Available online at www.sciencedirect.com

ScienceDirect

Sensors and Actuators A 142 (2008) 322-328

SENSORS
ACTUATORS

A

PHYSICAL

www.elsevier.com/locate/sna

Localized-mass detection based on thin-film bulk acoustic
wave resonators (FBAR): Area and mass location aspects

Humberto Campanella®®*, Arantxa Uranga®, Albert Romano-Rodriguez®,
Josep Montserrat®, Gabriel Abadal®, Nuria Barniol®, Jaume Esteve 2

4 Centro Nacional de Microelectrénica CNM-CSIC, Campus UAB, 08193 Bellaterra, Barcelona, Spain
Y Universitat Autonoma de Barcelona, School of Engineering, Department of Electronics Engineering, Edifici O, 08193 Bellaterra, Barcelona, Spain
¢ Universitat de Barcelona, Department of Electronics, ¢/Marti i Franqués, 1, Barcelona E-08028, Spain

Received 29 September 2006; received in revised form 24 April 2007; accepted 8 May 2007
Available online 22 May 2007

Abstract

Localized-mass sensors using thin-film bulk acoustic resonators (FBAR) have been implemented for the study of sensitivity and possible
configurations in biological applications. In a first experiment, a group of resonators are loaded with the same amount of mass but different contact
areas, achieving responsivities as high as 10~!° g/Hz, and potential sensitivities in the order of 10~'* g. These numbers are at least one order of
magnitude higher than those obtained for uniform thin-film loadings, although it is clear that sensitivity decreases with the area of the localized-
mass. The current phase-noise levels and the quality factor of resonators would allow measuring frequency changes of 30 kHz — the minimum
measured frequency shifting has been 500 kHz so far — due to a mass deposition of 9.0 x 1075 g. In a second experiment, localized-loadings
with the same mass are located in different positions of the top electrodes of the corresponding FBARs. It was found out that a location change
of the mass in the electrode causes different magnitudes of frequency shifting. A discussion on these topics is opened, in order to define future

applications and research lines concerning localized-mass sensing in FBARs.
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1. Introduction

The high sensitivity of thin-film bulk acoustic resonators
(FBAR) makes this technology a suitable candidate for high-
frequency applications, from radio-frequency to bio-molecular
or chemical detection. Mass-sensing systems, in which quartz
microbalances (QCM) have been a key technology, are now
re-thought to be implemented with FBARs, taking advantage
of its higher sensitivity compared to QCMs [1-4]. Specifi-
cally, the ability of FBARSs to perform localized-mass detection
was demonstrated in [1]. Other technological approaches, like
nano-electro-mechanical (NEMS) resonators, have also proved
to achieve a very high sensitivity in localized-mass detection
applications [5-7].
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In this work, different aspects of the location and contact
area of the localized-mass deposition concerning the frequency
response of the sensor are analyzed. “Localized-mass” refers
to a material or compound deposited on the electrode of the
FBAR, its dimensions being small enough compared to the
electrode’s area. In Fig. 1 a localized-mass deposited on the
top electrode of a sample FBAR is shown. This load brings
about down-shifting of the resonance frequency of the FBAR, by
means of the so-called mass-loading effect. The loading is usu-
ally carried out through the growing or deposition of a thin-film
material uniformly distributed on one electrode of the resonator,
covering the whole active surface of the device. The fabrica-
tion technology determines the manner and the electrode on
which the uniformly distributed mass is deposited. The mass
loading affects the sensor’s frequency response, lowering its
resonance frequency (fy). This frequency change Af'is propor-
tional to the amount of deposited mass (Am), and is evaluated
in the Sauerbrey—Lostis equation [8] by: Aflfo = Am/mg (where
my is the unloaded resonator mass). This model is valid if Am
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Fig. 1. Scanning electron microscope (SEM) image of a localized-mass
deposited on the top electrode of the FBAR.

is less than 2% of myp). Although the loading-mass is usually
distributed on the overall area of the electrode through thin-
film growing or PVD/CVD deposition, in this work loading is
performed through the focused-ion-beam-assisted deposition of
a localized-mass on the top electrode of the FBAR. In order
to evaluate the mass-detector performance, two main param-
eters are used: responsivity and sensitivity. Mass responsivity
R, is defined as the change in frequency response per unit-mass
change [Hz/g], butin certain cases it is more convenient to handle
the inverse responsivity R,! [g/Hz]. In this context, the mini-
mum detectable mass change, or mass sensitivity, is calculated
as the product Af x R, [9].

Due to the smaller size of an FBAR and the higher acoustic
constants and densities of the materials used in their fabrica-
tion — usually AIN or ZnO - its mass sensitivity is highly
improved in relation to the QCM [10,11]. As it was demon-
strated in [1], localized-mass detectors based on FBAR exhibit
improved responsivity and sensitivity — between one and two
orders of magnitude — in comparison with distributed-mass
detectors. However, the relationship between mass-sensing per-
formance and location of deposited mass in the FBAR still
needs further study. The contact area between mass and FBAR
is another important parameter in the localized-mass detector
performance. The impact of both aspects on the mass sensing is
still to be analyzed, in order to broaden our knowledge about
the localized-mass detector based on FBAR, and to develop
future applications. For these reasons, this work is focused on
AIN piezoelectric thin-films and on the exploration of different
location and contact-area capabilities of localized-mass FBAR
Sensors.

2. FBAR technology and mass deposition
In order to implement a localized-mass sensor, a group of

FBARSs was designed, fabricated and mass-loaded. The FBAR
sensors were implemented as a sandwiched aluminum nitride

Top Electrode
(TifPt)

PAD Si0,

Bottom Electrode
(Ti/Pt)

Si substrate

Fig. 2. Cross-sectional view schematic of the FBAR process. The FBAR is
released by front-side micro-machining of the silicon substrate.

(AIN) membrane (1 wm-thick), sputtered on top of a plat-
inum/titanium (Pt/Ti) layer (150/30 nm-thick), deposited on a
silicon (Si) substrate, and released by front-side micromachin-
ing of Si to obtain a surface area of 50 um x 70 wm for the top
Ti/Pt electrode. With this configuration, the resonators’ reso-
nance frequency is around 2.3 GHz. A schematic of the FBAR
process is depicted in Fig. 2. First, an isolating silicon oxide
layer is deposited on top of the silicon substrate to provide elec-
trical isolation and diminish rf losses. This layer is etched to
provide a window to silicon when the releasing of the FBAR is
performed in the last step of the process. Next, the bottom Pt/Ti
electrode is deposited on the silicon-oxide layer. In this config-
uration, Ti serves as an adhesive layer for Pt, and the latter as a
compatible substrate for the crystallographic structure of AIN.
At the same time, the Pt/Ti layer serves as bottom electrode for
the FBAR, and will be lifted-off to define the electrode area.
Once this area has been defined, the AIN piezoelectric layer is
deposited by rf sputtering and wet-etched in a TMAH-like solu-
tion. The top Pt/Ti electrode follows the same processing steps
described for the bottom electrode. Finally, the releasing of the
FBAR is performed by means of front-side reactive-ion etching
(RIE) of Si, with a SFg and O; atmosphere in the RIE-machine-
chamber. Considering this fabrication process, mass-loading is
performed by depositing small bodies of a C/Pt/Ga composite on
the top electrode of the FBAR (back-side bulk-micromachining
processes often load the bottom electrode of FBAR-based sen-
Sors).

Deposition of mass-loads on selected areas of the top elec-
trodes was performed inside a focused-ion-beam (FIB) machine,
in order to test FBAR capabilities for localized-mass detection.
For this purpose, a platinum-containing metalorganic precursor,
injected in the sample’s chamber, was decomposed by the ion-
beam, giving rise to the localized deposition of an amorphous
compound containing C, Pt and Ga (65, 27 and 8%, respec-
tively) in the area scanned by the beam—its mass density being
around 4 g/cm?>. A detailed description of this procedure can be
found in [12]. First, we analyze the effect of mass and contact
area of the load on the mass responsivity of the FBAR. In this
paper, the expression “localized-mass” refers to a material or
compound deposited on the electrode of the FBAR, the size of
the mass being small compared to the electrode’s area. Conse-
quently, the deposition may be spatially selective to obtain the
desired sensing configurations or working conditions. In these
experiments, for example, the deposited-mass area for each one
of the samples is always less than 0.7% of the electrode’s surface
(0.06% being the typical case). The characterization of scattering
parameters, before and after the localized-mass deposition, was
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Fig. 3. Magnitude of the transmission scattering parameter S21 (dB) of an FBAR
sensor, before (dotted line) and after FIB deposition (continuous line). Down-
shifting of the resonance frequency is experimented after mass-loading of the
FBAR'’s top electrode.

carried out by means of an Agilent E5100A network analyzer
and a co-planar-probe rf measurement station. Fig. 3 shows the
magnitude of the S21 parameter for a rectangular-shaped FBAR,
before and after deposition of a 25 pum?-area square body corre-
sponding to a mass of 4.97 x 10~ g. Down-shifting of 28 MHz
in the resonance frequency is observed. In Table 1, we specify
the amount of mass, frequency shifting, mass responsivity and
shifting factors for the loading of three resonators. The shifting
factors help us understand the proportionality between mass and
frequency change.

3. First study on responsivity: constant-area,
localized-mass deposition

A first experiment, intended for the study of the mass
dependency of responsivity, was carried out by depositing a
1.5 pm x 1.5 pm square-shaped composite of C/Pt/Ga on the
geometric center of the top electrode of a group of resonators.
A localized-mass of different thickness was deposited on each
FBAR, in order to explore a range of masses. In this experiment
we tested thicknesses of 1, 20, 100 and 400 nm, correspond-
ing to a range of deposited masses between 9.0 x 10~ and
3.6 x 10712 g. In Fig. 4 the change of resonance frequency
against the amount of deposited mass is plotted. Due to the wide
range of deposited mass, the x-axis is presented in logarithmic
scale.

Table 1
Mass responsivity of the FBAR for localized-mass deposition made with FIB
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Fig. 4. Frequency shifting against mass-loading. Different masses with the same
contact area (1.5 pm x 1.5 wm) are deposited on the center of the top electrode
of the FBAR sensors.

In this figure, we can analyze responsivity [g/Hz]. In this
experiment, the mass responsivity of the studied FBARs changes
from tens of zg/Hz to ag/Hz. This value is competitive with
respect to other NEMS technologies previously reported [5-7],
and is specific for this mass-loading configuration. Later in this
section, it will be shown that responsivity depends on both loca-
tion and area of the localized-mass. Sensitivity [g] — minimum
mass change that can be detected with the current measurement
set-up and FBAR configuration — can be predicted by measur-
ing the minimum frequency-shifting Af that the set-up is able
to detect, and by multiplying this value by the experimental
mass responsivity. The set-up’s minimum frequency shifting
was found to be Af=30kHz, calculating from the phase of the
transmission S21 parameter. First, the phase noise is quantified
from a zero-span acquisition, at the series resonance frequency
(2.3 GHz). Next, the resulting value is divided by the phase slope,
which is calculated from differentiation of the phase curve and
evaluated at the series resonance frequency, thus obtaining a
predicted average sensitivity value of 2.1 x 10~!# g, Although
devices with the same configuration and similar performance
and phase-noise conditions were used in these measurements,
sensitivity values range from 5.0 x 10716 t0 5.0 x 10~* g, for
deposited masses in the range of 9.0 x 1071 t0 3.6 x 10712 g.
On the other hand, it is important to note that measuring of
Af allows the prediction of sensitivity, in order to determine
the mass resolution of the system. Further experiments with the
deposition of localized-mass on top of an FBAR, causing a fre-
quency shifting around Af, would allow to draw conclusions

Mass deposited (g) Frequency change (Hz)

Mass responsivity Ry, (g/Hz)

Mass-shifting factor (mo/m;) Frequency-shifting factor (Afo/Af;)

Amp: 4.9 x 1071 Afy: 2.86 x 107 1.74 x 10722
Amp:1.8x 1071 Afi:7.09 x 106 2.54 x 10722
Amy: 9.0 x 10716 Afs: 3.15 x 100 2.85x 10722

1 1
2.8 4.0
55 9.1

Three devices with a resonance frequency of 2.28 GHz are tested. The mass and frequency-shifting factors evidence a proportionality of frequency change with the

amount of deposited mass.
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about the actual mass sensitivity of the mass sensor. As for the
sensitivity values obtained and the actual range of the deposited
localized-mass, it can be deduced that the mass-sensitivity limit
needs to be ultimately determined.

Concerning the incidence of FIB-deposition in the physical
characteristics of the FBAR, additional experiments showed no
appreciable electro-mechanical changes in the behavior of the
FBAR. For example, resonance frequency and quality factor
were not affected. This experiment was carried out by selecting
some devices, which were exposed to the ion-beam, both for
imaging and deposition of very small masses—not expected to
change the resonance frequency. In both cases no significant
changes in the electrical behavior of the FBAR were observed.
In the following section, we study the area-dependent effects
on the responsivity of localized-mass FBAR-sensors. In order
to complement the first experiments, more testing was carried
out with resonators on which loads having the same masses but
different contact areas were deposited.

4. Second study on responsivity: constant-mass
deposition and loading-area dependency

Deposition of the same amount of mass on the center
of each resonator of a second group was performed, thus
modifying both thickness and lateral size of the localized-
loading to preserve the amount of deposited-mass. Initially, three
loads with contact areas of 1.5 pm x 1.5 pm, 4.2 pm X 4.2 pm,
and 6.0 pm x 6.0 wm and thicknesses of 400, 50, and 25 nm,
respectively, were deposited—these geometrical configurations
corresponding to a mass of 3.6 x 10~!% g. Taking a square of
1.5pm x 1.5 um as the reference area to calculate the rela-
tive area of deposited mass — the same as in the previous
experiment — Fig. 5 illustrates the inverse relationship between
frequency shifting and contact area of the loading-mass (in
Fig. 5, “1” means a square-shaped unit-area of 1.5 wm x 1.5 wm,
“10” is 10 times the unit-area, etc.). An alternative experi-
ment was performed in order to analyze this find in greater
detail by covering the whole surfaces of the top electrodes
of several devices with a uniform thin-film of magnesium

2.0
181
16-
14-
12- -
10-
0.8

Frequency Shift (MHz)

0.6
0.4

02 T T oo T T T LR | !—
1 10 100 1000
Relative Area (um2/um2)

Fig. 5. Frequency shifting against normalized contact area of localized-mass
deposited on top of the FBAR. In this experiment the amount of deposited mass
is always the same (3.6 x 10~12 g).

fluoride (MgF,). For uniform-film deposition, responsivity
was measured to be 1.50 x 10~17 g/Hz, which is worse than
that for the localized-mass cases analyzed in the first exper-
iment. On the other hand, the average responsivity of this
constant-mass different-area experiment was 5.8 x 1078 g/Hz,
and the predicted sensitivity was 1.75 x 10713 g. These num-
bers represent a decrease in responsivity and sensitivity of
one order of magnitude in comparison with the first experi-
ment, confirming the area-dependent nature of the sensor’s per-
formance.

5. Combined area-by-mass evaluation of responsivity

Although the first and second experiments demonstrate to a
great extent the effects of the amount of mass and area on the
responsivity of the FBAR sensor, a third experiment combin-
ing the configurations of previous experiments was carried out.
This experiment — using samples with an arbitrary configuration
of the loading mass — was designed with the aim of generaliz-
ing the results obtained before. For this purpose, loading with
different masses and areas was performed in additional FBAR
sensors. In order to provide the study with a rational comparison
for the variety of configurations presented in this experiment, it
was necessary to define a normalization parameter, as it had
been done in the former experiments with mass and area. Here,
the mass-by-area product normalizes the effect of the differ-
ent configurations. First, in Fig. 6, the frequency shifting due to
mass-loading is plotted against the mass-by-area product. In this
figure the unitary value is a mass of 3.6 x 107! g with a contact
area of 1.5 pm x 1.5 pm. The values in the x-axis are obtained
from the mass-by-area product of the current sample. Due to
the large range of mass and area configurations, the x-axis is
presented in logarithmic scale.

As observed in Fig. 6, the relationship between mass and
frequency shifting is non-linear when masses covering a range
of several orders of magnitude are deposited. The mass-loading
effect had been assumed to be linear for loading-masses in the
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Fig. 6. Increase of frequency shifting with the normalized product of deposited
mass-by-contact area. A mass of 3.6 x 107'2>g with a contact area of
1.5 wm x 1.5 pm is taken as the normalization reference.
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same order of magnitude, as it was suggested by the plotin Fig. 5.
Further information on this subject is given in Fig. 7a and b: (a)
the normalized shifting of the resonance frequency against the
normalized mass-by-area loading, and (b) the change of respon-
sivity (g/Hz) against the normalized loading. Again, the large
range of the mass-by-area product of deposited loads — several
orders of magnitude — made the use of logarithmic scale in the
x- and y-axes necessary. It is important to note that in Fig. 7a, the
frequency shifting with respect to the mass-by-area product has
been normalized (y-axis). In this way, we illustrate how big the
change in the resonance frequency would be if the sensor had
been loaded with a smaller load, given the current frequency-
shifting behavior—due to larger loadings, both in mass and
area.

What Fig. 7a actually indicates is that, when the FBAR sensor
is loaded, resonance frequency shifts down less for bigger loads
— both in area and mass — than for smaller ones. This fact can
also be seen from the responsivity point of view. In Fig. 7b it is
shown that responsivity worsens when the size or the mass of the
localized-load are increased. Both interpretations offer different
points of view of the localized-mass-loading effect.
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Fig. 7. Frequency shifting of the FBAR sensor for a variety of loadings: (a) rela-
tive frequency shifting against normalized mass-by-area; (b) responsivity [g/Hz]
against normalized mass-by-area. Again, the reference mass is 3.6 x 10712 g
with a contact area of 1.5 pm x 1.5 pm.

6. Effect of the localized-mass-deposition location on
responsivity

In the previous mass-loading experiments, the localized-load
was always deposited on the center of the top electrode of res-
onators. Now, we present another experiment, carried out in
order to test if responsivity and sensitivity are dependent on the
region of the electrode on which the localized-mass is deposited.
In this sense, this experiment might give information concern-
ing responsivity and resonance mode-shaping as well. Given this
scenario, the center of the resonator is taken as the geometric
reference point for localized-mass deposition and observation
of the related frequency shifting. Reference axes are also to be
defined for deposition purposes. The schematic of Fig. 8 rep-
resents a top view of the FBAR, depicting the center of the
resonator as a square-shaped spot, with three lines, one named
lateral and two diagonal, crossing it. The lateral axis crosses the
center of the FBAR, following the y-axis orientation (although it
could also be defined in the x-axis orientation, in the context of
this paper it will be understood only in the y-axis sense). Specif-
ically, the localized-mass is deposited along this line, near the
border of the electrode (far from the center and following the
y-axis direction). The diagonal line connects the opposite cor-
ners of the electrode, crossing the center. The mass is deposited
close to one of the corners and along the diagonal line.

Once the location of the localized-loads was defined, three
depositions with the same mass and contact area were made
on the center, and on the lateral and diagonal axes of the top
electrodes of three different resonators. As a result of this exper-
iment, the center of the FBAR proved to be the region of the
electrode’s geometry with the best responsivity, as it is detailed
in Table 2. Previous work on atomic-force microscopy-based
scanning of FBAR electrodes revealed that the amplitude of
oscillation at resonance is related to the mode shape at this
frequency. In [13], the vertical displacement of the FBAR’s lon-
gitudinal resonance modes was bigger in the central region of the
resonator. This could explain the higher sensitivity and respon-
sivity values for this region found in this experiment. These
results are also coherent with experimental data obtained for
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Fig. 8. Top-view schematic of the FBAR depicting the top electrode and axes
for localized-mass deposition. A square spot, crossed by three lines, two named
lateral and one diagonal, is drawn in the center of the resonator.
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Table 2
Dependence of the FBAR responsivity on the axis of the top electrode on which
the localized-mass is deposited

Region Mass (estimated; g) Af(MHz) Responsivity (g/Hz)
Center 3.6 x 10712 1.90 1.90 x 10719
Diagonal 3.6 x 10712 1.13 3.19x 1071
Lateral 3.6 x 10712 0.98 3.65 x 10717

quartz crystal microbalances, in which localized silver spots are
deposited on several positions along the diameter of quartz res-
onators [14]. Similar experiments have been carried out with
crystal resonators immersed in liquid environments [15]. In these
experiments mass sensitivity and amplitude distribution curves
were found to follow a Gaussian function [16], the maximum
being found at the center of the resonator’s electrode. Since the
mode shaping of resonance induces deformation in the vertical
geometry of the FBAR, an explanation for improved sensitivity
of the central region may be given in terms of different inertial
fields generated on the surface of the electrode [17]. Regarding
this explanation, the central region exhibits higher sensitivity,
probably due to bigger acceleration forces — inertial field — in
the center of the FBAR.

As commented in the above paragraph, the mass location
effects on the resonance frequency could be understood in terms
of the expected resonance modes of the mass-loaded FBAR.
Nevertheless, this analysis could also be made from a differ-
ent point of view: an extension of this experiment, in which
localized-mass would be deposited on several resonators, could
be used to study the resonance modes of our FBAR. This way,
we could build the topography of the top electrode at reso-
nance. Although this method is discrete — not the whole surface
is analyzed but only selected points — it offers a good alter-
native to more complex microscopy-based methods studying
FBAR topology at resonance [18-20]. The resonance mode of
the FBAR affects responsivity as much as the size and mass
of the load do. In the current stage of this work, a reference
rectangular-shaped geometry has been the basis for the fabrica-
tion of tested resonators. Since the actual shape of resonance is
strongly dependent on the lateral geometry of electrodes, future
stages of this work would include an investigation of FBAR’s
responsivity as a function of the FBAR electrode’s shaping.

7. Conclusions

Different experiments were conducted with FBAR-based
localized-mass sensors, in order to study their responsivity
and sensitivity in various localized-mass configurations. The
achieved responsivities proved to be very competitive compared
to NEMS technologies, specifically for the cases in which small-
sized and small-mass loading is performed on the FBAR sensor.
It was demonstrated that the responsivity of the localized-mass
sensor changes when different-sized loads are deposited, thus
opening a broad variety of size-based applications. Hence, the
mass-loading configuration should be designed according to the
target purpose. FBAR devices may be implemented as selective-
particle sensors, which are of special interest in bio-molecular

applications, like DNA and protein detection. Also, evaluation
of the active-sensor area is an interesting subject to be studied
in the future. Since responsivity is location-dependent, it deter-
mines both the application and design of the sensor. Future work
should include further analytical and experimental evaluation of
mode-shaping, based on topographic study of the electrode at
resonance.
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