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We report the fabrication and frequency characterization of mechanical resonators piezoelectrically
actuated with aluminum nitride films. The resonators consist of a freestanding unimorph structure
made up of a metal/AlN/metal piezoelectric stack and a SizN, supporting layer. We show that the
electrical impedance of the one-port device can be used to assess the vibrational behavior of the
resonators, provided that the modes do not exhibit specific symmetries, for which the impedance
variations cancel. Frequency shifts arise when loading the resonators with small masses. As
gravimetric sensors, the microbridges exhibit mass sensitivities of 0.18 fg/Hz for vibrational modes
around 2 MHz. © 2008 American Institute of Physics. [DOL: 10.1063/1.2924284]

Micromechanical resonators based on freestanding uni-
morph structures (cantilevers and bridges) can be used as
gravimetric chemical transducers as they undergo changes in
their resonant frequency when loaded with an additional
mass.' To be used as high-resolution gravimetric transducers,
high resonant frequencies are desirable, as the relative varia-
tions of the resonant frequency are proportional to the rela-
tive variations of mass.” High resonance frequencies are ob-
tained in stiffer structures, which can be achieved by
decreasing the dimensions of the devices,” or by increasing
either the elastic constants of the materials involved* or the
stress of the layers.5

Among the different ways used to produce the move-
ment of the freestanding microstructures, piezoelectric actua-
tion offers the advantage of low actuation voltages and mod-
erate power consumptions.6 Piezoelectric flexural resonators
are based on the mechanical bending experienced by uni-
morph structures (piezoelectric/structural layer) when an ex-
ternal field perpendicular to the surface is applied. The elec-
tric field induces a longitudinal extension (or contraction) of
the piezoelectric layer, proportional to the piezoelectric coef-
ficient d3;. The internal in-plane stress built in this piezoelec-
tric layer produces the bending of the freestanding structure
in the vertical direction.” Lead zirconate titanatc (PZT) and
ZnO have been the piezoelectric layers of choice in the last
years for piezoelectrically actuated devices.” The recent ad-
vances in AIN films for acoustic wave devices, such as bulk
acoustic wave,lo surface acoustic wave (SAW),11 or contour
mode'? resonators, suggest their use in piezoelectric me-
chanical resonators;* AIN films are fully compatible with
conventional silicon micromachining technologies and offer
interesting properties for mass sensor applications, such as
high chemical and thermal stabilities and good piezoelectric
properties.

An interesting characteristic of piezoelectrically driven
resonators is the possibility of detecting the mechanical reso-
nances through the changes of the electric admittance of the
piezoelectric layer;13 this provides an all-electric method for
actuation and sensing thus avoiding the complex optical pro-
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cedures for the detection of motion. By simultaneously using
the inverse and direct piezoelectric effects, a single pair of
electrodes is required for both actuation and sensing, provid-
ing a one-port device: the electrical signal is simultaneously
used for excitation and detection, which significantly simpli-
fies the electronics.

In this letter, we report the fabrication and characteriza-
tion of mechanical microresonators piezoelectrically actuated
with an AIN layer, which simultaneously acts as actuator and
detector of the motion. We show that most of the vibrational
modes detected by conventional optical interferometry can
also be assessed by measuring the electrical admittance of
the one-port device. We investigate the possibility of using
these freestanding structures as high sensitivity gravimetric
sensors by analyzing the frequency response of the devices
after different mass loading.

Freestanding microbridges of different geometries were
fabricated on silicon substrates using conventional surface
micromachining techniques following the procedure de-
scribed in a previous work."* The microstructures consisted
in a Mo (150 nm thick)/AIN (800 nm thick)/Mo (150 nm
thick) stack supported by an 800 nm thick Si;N, structural
layer (see Fig. 1). A 30 nm thick Ti layer under the Mo
bottom electrode acted both as adhesion and seed layer to
promote the growth of well oriented AIN films. All the films
were deposited by pulsed dc sputtering under controlled
deposition conditions to minimize their in-plane residual
stress. The structural layer had a compressive residual stress
of around 600 MPa, which was partially removed after re-
leasing the whole structure. As sacrificial layer, we used a
3.3 um thick low density silicon suboxide layer (SiO,) sput-
tered in a mixture of argon and oxygen. This layer exhibited
a surface roughness, measured by atomic force microscopy
(AFM), of 5 nm rms; it was easily etched in buffered hydro-
fluoric acid solutions at a rate of 13 wm/min in the vertical
direction and 6 um/min under the structural layer. The lon-
gitudinal piezoelectric coefficient, d3;, was assessed through
the electrical measurements of SAW delay lines built on top
of AIN films of identical characteristics than those used for
devices fabrication, following the procedure previously
described.”” A dz; mean value of 1.6 pm/V was derived from
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FIG. 1. (Color online) Picture of 300X 60 um? microbridge obtained by
scanning electron microscopy (SEM) and a schematic side view of the
device.

the longitudinal electromechanical coupling factor (klz) ob-
tained from the SAW devices.'®

A first assessment of the mechanical response of the de-
vices was obtained by laser interferometry. The laser beam
impinged on the microstructures with a spot diameter larger
than their lengths. The interferences of the laser beam re-
flected in both the mobile and the fixed parts of the device
were detected with a fast avalanche photodiode model
TIED87 whose output was amplified and fed to an Agilent
ESA4402 spectrum analyzer. The microresonators were ex-
cited through the tracking generator of the spectrum analyzer
with a signal of around 1 V of amplitude at frequencies vary-
ing between 100 kHz and 8 MHz. The vibrational reso-
nances were also assessed through electrical measurements.
The electrical impedance of the devices was measured as a
function of the frequency with an Agilent HP-4192A imped-
ance analyzer in the same frequency range, using a driving
voltage of amplitude similar to the value used in the previous
described experiment.

Figure 2 shows the vibrational spectrum of a micro-
bridge assessed by optical and electrical techniques. The ver-
tical displacement, measured by optical interferometry, pro-
vides the resonance frequencies of the different vibrational
modes. We verified that stiffer structures obtained either by
increasing the thicknesses of the freestanding beam or by
decreasing its length provided higher resonant frequencies.
Coinciding with the resonance frequencies, significant varia-
tions of the real and imaginary parts of the electrical admit-
tance were observed. However, fewer modes were detected
by impedance measurements than by optical interferometry.
This can be explained as follows. The actuation mechanism
in piezoelectric unimorph structures is based on the inverse
piezoelectric effect; the application of an ac electric field to
the piezoelectric layer produces its elongation and, as a con-
sequence, the bending of the unimorph. The bending of the
beam produces in turn an additional stress in the piezo-
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FIG. 2. (Color online) Real part (a) and imaginary part divided by the
angular frequency (b) of the electrical admittance, and mechanical motion
measured by laser interferometry (c) as a function of frequency, for a typical
175X 60 um? microbridge.

electric material, originating a time-varying strain distribu-
tion, which, by the direct piezoelectric effect, generates lo-
calized piezoelectric fields superimposed to the ac applied
field. These new time-depending piezoelectric fields produce
local variations in the current density inside the piezoelectric
layer. The total current, which is actually the magnitude mea-
sured by the impedance analyzer, is obtained by integrating
the current density over the electrode area. The variations of
the impedance should be especially important at the reso-
nances, because the amplitudes of the vibration are greater
than at any other frequencies. Depending on the shape of the
vibrational mode considered, the integrated current in the
piezoelectric slab may give a net term, thus giving rise to a
change in the measured impedance. However, this term may
be cancelled by symmetry, in which case no change in the
impedance will be observed, as shown by Vazquez et al."
for commercial AFM cantilevers with piezoelectric actuation
with ZnO. As Fig. 2 shows, some modes of vibration do not
produce admittance variations. In a previous work,'® we re-
ported the modal analysis by finite elements modeling of
similar microbridges. The analysis showed that most of the
experimentally measured resonant modes could be predicted
by the theoretical model. Besides, it also revealed the exis-
tence of vibrational modes with a significant lack of symme-
try, which are the best candidates for admittance analysis.
To demonstrate the viability of using these devices as
mass sensors, we analyzed the frequency response of a typi-
cal microbridge as a function of the mass loading. The total
area (500X 100 um?) of the microbridge was sequentially
loaded with SiO, sputtered layers of controlled thickness,
which produced mass increments in the picogram range. The
mass density and deposition rate of the sputtered SiO, films
were previously determined using thicker films deposited on
100 mm Si wafers by weighting the substrates before and
after the deposition and measuring the thicknesses of the
layers with a profilometer. The estimated error in the mass
loading is below 15%. The impedance spectrum of the reso-
nators was measured before starting the loading process and
after each deposition run. Figure 3 shows the imaginary part
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FIG. 3. (Color online) Imaginary part of the electrical admittance divided by
the angular frequency as a function of frequency for a 500X 100 gm?
microbridge with different added masses.

of the admittance divided by the angular frequency measured
in the resonator before and after three different mass load-
ings. Four vibrational resonances are clearly detected by im-
pedance measurement in this specific resonator. All the
modes exhibit a significant frequency shift toward lower fre-
quencies as the mass loading increases. This shift is more
significant at high frequencies. If the frequency of the reso-
nance is depicted as a function of the mass loading, a linear
behavior is observed for all the vibrational modes, as shown
in Fig. 4 for the higher frequency mode (2.23 MHz). The
value of the mass sensitivity (g/Hz) can be obtained from the
slope of the straight lines in Fig. 4." The values obtained are
0.18, 0.70, 1.15, and 1.87 fg/Hz for the 2.23, 1.39, 0.84, and
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FIG. 4. (Color online) Resonance frequency of the 2.23 MHz mode of a
500X 100 wm? microbridge as a function of the mass loading.
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0.58 MHz modes, respectively. The value of the highest
resonant mode is in the range of the mass detection threshold
for this kind of devices.® We observe that the mass sensitivi-
ties of the resonators significantly improve at high frequen-
cies, as predicted by theory.13

In conclusion, we have fabricated and characterized
piezoelectric microresonators actuated with AIN. We have
demonstrated that the vibrational behavior of the resonators
can be assessed in a very convenient way trough the varia-
tions of the electrical impedance of the AIN capacitor with
frequency. Using as mass sensors, these resonators exhibit
mass sensitivities of as low as 0.18 fg/Hz for the high-
frequency modes.
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