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Abstract

A shear mode thin film bulk acoustic resonator (FBAR) operating in liquid media together with a microfluidic transport system is presented.
The resonator has been fabricated utilizing a recently developed reactive sputter-deposition process for AIN thin films with inclined c-axis relative
to the surface normal with a mean tilt of around 30°. The resonator has a resonance frequency of around 1.2 GHz and a Q value in water of around
150. Sensor operation in water and glycerol solutions is characterized. Theoretical analysis of the sensor operation under viscous load as well
as of the sensitivity and stability in general is presented. The theoretical predictions are compared with experimental measurements. The results
demonstrate clearly the potential of FBAR biosensors for the fabrication of highly sensitive low cost biosensors, bioanalytical tools as well as for

liquid sensing in general.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, the thin film electro-acoustic technology has
made substantial progress particularly in view of high frequency
Thin film bulk acoustic resonators (FBAR) for filters in telecom
applications. The driving force behind the development of the
thin-film technology has been the need to replace the use of
expensive single crystalline substrates in the lower GHz region
with piezoelectric thin film materials which would provide a
wider choice of substrate materials and the prospect of mass pro-
duction of low cost components integrated with the associated
electronics. Reactive sputtering is a commonly used method for
the deposition of thin films, since it is compatible with the planar
technology in addition to being a low temperature technique with
excellent thickness uniformity. A number of attempts to utilize
FBAR devices for different sensor applications, including both
gaseous and liquid phase sensing, have been reported in the last
decade [1,2]. They report of limited success for in-liquid oper-
ation since they have been restricted to the longitudinal mode
of operation which results in acoustic energy being radiated out
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into the liquid through compressional motion. The shear polar-
ization has proven to be the preferred choice for liquid operation
of bulk acoustic resonators as well as of plate mode and sur-
face acoustic resonators. Shear acoustic waves do not produce
any compressional motion into the liquid and thereby no energy
leakage [3]. Quite recently, it was reported of a low temperature
reactive sputter deposition process for AIN films with a 30° tilt
of the c-axis, which does not require any additional hardware
modification and is completely independent of the properties of
the substrate as well as is characterized with an excellent tilt uni-
formity [4]. It has also been demonstrated experimentally that
the inclined AIN thin films grown with the latter process are
suitable for the fabrication of shear mode TFBARs for liquid
phase mass sensors such as biosensors and that mass loading
from different concentrations of albumin could be resolved [5].

One of the most successful examples of electro-acoustic lig-
uid phase sensors has been the commonly used quartz crystal
microbalance (QCM) [6]. There are, however, a number of sig-
nificant differences between the QCM and the FBAR sensors as
follows.

First of all, the frequency of operation of FBARs is typi-
cally about 200 times higher than that of QCM. Most generally,
this leads to a much higher mass sensitivity, as the latter is a
square function of the frequency. Another frequency dependent
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effect is the acoustic wave attenuation, normally considered as
an absorption process due to material viscosity. For most of the
materials the acoustic wave attenuation increases with the square
of frequency leading to a quality factor degradation directly
proportional to the frequency of operation. Thus, the benefi-
cial effect of the increased sensitivity on the resolution at high
frequencies is moderated by the increased device instability [7].
In other words, these frequency dependencies have a significant
impact on the overall sensor resolution [7] and a trade-off is to
be pursued.

Secondly, FBARs are generally made of polycrystalline
materials, which introduce some uncertainties in the materials
properties.

Thirdly, because of the significantly higher frequency of oper-
ation FBARs are much more thinner than QCM making them
more fragile and susceptible to external loadings. Further, the
thickness of the piezo-material becomes comparable with that
of the electrodes, which in turn makes the FBAR heavily loaded
with a non-piezoelectric material, thus presuming a significant
impact of the electrode material and thickness over the sensor
performance. Hence, the latter will lead to substantial deviations
in the frequency shift due to viscosity variations (see below)
from the Stockbridge—Kanazawa theory [8,9]. A more precise
theoretical treatment, based on the Nowotny—Benes model [10],
including the influence of the electromechanical coupling as well
as that of the electrodes and the acoustic wave polarization angle
is provided inhere. In this analysis the damping due to viscous
loads is specifically addressed since its understanding will allow
FBAR design optimization for in-liquid operation in view of
improved sensitivity-to-noise ratio. The theoretical calculations
are compared with experiment.

2. Experimental
2.1. Fabrication

Standard FBAR structures with a tilted AIN film were fabri-
cated on 4 in. Si wafers using the reactive sputtering process pre-
sented in [4]. The bottom (and eventually the top) 200 nm thick
Al electrodes were patterned with standard lithography and dry
etching processes. Next, a 2 wm thick AIN film was deposited
and subsequently patterned to open contact holes to the bottom
electrode from the top side. The overlap between the top and
bottom electrode defines the active area of 300 wm x 300 pm
within which the acoustic wave is excited. The top electrode
has an asymmetric geometry to suppress the lateral excited
modes [11]. Figs. 1 and 2 show a schematic of the resonator
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Fig. 1. Schematic illustration of a shear mode FBAR resonator together with a
microfluidic transport system.

Fig. 2. Top view of the resonator. The ground contact pads are connected via
contact holes to the bottom electrode, while the signal contact pad in the middle
is connected to the top electrode.

in cross-section as well as top view of the fabricated resonator
respectively. Finally, the silicon wafers are etched from the back-
side, thus defining the freestanding thin film membrane. This is
done both to isolate the resonator acoustically from the substrate
as well as to create a cavity underneath the resonator contain-
ing the liquid to be analyzed. The cavity is further connected
to the top Si surface through a series of horizontal and verti-
cal channels, which form the microfluidic transport system for
analyte delivery to the bottom electrode of the resonator, see
Fig. 3.

2.2. Electrical characterization

One port electrical characterisation was performed with a
HP 8720D network analyzer by measuring the resonator admit-

Fig. 3. Photographic image of the measurement set-up. The probing to the con-
tacts is performed with a pico-probe seen at the bottom of the photograph. The
inlet and outlet pipes seen on either side of the pico-probe are connected to the
microfluidic channel system of the resonator via an o-ring seal.
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tance as a function of frequency. The instrument is limited to
1601 measurements points within a frequency sweep. In order
to improve the resolution for determining the resonance fre-
quency mathematical curve fits to both the admittance and the
impedance were made subsequently, from which fits the series
and parallel resonance frequencies are derived respectively. Sim-
ilarly, the series and parallel loaded Q values are calculated
directly from the slope of the phase as

o=20%2 1)
2 of fo
where the fj is the series and parallel resonance frequency and
@ is the phase of the impedance.
The dissipation D is generally defined as 1/Q. The total dissi-
pation Dy is the summation of the device dissipation in air Dy
and the dissipation due to the viscous load Dyjisc joad as

1 1 1

Dtot = DO + Dvisc,load =— 4+ —=—.
QO Qvisc,load Qtot

@)

The Dyjisc 10ad is then derived as Dot — Dyg.

3. Results and discussion

To avoid tedious repetition in the presentation it is noted that
unless stated otherwise all experiments and calculations are done
for shear mode AIN FBAR sensors having one of the surfaces
in contact with a liquid while the other surface being in contact
with air. The materials constants of single crystalline AIN are
used in the calculations.

3.1. Performance of the resonator

The resonance frequency of the shear mode was typically, in
therange 1.2—-1.6 GHz depending on the film and electrode thick-
ness, the electromechanical coupling around 2% and the quality
factor about 350 when operated in air. To create a biochemically
suitable surface for the subsequent experiments a 20 nm thick Au
layer was thermally evaporated onto the backside of the wafer.
The latter resulted in a 50 MHz decrease of the resonance fre-
quency as well as in a reduction of both the quality factor and
the electromechanical coupling. A typical resonator response in
air is shown in Fig. 4, where both the quasi-longitudinal and the
quasi-shear modes are clearly seen.

The resonator was then characterized in pure water. Fig. 5
illustrates the influence of water on the impedance response of
both the shear and the longitudinal mode for the resonator pre-
sented in Fig. 4 above. As seen, the response of the shear mode is
damped to a limited extent, while that of the longitudinal mode
has considerably deteriorated. The Q-values of the shear mode
FBAR are 310 (in air) and 150 (in water), respectively while
those of longitudinal FBAR are 220 (in air) and 30 (water),
respectively. In view of Eq. (2), this means that the dissipation
in water Dyisc_load 1S 0.0034 and 0.029 for the shear and longitu-
dinal mode, respectively.
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Fig. 4. Impedance magnitude vs. frequency for an AIN shear mode FBAR oper-
ated in air. Clearly seen are the resonances of the shear mode at 1.25 GHz and
the longitudinal mode at 2.15 GHz.

3.2. Effects of the polarization angle and the
electromechanical coupling

A variety of factors can affect the optimal performance of
a resonator sensor in viscous media. We now examine those
ones stemming from effects related to the polarization angle
and the electromechanical coupling. The polarization angle here
is defined as the deviation of the polarization vector from that
in the isotropic case, where only pure shear and longitudinal
modes exist. These effects were studied theoretically and illus-
trated experimentally. In the first instance, a resonator consisting
solely of a piezoelectric AIN film was considered (bare FBAR)
to exclude the influence of the electrodes. In hexagonal AIN
films with inclined c-axis two thickness excited modes can be
observed—one quasi-longitudinal and one quasi-shear. These
are not pure modes since the polarization angle is not zero. Such
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Fig. 5. Impedance magnitude vs. frequency for an AIN shear mode FBAR oper-
ated with one side in contact with water. Clearly seen are the resonances of the
shear mode at 1.25 GHz and the almost totally damped longitudinal mode at
2.15 GHz.
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Fig. 6. Polarization angle (solid line) and the electromechanical coupling kt2
(dotted liue) for the quasi-shear mode with varying tilt of the crystallographic
c-axis of AIN.

a deviation gives rise to a degeneration of the wave when prop-
agating in an isotropic liquid. [12,13] Thus, one pure-shear and
one pure-longitudinal degenerate modes originating from the
original quasi-shear one, are formed at the solid/liquid inter-
face. The longitudinal mode, being compressional, propagates
accordingly into the liquid, thus dissipating its portion of the
energy. The shear mode localizes its energy close to the surface,
thus contributing to a slight shift in the resonance cavity. The
shear mode, however, is reflected back into the solid with high
efficiency, thus retaining its portion of the energy within the
resonator. The impact of this degeneration effect on the FBAR
performance is strongly dependent on the polarization angle of
the shear mode as the latter determines the relative energy car-
ried by the two degenerate modes. The polarization angle and
the corresponding electromechanical coupling (k,z) as a func-
tion of the c-axis tilt, shown in Fig. 6, are readily derived by
solving the eigenvalue—eigenvector problem for the Christofell
set of equations [13]. Polarization angles not exceeding 5° are
observed reaching a maximum value at 35° c-axis tilt. Maxi-
mum electromechanical coupling of around 4.8% is achieved at
47° c-axis tilt. For quantitative estimation of the impact of the
polarization angle and coupling, the dissipation due to viscous
losses Dyisc_1oad 18 calculated with the Nowotny—Benes model
as a function of the c-axis tilt for both low (pure water) and
high (75% glycerol) viscous loads, respectively. These results
are presented in Fig. 7. The simulations assume a bare piezo-
electric AIN thickness excited shear resonator of a thickness of
2 pm and an area of 300 pum x 300 wm in contact with viscous
media.

The results can easily be explained in terms of the Butter-
worth and Van Dyke (BVD) equivalent lumped circuit model
(Fig. 8) which provides a direct relation between the measured
electrical quantities and the physical properties of the resonant
system [7]. Electrically, the system is represented by two paral-
lel arms representing the static capacitance Cy of the structure
and the acoustic wave contribution, respectively. The latter is
typically called “motional arm” and is in a direct relation with
the electro-acoustic properties of the materials used. At reso-
nance, the motional capacitance Cy, and the motional inductance
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Fig. 7. The dissipation due to viscous load of the shear mode resonator operated
in pure water (solid line) and in glycerol-water solution of 75% glycerol (dotted
line) as a function of the c-axis tilt of AIN.

Ly, cancel each other and the resistance of the arm equals the
motional resistance R,,. Thus, the behaviour of the resonator
at resonance frequency is determined by the impedances of the
static capacitance:

1

Zy| = —, 3
|Zol oCo 3

as well as that of the motional resistance:

(/2

Ry = ——. 4
m klza)Co @

Here w is the angular frequency, « the acoustic wave attenu-
ation and k,2 the electromechanical coupling.

In the case of relatively low viscous loads (water) the dissipa-
tion exhibits two characteristic regions of increased dissipation
(see Fig. 7). The first one, observed at small c-axis tilts and
marked as “capacitive drain”, is related to the diminishing elec-
tromechanical coupling resulting in a substantially increased
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O

Fig. 8. The equivalent circuit of the Butterworth and Van Dyke model of a
thickness excited resonator, where Cj is the clamped capacitance, R the series
resistance and Ly, Cr, and Ry, are the motional impedance, capacitance and
resistance, respectively.



470 G. Winggqvist et al. / Sensors and Actuators B 123 (2007) 466473

motional resistance, thus promoting significant device degra-
dation due to electrical drain through the static capacitance. It is
recalled that the motional resistance is proportional to the ratio
between the overall losses and the electromechanical coupling
(Eq. (4)). The second characteristic region, marked as “wave
generation” appears at relatively high couplings and is related
to the observed maximum in the polarization angle of the quasi-
shear mode.

In other words, as the polarization angle increases the acous-
tic energy leakage through the degenerate longitudinal mode
increases correspondingly as the energy carried by that mode
increases accordingly. In the relatively large viscosity case the
large viscous load generally results in an increased motional
resistance (see Eq. (4)), which increase can only be compen-
sated by high electromechanical coupling. Hence, the minimum
in the dissipation observed in this case (Fig. 7) corresponds to
the region of high couplings in Fig. 6. It is noted that the “wave
generation” loss mechanism is still present in this case, but its
magnitude is negligibly smaller than that of the viscous losses
and hence, its contribution is marginal in comparison. Finally,
the slight increase in the dissipation at high c-axis tilt angles is
due to the decline in coupling which in this case is insufficient
to compensate the large viscous losses.

The above findings can be summarized as follows. For vis-
cous media with viscosity similar to that of water acoustic
leakage through the degenerate longitudinal mode is apprecia-
ble for polarization angles larger than 3°. Optimal operation is
achieved for c-axis tilts close to 90° (a-textured AIN films) where
the mode is almost pure and the coupling is still sufficiently large
to compensate for the viscous losses. For media with viscosity
much larger than that of water the acoustic leakage losses can be
neglected. Much more important in this case is the magnitude of
the coupling coefficient, since high couplings counter weigh the
large viscous losses yielding moderate values of the motional
resistance (Eq. (3)). In both cases very low coupling coefficients
yield very high motional resistance leading to deterioration of
device operation through capacitive leakage. In such cases the
only remedy is to tune out the static capacitance by additional
circuitry [14]. Most generally it can be said that the deficiency
in coupling increases with the viscosity. Needless to say that the
above conclusions are strictly valid for the case of AIN although,
qualitatively they can be extrapolated to arbitrary materials.

3.3. Effects of the viscosity of the surrounding media

Both the damping and the resonance frequency shift depend
on both the viscosity and the density of the surrounding medium.
A classical experiment for studying more or less exclusively
the viscosity effects in QCM resonators has been their char-
acterization at different concentrations of glycerol [15], since
the glycerol density varies only marginally with the glycerol
concentration. Here, we perform a similar characterization both
theoretically and experimentally of FBARs by varying the glyc-
erol concentration so that the viscosity was varied in the range
0.01P (0% glycerol) to 0.20P (70% glycerol). The simula-
tions use the Nowotny—Benes model now assume a realistic
resonator, corresponding to the one used for the experimental
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Fig. 9. The experimental results (squares), theoretical prediction using the
Nowotny—Benes (dotted line) and theoretical predictions using the Stockbridge
equation (dashed line) for the dissipation change of a FBAR in contact with
liquid with varying viscosity.

measurements, consisting of 1750 nm thick AIN, 280 nm thick
Al electrodes and 20 nm thick Au deposited on the side which
is in contact with an infinite viscous medium. The tilt of the
AIN film is assumed to be 28° while the area of the resonator is
300 pm x 300 pm. In Figs. 9 and 10 along with Table 1, the dis-
sipation and the sensitivity obtained with the Nowotny—Benes
and the Stockbridge models are compared with experimental
measurements. Simulations were also made excluding the non-
piezoelectric metal layers to study the influence of the electrodes
on the dissipation. In Table 1, it can be noted that the presence
of the contacts leads to a significant increase in the dissipa-
tion, especially at high viscous load, and that the addition of the
20nm Au layer further increased the dissipation bringing the
simulation even closer to the experimental values. The latter is
associated with the acoustic matching between the metal layers
and water. The latter effect promotes higher viscous sensitivity
as well. It is noted that viscous damping within the soft metal
materials is not included in the calculations; only damping due
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Fig. 10. Experimental results (squares), theoretical prediction using the
Nowotny—Benes (dotted line) and theoretical predictions using the Stockbridge
equation (dashed line) for the normalized frequency shift of a shear mode FBAR
in contact with liquids of varying viscosity.
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Table 1

Dissipation due to viscous load in water and in 70% glycerol calculated with Stockbridge equation and with the Nowotny—Benes method (NB) utilizing different

resonator structures

Stockbridge NB without electrodes NB with Al contacts NB with Al contacts +20 nm Au Experimental value
AD in water (x1073) 2.1 2.4 3.1 4.6 4.4
AD in 70% glycerol (x1073) 9.5 11 34 48

Corresponding experimental results are also presented.

to the viscous load from the liquid is taken into account. The one-
dimensional treatment provided by the Nowotny—Benes model
appears to be in a better agreement with the experimental obser-
vations, since it includes the effects of both capacitive drain and
wave polarization in addition to taking into account the whole
topology of the resonator. Expectedly, the dissipation and sen-
sitivity predicted by the model are somewhat lower and higher,
respectively as compared with the experiment. The observed dif-
ferences can be attributed to two- and three-dimensional effects,
not included in the analysis, related to the existence of a lateral
component in the propagation vector. The latter is represented
by the non-uniform distribution of the wave amplitude in the
lateral direction promoting, thus an energy leakage through lat-
erally propagating plate modes [16]. Typically these modes have
a degrading influence over the device quality factor since they
are uncoupled from the resonant cavity, thus being useless for
sensing purposes. The Stockbridge model as seen deviates sub-
stantially from the experiment since it does not take into account
the influence of the wave polarization and the electrical match-
ing between the resonator static capacitance and its motional
arm. It is to be noted that the influence of the electrical match-
ing over the sensor performance is quite strong especially when
high viscosities are to be measured.

3.4. Mass sensitivity and resolution in viscous media

The resolution is defined by the ratio between the stabil-
ity and sensitivity. Consequently estimations of the resolution
requires estimation of the both the stability and sensitivity. In
initial FBAR studies for sensor applications one major con-
cern was the anticipated high noise level that would naturally
result in insufficient resolution. It has recently been reported,
however, that the mass resolution of shear mode FBAR sen-
sors when operated in liquids is already of the same order as
conventional QCM sensors [5,17]. To make a proper compari-
son, though, noise measurements and characterisation must be
standardised. There exists an IEEE standard procedure suggest-
ing how to calculate the noise of oscillators from data sets in
the time domain commonly known as the Allan deviation [18].
In addition, a number of researchers use a different procedure
known as the threefold standard deviation [17]. Table 2, shows
one and the same stability measurement of a shear FBAR res-
onator represented in terms of both the Allan deviation and the
threefold standard deviation, with its corresponding detection
limit [5]. It is noted that these measurements were performed
under non-controlled conditions, i.e. in an ordinary office envi-
ronment without taking any precautions regarding temperature
drift, humidity, vibrations, dust, etc. In the same context, it is

noted that the FBARS in this work normally exhibited a temper-
ature coefficient of frequency in the range of —25 ppm/°C. As
seen, a difference in the detection limit by up to a factor of 10
can be seen between the two methods. The point being made
here is that reporting resolution figures in the literature is highly
ambiguous unless the method for determining the stability is
clearly specified.

As stated in the introduction FBARS represent heavily loaded
resonators and as such the electrode properties are expected to
have an appreciable impact on sensor performance, including
sensor mass sensitivity. Estimation of the FBAR mass sensi-
tivity was again done by employing both the NB model and
the Sauerbrey equation. The mass sensitivity was calculated by
adding a 0.2 nm gold layer onto two different structures operated
at the same frequency. For a bare (without electrodes) 2500 nm
thick AIN FBAR operating at 1.23 GHz the mass sensitivity in
water is calculated to be 1.5 MHz cm?/g with the NB model
and the same with the Sauerbrey equation. On the other hand, the
mass sensitivity according to the NB model of a realistic FBAR
structure for biosensor applications (1750 nm AIN, 280 nm Al
bottom and top electrode and an additional 20 nm Au layer, for
chemical stability) operating at the same frequency (1.23 GHz)
is 2.9 MHz cm?/pg, that is, almost a factor of 2 higher. The
observed increase of mass sensitivity is attributed to the sig-
nificant loading of the resonator. Since, the thickness of the
electrodes in this case comprises almost one forth of the total
resonator thickness and the latter now represents a composite
resonator. Under these conditions the first order approxima-
tion in the Taylor expansion of the mass sensitivity [19] is no
longer valid and higher terms in the Taylor series have to be
included, resulting in a non-linear behaviour of the mass sen-
sitivity with mass loading. In addition, for proper estimation
of the mass sensitivity of a composite resonator the material’s
constants of the electrodes need to be taken into consideration,
which is the case with the NB model but not in the treatment in
Ref. [19].

Finally using noise thresholds from both the Allan deviation
and the threefold standard deviation as well as estimates of the

Table 2
FBAR stability measurements in water under non-controlled conditions

Series Parallel
(0] 160 140
f(GHz) 1.236 1.245
Detection limit with Allan deviation (Hz) 856 298
Detection limit with standard deviation (Hz) 2922 3767
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sensitivity based on both Sauerbrey and the NB model yields
values for the resolution ranging from 0.3 ng/cm? to 7.5 ng/cm?,
respectively.

4. Conclusions

Thin film thickness excited shear acoustic wave resonant
sensors have been designed, fabricated and characterized. The
in-liquid performance of these devices has specially been
addressed. The above results illustrate clearly that the tilted thin
film electro-acoustic sensor technology represents a competi-
tive alternative to the single crystal QCM technology, since it is
characterized with extreme sensitivity, higher resolution, small
size, low cost and is compatible with the standard IC technol-
ogy. The mass resolution demonstrated even in a non-controlled
environment excels that of QCM.
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