about 20 MHz
higher than the two others but the relative separation between the
resonant and anti-resonant frequencies remains constant yielding
K2,....,6.1 % and a Q,....,1800. The performance coefficients are
summarized in Table II and show that the performance increases
with a decreasing number of legs. An explanation for the
behavior is that the three-beam resonator has the beams
approximately aligned with the three principal crystallographic

Leg Length
K2 (0/0) Qa

(Jlm)

100 6.15 1789

150 6.15 1730

200 6.09 1650

300 6.09 1786
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Figure 5. K2 (left axis) and Q-factor (right axis) as a function of
AIN thickness. Results obtained from the simulations of d300-41
100-** resonators.
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directions of AlN (120° apart each), where material properties are
identical and damping is minimal. Fewer beams apply less
constraint or disturbance to the vibration modes of the center of
the trampoline and tend to eliminate the rotational and/or radial
component of the displacement. This results in a mode that is
closer to the ideal pure longitudinal mode where the circular
portion of the resonator expands only in the thickness direction
and for which Q is the highest. We note that this is in
contradiction to the lab measurements where the eight-leg
resonator has yielded higher performance values [9].
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Figure 7. Effect o/the number o/legs on the EIFR magnitude
and phase. Results obtained from the simulations 0/d300-**
100-1. 7 resonators.

Table II. Performance coefficients as a function of number of
legs.

Number of
K2 (0/0) Qa

legs

3 6.09 1950

4 6.09 1880

8 6.15 1789

4. CONCLUSIONS

Three-dimensional finite element simulations were used to
evaluate the effects of geometry on the performance of an
aluminum nitride trampoline-shape resonator designed for
filtering applications. The electrodes were assumed of negligible
thickness but damping was accounted for in the simulations. The
resonator was forced by a harmonically varying electrical current
over a range of frequencies. The resonators thicknesses ranged
between 0.85 Jlm to 4 Jlm to maximize the magnitude of the
resonant frequency. Performance was evaluated by means of the
effective acoustic coupling coefficient K2 and the Q-factors which
were calculated from the magnitude and phase of the electrical
impedance frequency response (EIFR) plots. The values were

compared to measurements obtained during the testing of a
device of similar geometry fabricated at UCSB.

The results indicated that K2 was constant (--6.0%) and
insensitive to the resonator's thickness and leg length, ii) the
resonator with three legs was slightly more efficient than the
device with four or eight legs and iii) the Q- factors increased
linearly with the device thickness and a Q on the order of 2000
was calculated for the resonator approximately 2 Jlm thick. The
trends and results compared well with those obtained from a one
dimensional theory suggesting that key performance parameters
of resonators could be evaluated from a simple one dimensional
analysis. The main concern is the discrepancy between the values
of Q obtained from the simulations and those measured in the lab
which are about ten times lower. However it is timely to recall
that we neglected the electrodes in these simulations and that they
are well know mechanisms for energy dissipation.
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