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In contrast to quartz crystal microbalances, the sensitivity of thin film bulk acoustic wave resonators 
(FBARs) is strongly dependent on all films comprising the multilayered structure. Previous studies proved 
that placing low acoustic impedance materials at the sensing surface of longitudinal-mode FBARs oper
ating in air can enhance their mass sensitivity by modifying the energy trapped at the sensing surface. 
Here we investigate if the in-liquid sensitivity to density-viscosity and mass of shear-mode AIN-based 
solidly mounted resonators displays a similar dependence on the device configuration. By using the finite 
element simulation method accompanied by experimental verifications we demonstrate that for a given 
value of the resonant frequency, the sensitivity can be boosted by a proper design of the devices. The 
results can be of application to in-liquid physical sensors or to gravimetric chemical or biological sensors. 

1. Introduction 

Modern activities in many economic sectors would be uncon
ceivable without sensors. Their market covers a wide range of 
applications, from engine monitoring in the aerospace sector to 
diagnosis in the healthcare area. One of the most demanded types of 
sensors are those able to operate in liquid media, either monitoring 
the physical properties of some liquids [1,2] or acting as chemical 
sensors or biosensors [3,4] that respond to biochemical reactions in 
liquid solutions (i.e. corporal fluids or buffer solutions). Biosensors 
have attracted most of the attention of the scientific community 
owing to their prospects as point-of-care diagnostics aid in the 
healthcare area. Much effort is being devoted to the development 
of bio-chip (or lab on a chip) platforms [5-7], which makes their 
use easy and affordable by non-expert users. 

Among the various technologies that can be used to manufacture 
devices for sensing applications, gravimetric sensors based on thin 
film electroacoustic resonators have emerged as a promising choice 
[8-10]. Compared with other acoustic devices, such as quartz crys
tal microbalances (QCM) or surface acoustic wave (SAW) devices, 
thin film resonators not only display smaller sizes and lower power 
consumption but also offer the possibility of being configured as 
arrays or monolithically integrated with RF ICs, thus providing 
more complex functionalities. The most studied devices within 

this family are the thin film bulk acoustic wave resonator (FBAR) 
[11-15] and the Lamb wave resonator (LWR) [16-18], both of them 
employing either ZnO or A1N piezoelectric films displaying wurtzite 
crystal structures with a strong c-axis preferred orientation. Par
ticularly, in FBARs acoustic waves propagate through the bulk of 
the piezoelectric film sandwiched between two electrodes; the 
acoustic wave is confined in the piezoelectric slab either by using 
suspended structures (suspended-FBAR) or by means of acoustic 
reflectors [19], which prevents the acoustic energy from leaking to 
the substrate. The latter is referred to as solidly mounted resonator 
(SMR). Depending on the crystal orientation of the wurtzite micro-
crystals in the films one can excite longitudinal thickness modes 
(if the c-axis is parallel to the electric field), shear thickness modes 
(if the c-axis is perfectly normal to the electric field), or both (if 
the c-axis has a component parallel to the field and a component 
normal to the filed). Longitudinal modes consist of compressional 
waves in which the particle motion follows the direction of the 
wave propagation; these modes are especially suited for gas sens
ing applications. On the contrary, shear modes are waves where 
the particle motion is transversal to the direction of wave propa
gation, which is particularly appropriate for sensing application in 
liquid environments, since shear waves do not couple to this media 
[20,21]. 

The sensitivity to mass attachment or liquid properties (den
sity and viscosity) of QCMs can be derived from Sauerbrey's [22] 
or Kanazawa and Gordon's [23] equations, being in both cases 
directly related to resonant frequency and only influenced by the 
quartz plate properties, as the effect of the thin electrodes is negli
gible. The significant reduction of the thickness of the piezoelectric 
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Fig. 1. (a) Transversal sketch of the SMR structure, (b) plain optical image of an actual chip containing four SMRs, (c) sketch showing the structure of the SMR including the 
etched bottom electrode below the electrical extensions, and (d) schematic of the microfluidic cell mounted on the active area of the device. 

film in FBARs pushes the resonant frequencies towards the GHz 
range, which provides with a tremendous increase in sensitivity 
compared to their QCM predecessors [24,25]. However, the res
onant frequency cannot be indefinitely increased to enhance the 
mass sensor sensitivity, since the readout circuits impose frequency 
restrictions. In FBARs the sensitivity cannot be derived from the 
former equations anymore; instead, we need to consider the mul-
tilayered structure where the properties of each layer may have 
a significant influence [26,27]. Particularly, the distribution of the 
acoustic energy within the structure strongly affects the sensitiv
ity at the active surface. For example, previous investigations [26] 
prove that the addition of a layer of low acoustic impedance (e.g. 
SÍO2) on the sensing surface of suspended-FBARs operating in air 
produces an increase of their mass sensitivity. The authors carry out 
an in-dep analysis of the of the mass sensitivity of the fundamental 
longitudinal mode and its first harmonic and attribute the enhance
ment of the pure mass sensitivity to an energy trapping effect in the 
near surface region. They also theoretically asses the effect of the 
added layer on the energy dissipation to the liquid, although with
out experimental verification. A similar effect has been reported in 
FBARs operating in air by using low acoustic impedance electrodes 
of appropriate thicknesses [27]. 

In this work we investigate to what extent the sensitivity of 
shear-mode SMRs operating in liquid environments at the max
imum frequency imposed by the external readout circuit can 
be further enhanced by modifying the design of the device (i.e. 
electrodes materials and thicknesses). We assess the in-liquid sen
sitivity of shear-mode SMRs with different structures operating 
as density and viscosity sensors or as gravimetric biosensors. The 
experimental results are compared with finite element method 
(FEM) simulations that predict the behavior of the devices. Differ
ences in frequency shift variations of almost 1000 ppm due to large 
variations in density and viscosity are observed in devices tuned to 
similar resonant frequencies but different multilayered structures. 

2. Methods 

2.Í. Device fabrication and measurement set-up 

The structure of our SMRs correspond to Fig. la. Metal/tilted-
AIN/Metal sandwiches of different thickness and materials were 
sputtered on top of fully insulating acoustic reflectors made of 

seven alternating layers of SÍO2/AIN sputtered over highly resis
tive silicon wafers. The tilted A1N film was sputtered on top of the 
bottom electrode through a two stage process involving the ini
tial growth of a thin A1N seed layer [28,29] followed by an off-axis 
deposition of the active layer. The acoustic reflector was designed 
to properly confine (reflect) the acoustic energy of the shear mode 
operating at around 2 GHz. This reflector was kept the same for all 
the devices. Since our purpose was to study the influence of the 
nature and thickness of the materials composing the piezoelectric 
stack on the device sensitivity, we varied the relative thickness of 
the metallic electrodes and A1N active layers (as well as the nature 
of the electrodes) while adjusting the resonant frequency / r to an 
almost constant value close to 2 GHz. We studied the five structures 
described in Table 1. 

To allow testing the response of the devices through a microflu
idic system, the electrical contacts to the top electrode were 
extended 1.7 mm far away from the resonator active area to ease 
contacting the devices outside the fluidic system with the RF probes 
(Fig. lb-d). The bottom electrode located below the extensions of 
the top electrode was removed to minimize the presence of para
sitic capacitances and inductances, hence the use of fully-insulating 
reflectors together with non-conducting substrates, which avoids 
capacitive coupling between the top electrode and other metallic 
underlying layers [30]. 

We measured the SMRs sensitivities to the physical proper
ties of the liquid by exposing the sensors to ethylene glycol-water 
solutions of variable density (p) and viscosity (rj). Ethylene glycol 
weight in water was varied from 0% to 72%, which led to p values 
in the range of 995 kg/m3 - 1087 kg/m3 and r\ values in the range 
of 0.972 mPa-s- 4.76 mPa-s [31]. To study the in-liquid gravimetric 
sensitivity of the sensors we experimentally detected the binding of 
bovine serum albumin (BSA) diluted to 0.1 % in a phosphate buffered 
saline (PBS) solution. 

The devices were electrically evaluated by measuring the Sn 
scattering parameter with a network analyzer during their in-liquid 
operation. The fluidic system consisted in a poly-dimethylsiloxane 
(PDMS) chamber where the liquids were recirculated with a peri
staltic pump (Fig. Id). As mentioned, the SMRs were electrically 
contacted through their 1.7 mm extensions with a 150 |jim-pitch 
RF-probe connected to the network analyzer. The device response 
(variations of its resonant frequency) was monitored by tracking 
the maximum of the real part of the admittance (Re(Y)) curve 
through a specifically designed LabView® application. The proce-



Table 1 
Description of the studied SMR structures. 

Structure Bottom electrode material/ thickness [nm] A1N thickness [nm] Top electrode material/ thickness [nm] Resonant frequency [GHz] 

Mo/100 
Mo/150 
Mo/100 
Mo/100 
Mo/100 

900 
900 
1000 
900 
1000 

Mo/150 
Mo/100 
Mo/100 
Mo/100 
Al/100 

2.007 
2.010 
2.025 
2.136 
2.261 

500 1000 1500 2000 2500 3000 3500 

Time [s] 
Fig. 2. Typical response of a device with increasing concentration of ethylene glycol 
% in pure water (%w stands for weight percent of solute in water). 

dure was based on acquiring Re(Y) around the resonant frequency 
with a bandwidth of 20 MHz (4 kHz frequency spacing using 5000 
data points) and fitting it to a rational function to accurately 
measure the frequency at the maximum, which was achieved by 
deriving the function and calculating the zero cross. This proce
dure allowed tracking the resonant frequency with a noise below 
1 kHz peak to peak, however, it does not evaluate the instabilities 
due to other external factors such as temperature. Fig. 2 shows 
the typical response curve of a detection process during which 
the concentration of an ethylene glycol solution diluted in water 
was sequentially varied, which produced negative frequency shifts 
upon introduction of the different solutions. As observed, the solu
tions were sequentially fed to the chamber, starting with the less 
viscous and dense one. At the end of the exposure, water was thor
oughly flown to clean the device, which was confirmed by the final 
recovery of its initial resonant frequency. 

2.2. FEM simulations 

To predict the experimental results, we carried out a 2D finite 
element analysis to theoretically assess the behavior of our devices 
towards p and r¡ variations in the liquid. We used a previously-
designed FEM model [32-34] designed to accurately account for 
the acoustic coupling to the liquid through shear stresses. The struc
tures we employed for the simulations were single cells with lateral 
periodic conditions (Fig. 3). In other words, we applied periodic 
continuity on the lateral interfaces since we were not interested 
in the possible spurious modes propagating parallel to the surface 
of the structures but rather in the physical interaction of the shear 
mode with the liquid interface in the perpendicular direction. The 
cells included perfectly matched layers (PML) to simulate the total 
absorption of the outgoing waves in the liquid domain. For the 
shear mode operation, the A1N domain was defined using a sys
tem rotated 24° about an out-of-plane axis, in agreement with the 
actual c-axis tilt angle of the A1N films. Thicknesses of all materi-

Fig. 3. Displacements with deformation of an SMR in contact with liquid obtained 
by FEM. 

als composing the devices were set according to Table 1. With this 
model we can extract the frequency shifts towards different p and 
r¡ variations and mass deposition, as well as estimate the losses 
induced in the devices. The resonant frequency was calculated as 
the frequency at the maximum of the Re(Y) curve, while the losses 
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Fig. 4. Simulated and experimental normalized shifts in frequency of the five dif
ferent structures, described in Table 1, towards increasing p and r¡ products. 

Table 2 
Measured and simulated sensitivities to {pr¡)°3. 

Structure Measured [ppm/(kg m~2 s"-5)] Simulated [ppm/(kgm~2 s"-5)] 

580 
877 
797 
797 
1170 

a 
b 
c 
d 
e 

570 
919 
n/a 
n/a 
1320 

Table 3 
Materials properties. Acoustic impedance calculated from the product of density 
and shear acoustic velocity. Acoustic velocity was calculated following a specific 
method [35]. 

Material Shear acoustic velocity [m/s] Density [kg/m3l Z[Rayl] 

A1N 
Al 
Mo 

6170 
3040 
3450 

3300 
2700 
10300 

2.03 107 

8.21 106 

3.55 107 
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Fig. 5. Simulated displacement fields at resonance in air for all structures from 
Table 1. 

estimated from the Re(Y) amplitude value. This last has the same 
sensitivity as the quality factor of the device. 

3. Results and discussion 

We started by simulating the responses of all the SMR structures 
towards variations of p and r\ in the liquids. Following the conven
tional plot described in [32], their simulated frequency shifts are 
depicted in Fig. 4 as a function of (pr/)0-5, along with the exper
imental results corresponding to the structures displaying most 
different sensitivities (a, b and e). The simulated and measured sen
sitivities to (pr/)0-5 are summarized in Table 2. Firstly, we note a 
reasonable agreement between simulations and experiments. Sec
ondly, we observe an enhanced sensitivity to p and r\ if we use Al 
instead of Mo as top electrode, having the former one a lower acous
tic impedance than Mo, and when the Mo top electrode thickness 
is reduced from 150 nm to 100 nm. The reason for this is a redis
tribution of the energy within the acoustic cavity, which leads to 
an increased displacement field (or energy concentration) at the 
top electrode surface in contact with the liquid. Note that this is 
not a second order effect, as the values of the sensitivity to p and r\ 
product are more than doubled from one case to the other. 

This is in agreement with previously reported results where only 
pure mass sensitivity in air was considered [26]. Indeed, if one con
siders the transmission coefficient of the wave amplitude at the 
AIN/top electrode interface, which is defined as: 

(2 -Z/my) 

(Z/i/jv + Ztop) 
(1) 

being Z/iüv the specific acoustic impedance of A1N andZtop that of the 
top electrode, it is clear from Table 3 (acoustic impedance values) 
that the amplitude of the transmitted wave from A1N to the top 
electrode is increased when using Al (T= 1.42), and decreased when 
using Mo (T= 0.72). These values explain why we have a greater 
amount of displacement involved in the sensing mechanism when 
using Al as top electrode and thus a sensitivity enhancement. 

It is interesting to note that structures (b), (c) and (d), where the 
thickness of the top electrode is kept constant to lOOnm, do not 
show any significant sensitivity variation despite the fact that both 
the thickness of the A1N active layer and the bottom electrode are 
varied. This is very likely due to the fact that the energy concentra
tion at the sensing interface barely varies and is little affected by 
the structural changes of the piezoelectric stack. 

In spite of the fact that we intended to keep the resonant fre
quency / r constant to around 2 GHz, some structures displayed a 
deviation from this value of around 10%. In order to check whether 
the variations in/ r between structures (a) and (e) might account 
for the observed sensitivity changes, as would be the case of QCMs, 
we performed a simplistic calculation to assess to what extent 
the frequency shift could be attributed to the value of/r. The fre
quency shift was calculated according to Kanazawa and Gordon's 
[23] equation defined as: 

\7tpqllqJ (2) 

where Af is the frequency shift,/o the initial resonant frequency, 
Pi and rji the density and viscosity of the liquid and pq and ¡j,q 

the density and shear elastic modulus of the piezoelectric mate
rial, respectively (here q stands for quartz taken from the [23]). We 
could suppose that ptf^Ttpq/iq is constant and consider the case 
corresponding to the maximum value of (pr/)0-5 of the experimen
tal solution (2.3). In this case, the measured frequency shifts are 
around 750 ppm for structure (a) (i.e. 1.505 MHz) and 1650ppm 
for structure (e) (i.e. 3.73 MHz), which corresponds to an incre
ment by a factor of 2.47. The calculation of the increment in the 
frequency shift with eq. (2) yields a value of only 1.19, significantly 
lower than the measured one, suggesting the increased sensitivity 
is mainly due to an energy redistribution in the multilayered struc
ture. In order to verify this effect we extracted from the FEM results 
the displacements at resonance for each design. The displacement 
fields in air corresponding to the shear (or parallel to the surface) 
component are plotted in Fig. 5. Indeed, these corroborate the sen-
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sitivity results from Fig. 4, yielding the most sensitive structure 
(i.e. structure e) the larger displacement at the top surface, which 
contacts the liquid. 

Additionally, to explain the increased sensitivity effect we also 
extracted the kinetic energy density at the top surface of each 
design. Particularly, the calculation consisted on its integration 
along the top surface line, since we simulated a 2D model. The 
corresponding values for each structure are plotted in Fig. 6. As 
we observe, while for the structures with Mo top electrodes we 
get higher kinetic energy for the more sensitive devices, structure 
(e), with the Al top electrode, has the lowest kinetic energy. To 
explain this, the parallel component of the particle velocity at the 
top surface shows a better insight of the phenomena. The particle 
displacement velocities for each design are also plotted in Fig. 6, 
where we see that the higher the displacement velocity at the sur
face, the more sensitive the structure is. The reason why structure 
(e) has lower kinetic energy but higher displacement velocity at 
the surface is based on the fact that Al has lower mass density and 
lower shear acoustic velocity. By considering Eq. (3): 

(pv2) _ (Zacv
2) 

2 (2vac) 
(3) 

where p is the density of the material, v the displacement velocity, 
Zac the acoustic impedance of the material, and vac the velocity of 
the acoustic wave propagation in the material, results from Fig. 6 
can be easily derived. 

Higher particle displacement velocity at the top surface implies 
that when such surface is contacted by the liquid the acoustically 
coupled thin layer of liquid (where the evanescent acoustic wave 
in the liquid is concentrated, i.e. the penetration depth) acquires 
at the interface with the resonator the same displacement veloc
ity, with the subsequent damping of the shear wave. The kinetic 
energy of the acoustically coupled thin liquid layer will be higher if 
the velocity transmitted from the resonator is higher, hence more 
energy lost and larger shift in frequency to compensate it since the 
potential energy of the resonator does not vary and kinetic and 
potential energies equal at resonance [8]. 

The same effect was studied for different thicknesses of a Mo top 
electrode, while maintaining the same thickness of AIN and same 
bottom electrode. Particle displacement velocities are plotted in 
Fig. 7, where it can be observed that the thicker the Mo top elec
trode, the lower the displacement velocity at the surface, therefore 
less sensitive structures. 

The sensitivity enhancement achieved by modifying the design 
of the layered structure is unavoidably accompanied by an increase 
of the losses to the liquid, as clearly shown in Fig. 8, which is jus
tified by the larger energy coupling taking place between the most 
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Fig. 7. Simulated particle displacement velocities at the top surface of structures 
w i t h different Mo top electrode thicknesses. 
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Table 4 
FEM results on the mass sensit ivity of the devices whi le immersed in water upon 
deposit ion of a 50 nm-th ick layer of Si02 . 

Structure Simulated [Hz cm2/ng| 
1956 
2459 
2328 
2380 
4483 

sensitive devices and the liquid. This produces a decrease in the 
quality factors of the devices. 

As a final experiment, we tested the in-liquid mass sensing abil
ity of our devices. Firstly, we present simulated results regarding 
the pure mass sensitivity of the devices while immersed in water 
towards the addition of a 50 nm-thick Si02 film (i.e. 11 ixg/cm2) on 
their top surface (see Table 4). These FEM results were previously 
validated with a test SMR and the deposition of a 50 nm-thick SÍO2 
in air, for both experiment and simulation, obtaining a deviation of 
3%. 

As a realistic experiment, we assessed the sensors performance 
upon exposing their active area to a solution of bovine serum 
albumin (BSA). This protein is known for its high chemical affin
ity with different surfaces, being widely used as blocking agent in 
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bio-functionalization protocols. With this purpose, we used a 0.1% 
concentration of BSA in PBS. In Fig. 9 we plot the frequency shifts 
upon attachment of the BSA to the surface of structures (a) and 
(b) terminated with 150 nm-thick and 100 nm-thick top electrodes, 
respectively. As expected, the experiment reveals that the reduc
tion of the Mo electrode thickness from 150 nm to 100 nm gives rise 
to a more sensitive device, despite the fact that the whole structure 
has been modified to keep the resonant frequency almost constant. 
However, by extracting the attached mass of BSA using the calcu
lated mass sensitivities from Table 4 we get 294 ng/cm2 for device 
(a), and 274 ng/cm2 for device (b), a difference lower than expected. 
We attribute this discrepancy to possible non-uniform attachments 
of BSA. 

4. Conclusions 

The main conclusions of the work are the following: 

The structure (materials and thicknesses) of the near active 
region of SMRs significantly affects their in-liquid sensitivity, 
owing to the energy redistribution inside the resonant cavity, 
particularly at the sensing interface. Slight changes in the struc
ture of SMRs may increase their sensitivity to a much greater 
extent than increasing the resonant frequency (i.e. reducing the 
thickness of the active piezoelectric). Actually, as the electronic 
read-out circuits conditioning the electric signal of the resonators 
may impose limits on the operation frequency of the sensors, 
a good design of their structure provides sensitivity enhance
ment without unnecessarily increasing the resonant frequency 
and therefore the noise. 
As in suspended-FBARs operating in longitudinal modes for gravi
metric gas detection, reducing the acoustic impedance of the top 
electrode of shear-mode SMRs (present at the sensing interface) 
increases their sensitivity to density and viscosity and to mass 
in liquid. Similarly, the same enhancement is produced when 
reducing the thickness of high impedance electrodes. 
The in-liquid sensitivity enhancement is accompanied by an 
increase of the losses towards the surrounding fluid, hence a 
trade-off has to be reached between the sensor sensitivity and 
the ability of our read-out electronic circuit to handle the signal. 
Nevertheless, we have demonstrated that the sensitivity increase 
dominates. 
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