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bstract

An AlN thin film electro-acoustic resonator has been fabricated employing a reactive sputtering process for the deposition of an AlN thin

lm with inclined c-axis for excitation of the shear mode for operation in liquid media. The main objective is to investigate the efficiency of the
icro-fluidic channel system integrated in the silicon wafer underneath the AlN resonator. A comparative study between the shear mode thin film

ulk acoustic resonator (FBAR) and a quartz crystal microbalance (QCM) using a competitive antibody–antigen association process for detection
f drug molecules is presented.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In recent years there has been substantial progress in the thin
lm electro-acoustic (TEA) technology for the fabrication of

hin film bulk acoustic resonators (FBAR) utilizing the thickness
xcited shear mode for sensing in liquid media [1,2]. Reactive
puttering is the preferred method for depositing the piezoelec-
ric material (AlN, ZnO, etc.) owing to its numerous advantages
ot the least being part of the planar technology. This opens the
ossibility for mass production of integrated sensors. The TEA
echnology has also the advantage, compared to the single crystal
ase, that low cost devices operating in the GHz range can now
e fabricated, implying the fabrication of low cost, miniature
iosensors with extreme sensitivities.

There exists certain skepticism as to whether the FBAR sen-
or technology would have a higher mass resolution as compared
o quartz crystal microbalance (QCM) since the f × Q prod-
ct of the FBAR materials is much lower than that of quartz.
ecent noise studies [3,4] of FBARs performed with a Net-
ork Analyzer, however, indicate that the mass resolution of
lN FBARs operated in liquids is equal to if not better than that
f QCM, despite the fact that the FBARs were evaluated under

on-controlled conditions. Admittedly, the mass resolution was
stimated under the assumption that the sensitivity obeys the
auerbrey equation.

∗ Corresponding author. Tel.: +46 18 471 33 84; fax: +46 18 55 50 95.
E-mail address: guwin@angstrom.uu.se (G. Wingqvist).
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In a further development, to improve their temperature sta-
ility a practically complete temperature compensation (in the
ange 25–95 ◦C), of a shear mode AlN FBAR, has recently been
emonstrated by employing a SiO2 compensation layer [5]. This
s believed to further improve the stability of the FBAR for future
pplications.

Returning to the discussion on mass resolution it has also
een shown [4] that FBARs must be viewed as heavily loaded
esonators, since the non-piezoelectric electrode metal layers
ake up a considerable part of the resonator acoustic path. This

esults in a non-linear behavior of the mass sensitivity with mass
oading and more specifically loaded resonators exhibit a sub-
tantially increased mass sensitivity. Thus, in the same study [4]
t is shown that the mass sensitivity of an FBAR resonator addi-
ionally loaded with an Au layer (needed for chemical stability)
ncreases the mass sensitivity by a factor of two as compared to
hat calculated from the Sauerbrey equation.

All these findings strongly indicate that FBAR-based biosen-
ors would exhibit both high sensitivity and high resolution.
evertheless, there are still a number of issues which need to
e addressed, namely definition of the micro-fluidic system and
hoice of materials, wetting of the sensors surface, sensor func-
ionalisation and packaging, the influence of the high frequency
n the biochemistry, integration with the read-out electronics,
tc.
The focus of this work is to experimentally study the mass
ransport efficiency of the integrated micro-fluidic transport sys-
em of the FBAR by performing a comparative study between a
hear FBAR operating in the GHz range and a QCM in the MHz

mailto:guwin@angstrom.uu.se
dx.doi.org/10.1016/j.snb.2007.07.051
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while the channels as a whole is void of sharp edges.

Next, the backside of the wafer is deposited with a 10 nm
titanium adhesion layer followed by a 20 nm thick Au film
by thermal evaporation providing thus a suitable surface for
G. Wingqvist et al. / Sensors an

requency range. To make a meaningful comparison, however,
number of issues had to be considered in order to account for

he inherent differences between the QCM and the FBAR sen-
or. First the higher frequency of operation result in a shorter
ensing length of the FBAR to be shorter than for the QCM due
o shorter penetration depth of the acoustic shear wave in liquid
edia. To investigate the sensing length of the FBAR sensor is

ut of the scope of this study. It is, therefore, most practical to
se a chemistry where the sensing occurs close to the surface. In
ddition, the chemistry must be well established and robust so
hat differences in surface roughness and quality could be easily
liminated. The reaction should be of high affinity but have a
hort critical distance for reaction so that reaction only occurs
f the species are brought together in close proximity by flow
nd/or diffusion.

In view of this a commercial affinity-based chemistry
eveloped by Biosensor Applications AB, which utilizes a com-
etitive antibody–antigen association process for the detection
f drug molecules in a rough environment was chosen. In the
ase of small molecules such as narcotic analytes the competi-
ive binding will also give higher sensitivity, as described below.
wo types of drug analytes, cocaine and heroin respectively, have
een tested together with their corresponding biochemistries.

. Theory

The interaction between an antibody and its antigen depends
oth on the adsorption and desorption kinetics of the system as
ell as on their transport to the surface. The response of the

ensor will therefore depend on both the reaction kinetics and
he mass transport of the reactants. The slowest of these factors
ill set the limitations on the reaction rate and consequently
n the time response of the sensor. Thus, detection of small
mounts of target molecules with a comparably large number
f specific detection sites on the sensor surface a reaction will
ake place as soon as the reactants come into contact, hence

aking the system predominantly mass transport limited. The
ate of forming an analyte–antibody complex can be described
ith the mass transport model:

d[AB]

dt
= km([A0] − [As]) (1)

here [AB] the concentration of the analyte–antibody complex,
m the mass transport coefficient, [A0] the analyte concentration
n bulk of the sample solution and [As] is the analyte concentra-
ion within the critical distance where reaction with a ligand is
ossible. The area near the ligand will be basically depleted of
ree analytes and [As] is zero, if the system is true mass transport
imited. A sufficient flow near the sensor surface will therefore
e of considerable importance.

. Experimental
.1. Resonator fabrication

Recently a two-step reactive sputtering process for depositing
lN with 30◦ inclined c-axis has been developed [2]. This has

F
a

ig. 1. Schematic illustration of a shear mode FBAR resonator together with a
icro-fluidic transport system.

nabled deposition of films that can be operated in the thickness
xcited quasi-shear mode, with electro-mechanical coupling
k2
t ) of around 2%, which is suitable for operation in liquid
edia. The same deposition process is used here for depositing a

ilted AlN film between two aluminum electrodes onto a support-
ng Si-wafer. The silicon is etched by a standard BOSCH process
rom the backside defining thus the free standing membrane (see
ig. 1). This is done both to isolate the resonator acoustically
rom the substrate and to create a cavity with a volume of about
.1 �L underneath the resonator for the liquid to be analyzed,
aking the grounded bottom electrode the sensing surface of

he resonator. The cavity is further connected to the top of the
i surface through a series of horizontal and vertical channels,
hich form the micro-fluidic transport system for analyte deliv-

ry to the bottom electrode of the resonator, see Figs. 1 and 2.
ince the width of the horizontal channels is intentionally made
maller than the width of both the vertical channels as well as the
avity then owing to the so-called aspect ratio dependent etch-
ng the Si etch rate in the horizontal channels will be the lowest.
his results in that the Si wafer is not fully etched in these areas
hich naturally defines a bridge underneath the AlN film out-

ide the cavity for mechanical stability (see Figs. 3 and 4) as the
icro-fluidic system is to be subsequently connected on wafer
ith the input and output analyte reservoirs through an O-ring

eal. As seen in Figs. 3 and 4 the Si bridge has a thickness of
bout 30–50 �m with a very smooth and broad transition region
ig. 2. Schematic illustration of the micro-fluidic transport system (top view)
nd the location of the active area.
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the surface and bind to the analyte in the solution instead, due
to the higher affinity. Hence, the final positive frequency shift
is a measure of the concentration of the cocaine analyte. Fig. 5
represents a sequence of measurements with the FBAR sensor
ig. 3. Photographic images of the active area seen from above together with
he circular channel openings on each side and the channel system seen from
nderneath respectively.

he subsequent biochemical reactions. Finally, the micro-fluidic
ransport system is enclosed from the backside with a plastic
ape. The active area of the sensor is 0.09 mm2.

.2. Competitive binding

Affinity-based sensors can be operated based on detection
ith direct, competitive or displacement binding; where direct
inding is by far the most commonly used. In some cases it
ay however be of interest to consider other detection systems,

ince higher sensitivity can be obtained. In the case of gravimet-
ic sensing such as FBAR and QCM the sensing is based on a
requency shift caused by mass changes on the surface. There-
ore, the actual mass of the species bonding to or leaving the
urface is of significant importance. In the case of cocaine and
eroin the mass of the analyte molecules is considerably smaller
han the mass of the antibodies, implying that a release of the
ntibody would cause a larger frequency shift as compared to
he opposite reaction. In other words, this approach provides
atural mass amplification and hence increases the sensitivity
f the sensor, particularly for low concentrations of the target
olecules. In other words, this approach effectively improves

he lower detection limit. In addition, such a competitive binding
ould result in a slight increase in Q of the resonator (and hence

esolution) due to a corresponding decrease in the viscous load
aused by the large antibody molecules.

Surface functionalization for competitive binding is done as
ollows. First, a synthetic antigen is attached to the Au surface
f the resonator described above. In the second step antibodies
ith specific affinities towards both the antigen and the tar-
et molecules are attached to the antigen (see Fig. 4A). More

pecifically, the affinity of the antibodies to the target molecules
s stronger than that of the antigen. At this stage the bottom
urface of the resonator is functionalized and the biosensor is
eady for use. Finally, introducing an analyte containing the tar-

ig. 4. The antibodies bind to a synthetic antigen onto the surface of the resonator
A). The antibodies bind with higher affinity to the analyte and will therefore
eave the surface (B).
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et molecules would result in a reaction between the latter and
he antibodies. The reaction complex is subsequently released
rom the surface due to weakened binding (see Fig. 4B) and will
e detected by the resonator as a negative mass load.

In view of this study the main benefit from using this com-
etitive binding is that the sensing occurs close to the surface
liminating the expected difference in decay length of the QCM
nd FBAR.

.3. Measurement setup

The QCM measurements were carried out with a commer-
ial instrument from Biosensor Applications AB for detection
f drugs or explosives [6]. The FBAR sensor was characterized
ith a HP 8720D Network Analyzer in a one-port configuration.
he series and parallel resonance frequencies were extracted

rom the maximum of the real part of the admittance and the
mpedance respectively. No specific precautions have been taken
o control the temperature, exposure to light, vibrations, that is,
he measurements were performed in an ordinary office envi-
onment.

The same proprietary biochemistry provided by Biosensor
pplications AB was used in both cases. The two measure-
ent set-ups correspondingly adapted and modified to provide

s equivalent conditions as possible. The flow rate was kept at
00 �L/min. The enclosed channel system of the FBAR sensor
akes it difficult to directly access to the sensing surface for
hich reason the functionalization of the surface was made by
owing the chemicals through the micro-fluidic system.

. Results and discussion

Measurements were performed using the competitive binding
rotocol described above for the detection of cocaine and hero-
ne. Specifically, the surface is initially saturated with an antigen
nd the antibodies are then injected and adsorbed onto the sur-
ace. When the analyte is injected, antibodies are released from
ig. 5. Frequency shift vs. time illustrating surface functionalization and detec-
ion of cocaine with competitive binding.
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Table 1
Frequency shifts of 10 MHz QCM and 800 MHz FBAR biosensor

QCM (Hz) Estimated for
FBAR (kHz)

Measured for
FBAR (kHz)

Cocaine (2.5 ng) 15–25 43–72 27
Heroin (2.5 ng) 10–15 29–43 42
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stimation of expected frequency shifts for the FBAR according to the Sauerbrey
quation are also given.

llustrating all steps involved, namely from surface functionliza-
ion through to cocaine detection. In this case the concentration
f cocaine (1 ng/�L) is so high that almost the whole sensor
urface is depleted from the antibodies attached onto the latter
uring the functionalization step. To establish a mass transport
imited regime required for the characterization of the micro-
uidic transport system, however, much smaller concentrations
nd amounts of the analyte are to be used. Further, the mass
ensitivity is used as an indirect measure of the effectivity of
he micro-fluidic system since the transport of the analyte to
he sensor surface will directly influence the mass sensitivity
n the transport limited regime. Specifically, the mass sensi-
ivities of both 10 MHz QCM and 800 MHz FBAR biosensors
owards 50 �L cocaine and heroin analytes with a concentra-
ion of 50 pg/�L each (i.e. total amount of 2.5 ng each) were
hen measured. In addition, the mass sensitivities were calcu-
ated using the Sauerbrey equation. The results are presented in
able 1.

As indicated in the introduction above several studies have
ecently shown that the Sauerbrey equation actually was found
o underestimate the mass sensitivity of the FBAR device.
hus the results in Table 1 clearly show a lower sensitivity

or the FBAR than expected. It is hence concluded that the
ass transport of the FBAR fluidic system must be the limiting

actor.
In Fig. 6 FEM simulations is seen, performed using the COM-

OL Multiphysics software to illustrate the flow characteristics

ver the sensor surface. The flow in the channels was assumed
o be of laminar nature and follow the Navier–Stoke set of equa-
ions for incompressible fluids. The simulations were made in

ig. 6. FEM simulation of the velocity field (m/s) distribution in the micro-
uidic channel.
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D and for simplicity two orthogonal cross-sections were made
n the three-dimensional fluidic system and the corresponding
imulations were then performed independently. The pressure
ifference over the system was set to 0.2 mPa causing the flow
ate to be in the range of the one used experimentally.

Under the assumption that the flow is laminar the particle
elocity at the walls is zero and within a small distance from the
alls the liquid can be considered to be more or less stagnant

ausing the transport of species to the surface to be manly dif-
usion driven. It is clearly seen that the majority of the analyte
olution passes by the sensor with high speed far from the sensor
urface compared to the extension of the active area. The lateral
imension L of the FBAR sensor surface is 300 �m, which is
xactly equal to the height H of the cavity underneath. This
esults in an L/H ratio of 1. This ratio is extremely important for
ensor operation in the transport limited regime as it together
ith the velocity and the diffusion constant of the target analyte
etermine the efficiency of the transport system. This aspect
atio is highly optimized in commercial QCM systems. Thus,
he QCM resonator used in the above experiments had an area
f 28 mm2 and a cell volume of 3 �L resulting in an L/H aspect
atio of 50. This indicates that the design of the micro-fluidic
ystem of the FBAR sensor is highly inefficient and most of
he analyte is wasted, that is, a major fraction of the analyte is
xhausted without contributing to the detection process. Hence,
he measured mass sensitivity is much lower than the theoretical
ne.

In conclusion it can be said that for realizing the full potential
f FBAR biosensors, that is, for achieving their much higher
ensitivity special care in designing the micro-fluidic system has
o be taken. The results above indicate that in a non-optimized
BAR design the loss of sensitivity can be substantial.
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