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We analyse the performance of solidly mounted bulk acoustic wave resonators under induced mechan
ical stress to explore their viability as strain sensors. The resonators are made of polycrystalline AIN 
piezoelectric thin films containing uniformly tilted microcrystals to excite both longitudinal and shear 
modes. The resonators are grown on top of silicon bars that are fixed at one or two edges using two 
home-made apparatus specifically designed to induce deformations of several hundreds of microstrains. 
The induced strain causes frequency shifts of tenths of MHz, yielding strain coefficients of the resonant 
frequency (SCF) up to -71% per unit strain (-0.71 ppm/fie). The influence of the nature of the resonant 
mode (shear of longitudinal), the electromechanical coupling factor and the operation frequency on the 
SCF is analysed. 

1. Introduction 

Sensors based on piezoelectric resonators have attracted con
siderable attention during the last decades for their use in 
numerous industrial and consumer electronic applications. Gyro
scopes, accelerometers, as well as temperature, pressure, and 
biological sensors are typical applications of such devices [1]. Dur
ing the last ten years, strain sensors based on piezoelectric-film 
(AIN or ZnO) acoustic resonators have been explored as well. Their 
principle of operation lies in the shift experienced by the reso
nant frequency when the resonator is strained, owing to several 
effects. First, strain causes changes in the geometry of the res
onator by altering the thickness of the layers and the area of the 
devices, which directly affects the resonant frequency of thickness-
mode resonators. Additionally, some properties of the materials 
composing the device, such as the density, the elastic constants 
or the dielectric permittivity are also altered when the material is 
stressed, being their influence not necessarily additive. This way, 
depending on the geometry of the device and the direction of 
the applied forces, the frequency shift can be either enhanced or 
partially compensated. Hence, for each kind of device and par
ticular use, the response to a given stress has to be individually 
analysed. Pressure sensors based on film bulk acoustic resonators 
(FBAR) [2,3], Lamb wave resonators [4], and thin film surface acous

tic wave (SAW) resonators [5,9] have been reported previously. 
Strain sensors, intended for harsh environments or requiring high 
response speed (i.e. for crash experiments) have been achieved 
with SAW devices [6-13]. With regard to bulk acoustic wave (BAW) 
resonators, resonators grown over membranes (FBARs) appear to 
be insufficiently robust to withstand high-pressure applications, 
like fuel injection in common-rail engines. Better performance is 
expected from solidly mounted resonators (SMR), composed of an 
acoustic mirror and a piezoelectric capacitor built in sequence over 
a substrate of high mechanical resistance, such as silicon, steel or 
plastic plates. SMRs also contribute to reduce the influence of tem
perature variations, as the thermal conductivity of the supports 
(acoustic reflectors and substrates) is larger than that of the air or 
any other fluid. 

In this paper, we explore the possibility of using AlN-based 
solidly mounted resonators (SMRs) as strain sensors. We assess the 
behaviour of single mode resonators operating in the longitudinal 
mode and of dual mode resonators capable of operating in both lon
gitudinal and shear modes, in order to elucidate if a specific mode 
is more sensitive to strain variations. We measure the variations 
in the resonant frequency, the electromechanical coupling factor 
(k2) and quality factor (Q) of the various resonant modes when the 
devices are subjected to controlled deformations. 



Fig. 1. a) Optical photo of the top view of the device and b) scanning electron 
microscope image of the cross section of an SMR. 

2. Experimental 

2.2. Device fabrication 

AIN-based SMRs were built on (100)-oriented silicon substrates. 
The acoustic reflector consisted of five alternated sputtered layers 
of low acoustic impedance SÍO2 [14] and high acoustic impedance 
Mo. The thickness of the layers was adjusted to achieve maximum 
reflectance for the longitudinal mode at a frequency of 2.5 GHz. 
The bottom electrode was a bilayer composed of a 130 nm-thick 
iridium film and a 10 nm-thick titanium layer intended to improve 
adhesion to reflector uppermost SÍO2 layer. 

A1N films were deposited in an ultra-high-vacuum system 
pumped to a base pressure below 1 xlO~6Pa. A high purity 
(99.9995%) Al target was sputtered in an Ar/N2 (40:60) atmosphere 
at 0.27 Pa using a pulsed-DC source (MKS-ENI RPG-50) operating at 
a frequency of 50 kHz and a power of 1.2 kW. Two types of res
onators were fabricated and characterized. Resonators of type I 
were single-mode longitudinal resonators made with perfectly c-
axis oriented A1N films. Resonators of type II were made with A1N 
thin films containing uniformly tilted grains, in order to excite both 
shear and longitudinal resonances. The A1N films were achieved by 
off-axis deposition over rough A1N seed layers, as described in a 
previous work [15]. During deposition, the substrates were kept 
at 400°C and biased to a DC voltage of -55 V to adjust the resid
ual stress of the A1N films to values below 200 MPa. The films were 
grown to thicknesses ranging between 1.8 |jim and 0.9 |jim, yielding 
resonators operating between 2 GHz to 3 GHz for the longitudi
nal mode and between 1.3 GHz to 1.7 GHz for the shear mode. The 
top electrode was a 200 nm-thick sputter-deposited molybdenum 
film patterned by conventional photolithography followed by dry 
etching in a SF6 plasma. The contact to the bottom electrode was 
achieved by capacitive coupling using an extended contact lying on 
the same plane than the top electrode. This way, no patterning of 
A1N film was required. Fig. 1 shows pictures of a typical device. 

Fig. 2. First deformation method. One-fixed-side bar with punctual excitation at its 
edge, a) scheme with notation, b) photograph of experimental setup including the 
RF probe for the electrical measurement. 

2.2. Controlled strain generation 

Two experimental arrangements were used to generate a known 
and controlled strain in the devices. The first one consisted in a 
20 cm-long, 2 cm-wide and 3 mm-thick stainless steel cantilever 
clamped at one of its edges and actuated with a micrometre screw 
in the free edge. A 0.8 cm x 2 cm silicon die containing several res
onators was glued on top of the cantilever with a two-component 
high-strength epoxy. For resonators of type II, the samples were 
glued so that the A1N microcrystals were tilted with respect to the 
surface normal in the transverse direction to the cantilever length, 
i.e. the tilt vector lay out of the stress plane defined by the radius 
of curvature. The in-plane strain (e) at the surface of the test silicon 
die was calculated from 

where t is the distance from the surface to the neutral fiber located 
in the middle of the cantilever and R the radius of curvature of the 
cantilever, which can be calculated from [16]: 

d*2 

beingx the coordinate parallel to the cantilever andy the deflec
tion at x given by 

y(x)=g¿(3Lx2-x3) (3) 

In the last formula Pis force applied to the edge of the cantilever, 
E the elastic constant, / the momentum of inertia, and L the total 
length of the cantilever. See Fig. 2 for details. 

The main issue associated to this method is the bonding 
strength. Although we tried to reduce the thickness of the glue layer 
between the silicon sample and the steel to its minimum value, the 
desired deformation might not be generated on top of the sample, 
owing to some compliance of the glue layer. To verify this hypothe
sis, we performed tests by gluing 3 mm-long standard strain gauges 
atop the silicon sample to measure the actual deformation of its 
surface. The measurements of the gauge deviated less than ±10% 
from the calculated value of the strain for the whole measurement 
range and no hysteresis was observed after repeating the measure
ments several times. Only deflections of the beam edge greaterthan 
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Fig. 3. Second deformation method. Silicon bar fixed at its two edges with punctual 
excitation in the midpoint, a) Scheme with notation, b) photo of the apparatus and 
c) sketch of the apparatus. 

1 cm yielded significant departures from theoretical values, due to 
the glue layer compliance. To guarantee that the measured strain 
values were correct, we limited the displacements of the steel bar 
to 5 mm, corresponding, in our geometry, to a maximum strain of 
800|jLe. 

The second technique to produce a controlled deformation con
sisted in clamping the silicon die containing the resonators by its 
edges, and pushing the bottom of the substrate with a steel rod. 
The micrometre screw pushes down a lever, which transmits the 
fourth of the displacement to a rigid steel rod in contact with the 
bottom surface of the silicon sample (see Fig. 3 for details). In this 
case, the profile of the distorted silicon beam is given by 

y(x) = 
-p 

481/ 
(3Lx2 (4) 

forx<L/2, being symmetric the other half [16]. Under this exper
imental setup, the deformation of the surface assessed with a glued 
commercial strain gauge departs only around 15% from the theo
retical prediction. These discrepancies could be attributed to the 
large size of the strain gauge (5 mm) as compared with the length 
of the sample of 18 mm. 

2.3. Device characterization 

The frequency response of dual mode resonators (A1N films 
with tilted c-axis) was characterized by assessing their electrical 
impedance between 10 MHz and 10 GHz with an Agilent 5230A 
network analyser using a large density of data points around the 
different resonant modes in order to improve the precision of the 
measurement. The samples were electrically contacted with RF 
probes (Picoprobe from GCB Industries). To determine the reso
nant frequency of the different modes accurately, the real part of 
the admittance spectrum around the resonances was fitted with an 
eight-degree polynomial. This was subsequently differentiated to 
obtain its roots, which allowed obtaining the precise values of the 
frequency at which the admittance peaked, corresponding to the 
resonant frequency. This method allowed deriving the measured 
values of the resonant frequencies with an uncertainty below 5 kHz 
(less than 2ppm). During the experiment, the pressure applied to 
the RF probes landing on the contact pads had to be continuously 
readjusted to prevent possible loss of electrical contact between 
the probe and the sample as the latter was bent. 
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Fig. 4. Frequency response of a typical single-resonant-mode resonatorand atypical 
double-resonant-mode resonator in equilibrium (without deformation). 
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Fig. 5. Relative variations of the longitudinal resonant frequencies with strain for a 
single mode resonator with k\ = 6.5%(B), and two double mode with k\ = 4.5% (A 
) and k\ = 3.5% ( • ) . 

Some resonators operating uniquely in the single longitudinal 
mode (A1N films with the c-axis normal to the surface) and sub
jected to DC bias were also electrically characterized. To this end, 
we used an Agilent 4991A impedance analysers (instead of the net
work analyser) that enabled DC polarization of the samples during 
impedance measurements. 

3. Results and discussion 

Fig. 4 shows the frequency response in the equilibrium (before 
deformation) of two typical resonators showing single longitudinal 
mode and double (shear and longitudinal) resonant modes. Single 
mode devices operating in the longitudinal mode displayed a qual
ity factors at resonant (Q¿r) and antiresonant (Qia) frequencies of 
around 600 and 400, respectively, and an electromechanical cou
pling factor kf around 6.4%. Double mode resonators had quality 
factors for the shear mode of 300 (Qsr) and 200 (Qsa) and kf and kj 
of around 3% and 2%, respectively. 

The two types of resonators were subjected to deformation 
using the two proposed experimental setups. The two methods 
produced similar shifts of the resonant frequency (absolute value 
and sign) with deviations below 15%, as expected owing to the 
calibration carried out previously with the strain gauges. 

Fig. 5 shows the relative variation of the longitudinal mode fre
quency with strain (using both cantilever beam and the pushing 
bar methods) for three representative resonators operating either 
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Fig. 6. Relative variations ofthe shear resonant frequency of three double-mode res
onators of different thicknesses. ( ) 1300 MHz (1.85 |xm) ( )1530 MHz (1.5 |xm) 
and ( • ) 1700 MHz (0.87 |xm). 
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Fig. 7. Relative variations of resonant frequencies for a single mode resonator 
(¡£̂ =6.5%) as a function ofthe calculated strain. Direct mechanical deformation ( • ) 
and DC bias-induced deformation ( • ) . 

in the single mode or in dual mode. It is important to note that 
their respective k2 are different because either the A1N films have 
their c-axis differently tilted or they possess different piezoelectric 
activity. 

Data of Fig. 5 reveal that the sensitivity ofthe resonant frequency 
to strain for the longitudinal mode is always negative and larger 
(in modulus) for resonators of larger k2 values both in single and 
double mode resonator. This result is independent ofthe method 
used to deform the samples. 

Similarly, we have depicted in Fig. 6 the relative variation of 
the shear mode frequency with strain for three representative 
dual mode resonators operating at shear resonant frequencies of 
1300 MHz, 1530 MHz, and 1700 MHz, associated to A1N films of 
1.85 |jim, 1.5|jLm, and 0.87 |jim, respectively. Their k2 values are 
1.8%, 1.4%, and 1.12%, respectively. 

Data of Fig. 6 suggest that sensitivity to strain of shear modes is 
always lower (in absolute value) than that of longitudinal modes. 
Additionally, some shear modes display positive values ofthe sen
sitivity. 

As pointed out by Weber et al. in [17], frequency variations 
with strain are due to variations in the thicknesses of the films, 
in the material densities and in the elastic constants. Actually, in 
thickness-mode resonators based on piezoelectric thin films with 
wurtzite structure and acoustic waves propagating along the c-axis, 
the longitudinal and shear frequencies (fL and/H) and velocities (vL 

and vH) are given by 

k 

fs 

2d 

and 

vs_ 
2d 

being vL •. 

being vs •• 
c l l - c12 

2p 

(5) 

(6) 

where p is the mass density ofthe piezoelectric active layer, d its 
thickness and Cn, c12 and c33 the elastic constants. When the sam
ples are deformed by any ofthe two methods, they are stretched in 
the x direction, which leads to an increase AL of their length and a 
decrease Ad of their thickness (owing to Poisson's effect). In addi
tion, for very small relative variations AL/L, the expected relative 
volume variation AV/Vis given by 

( l - 2 v ) (7) 
AV _ AL 

where v is the Poisson's ratio of A1N, which varies between 0.23 
and 0.28. It is obvious from Eqs. (5)-(7) than stretching the sam

ples produces a decrease of both d and p. Neglecting the effect of 
the variations in the elastic constants, a positive shift of both fL 

and/s should be observed, since both vL and vs increase while d 
decreases. Therefore, the different trend observed in the frequency 
shifts offL and/s has to be attributed to a different variation of 
the elastic constants of the A1N films with the applied strain. For 
example, the negative shift offL should be associated to a relative 
decrease of C33 more significant than the relative variation of p and 
d. It is also worth noting that resonances associated with low k2 val
ues are less sensitive to the induced strain, regardless ofthe nature 
of the resonant mode (shear and longitudinal), as could be intu
itively expected. Probably finite element analysis could shed light 
to understand the observed phenomena. 

Regarding the influence of the strain in the quality factor 
of resonators operating in longitudinal modes, Qa (antiresonant 
frequency) tended to remain invariable under strain variations, 
whereas Q? (resonant frequency) displayed a scattered evolution. 
This is attributed to variations in the series resistance caused by 
adjusting the pressure ofthe RF probes differently. Additionally, a 
slight increase of k2 was observed in samples of high piezoelectric 
activity (high k2). 

An alternative method to generate a controlled strain in A1N 
films by virtue ofthe piezoelectric effect is the application of a DC 
voltage superimposed to the AC test signal [18]. In this case, the DC 
field-induced strain (s) in the A1N film can be calculated as 

V-d 33 

d-v 
(5) 

where Vis the applied DC voltage and CÍ33 the piezoelectric coeffi
cient in the c-axis direction. 

Fig. 7 shows the measured relative frequency shift of a resonator 
operating in a single longitudinal mode depicted as a function of 
the calculated strain induced a) by direct mechanical deformation 
of the samples and b) by DC biasing the samples from zero to 40 V 
during the electrical characterisation. The values of the physical 
constants necessary to achieve the best fit ofthe experimental data 
are d33 = 4.1 pm/V and v = 0.28, which are very close to theoreti
cal values and similar to other values reported previously for A1N 
thin films [19], which validates our previous calculations ofthe 
mechanically-induced strain through Eqs. (3) and (4). 

4. Conclusions 

We have investigated the effect of an induced mechanical defor
mation on the longitudinal and shear resonant modes of AIN-based 
SMRs. Resonant modes of higher electromechanical coupling fac-



tors, namely longitudinal modes, display larger sensitivity to strain, 
experiencing relative frequency shifts as high as-0.71 ppm/|jie. The 
lower sensitivity of shear modes to strain as well as its different sign 
is attributed to the relative variations of AIN elastic constants with 
strain. The effects of the strain in the quality factor Q.is not signif
icant. Only devices of high k2 values show a slight increase of k2 

with the increasing strain. 
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