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a b s t r a c t

A systematic study of the mass sensitivity and its dependence on the material’s properties and thicknesses
in composite multilayer Thin Film Bulk Acoustic Resonators (FBAR) is presented. The Mason transmission
line model has been employed in combination with the acoustic energy balance principle for the deter-
mination of the FBAR mass sensitivity. The results have been experimentally verified. Further, the mass
sensitivity dependence on various parameters has been studied and correlated with wave reflection and
interference within the composite structure in addition to the well-known dependence on resonator
acoustic impedance and operation frequency. The mass sensitivity for both the fundamental and the
second harmonic mode of operation has been studied in view of their practical relevance. In particular,
sensitivity amplification induced by the presence of an on-top deposited low acoustic impedance layer
Sensitivity amplification has been identified for the first harmonic and its potential applicability discussed in terms of gas and
in-liquid sensing. Optimized structures for both sensing applications are suggested by considering the
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. Introduction

The possibility for low cost mass production of miniaturized and
ighly sensitive sensors has made the thin film electro-acoustic
echnology very attractive for various sensor applications. Thin Film
ulk Acoustic Resonators (FBARs) often operate at two orders of
agnitude higher frequencies than Quartz Crystal Microbalance

QCM). The higher frequency and the smaller size result in that
he boundary conditions have a much stronger effect on the FBAR
erformance than on the QCM performance. This will, as noted in
everal publications, result in a higher mass sensitivity, but in an
ncreased noise level as well, thus moderating the gain in resolution.
o far only publications of network analyzer based FBAR sensor
easurements have been published in the literature [1–3] which

how that the FBAR mass resolution is very similar if not better
han for oscillator based QCM sensors, which in turn indicates that
he FBAR could be a competitive and inexpensive alternative to the
CM. Low phase noise FBAR based integrated oscillator has recently
een presented, which further strengthen the expectations of the
BAR sensors fabricated with low cost mass production processes

4].

A good understanding of the factors influencing the mass sen-
itivity is of significant importance for the design of FBAR sensors.
ecently, a number of experimental and theoretical studies of the
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ass sensitivity of different FBAR devices both operating in the
hear and the longitudinal thickness excited mode [3,5–9] have
een presented, where the shear mode FBAR has been utilized suc-
essfully for biosensor applications [1–3,10,11]. The studies of the
ass sensitivity have, however, to the authors’ knowledge, so far

ot been sufficiently extensive or complete and do not provide a
omprehensive view of the major factors influencing the mass sen-
itivity. In a FBAR sensor, in contrast to the conventional QCM, the
hickness of the electrodes is comparable to that of the piezoelectric
lm and hence cannot be neglected. The FBAR must, therefore, be
onsidered to be a multilayer structure, where the acoustic path
ncludes the piezoelectric film as well as an acoustically “dead”

aterial, e.g. electrodes and additional layers such as for instance
u, which is commonly used as a suitable surface for various bio-
hemical applications, or SiO2 which also is used for temperature
ompensation [12]. QCM on the other hand to a good approximation
s considered to be a single material resonator, the main exception
n the literature being when a thick polymer layer is attached to the
CM sensor for enhancing selectivity in gas sensor applications.

It has been empirically shown that the FBAR mass sensitivity is
ffected by all the layers in the resonator structure and more specif-
cally by their thickness and acoustic impedance. Recent studies of
BARs have indicated the existence of a sensitivity amplification

ffect if a layer of low acoustic impedance is added to the structure
7,8]. It has also been shown in the case of QCM that a mass sensi-
ivity amplification can be obtained by the addition of viscoelastic
ayers [13] or with rigid thick layers of low acoustic impedance

aterial [14]. However, there has not been a thorough study, to

http://www.sciencedirect.com/science/journal/09244247
mailto:gunilla.wingqvist@angstrom.uu.se
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he authors’ knowledge, that shows in detail the influence of rigid
on-viscous layers in composite resonator structures on the mass
ensitivity, which is the subject of study in this work. The mass
ensitivity is defined as the frequency change due to acoustically
hin rigid layer deposited on either surface of the resonator struc-
ure, where only the mass, and not the stiffness, of the added layer
nfluence the resonance frequency.

. Theoretical background

At resonance in a lossless medium the peak total kinetic energy
quals the peak total potential energy in the complete resonating
tructure [15]. For a multilayered resonator structure with N layers,
ncluding the piezoelectric layer, this means:

N

i=1

Ei
kinetic =

N∑
i=1

Ei
potetial, (1)

here

i
kinetic = 2(�f0)2

∫
layeri

�iui(z)2 dz (2)

nd

i
potetial = ci

2

∫
layeri

(
∂u

∂z

)2

dz. (3)

re the kinetic and the potential acoustic energy in each layer. Here
i(z) is the displacement amplitude in the ith layer, i = 1, . . ., N. z is
he coordinate along the acoustic path, ci the layer stiffness moduli,
i the layer density and f0 is the resonance frequency.

If an additional very thin layer of rigid mass is attached onto
he surface of the multilayer structure above, there will be a cor-
esponding additional term in the expression of the total kinetic
nergy (left hand side of Eq. (1)), but since the layer is very thin
here will be practically no strain in the layer and hence the expres-
ion for the potential energy (right-hand side of Eq. (1)) will remain
naffected. The shift in resonance frequency �f due to the thin rigid

ayer can easily be determined from the energy balance condition
1) applied to the perturbed system [15]. Further, the frequency
hange can be used for the determination of the pure mass sensi-
ivity (S) defined as the relative frequency shift, �f/f0, normalized to
he surface mass density of the rigid thin layer added onto surface:

= �f /f0
�mtm

= − (�f0)2u2
m

Utotal
kin

= −1
2

u2
m∑N

i=1(
∫ hi

0
�iui(z)2 dz)

(4)

here �m and tm are the mass density and thickness of the added
ayer, while um is the displacement amplitude in the added layer.
t is to be noted that in the case of pure mass sensing the reso-
ance shift is only affected by the mass density and thickness of
he added layer and not by its stiffness or other acoustic proper-
ies. Hence, the sensitivity (S) will be independent of the choice
f sensed material. It is reiterated that pure mass sensitivity can
nly be assumed when an acoustically thin layer is considered. The
atter condition guarantees that the wave distribution within the
esonator is almost unaffected by the layer to be sensed, which in
urn determines negligible stress levels inside the latter. Thus, the
article displacement can be accepted uniform inside the sensed
ayer, i.e. um(z) = um.
The conventional QCM is often considered to be a single mate-

ial resonator where the structure consists of one homogeneous
iezoelectric slab only; i.e. electrodes and other additional layers

ncluding the sensed one can be neglected. Under these conditions

f
v
F

m
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q. (4) can be written in a simplified form known as the Sauerbrey
quation:

= − 2f0
�rVr

(5)

here �r and Vr are the density and acoustic wave velocity of the
iezoelectric crystal respectively. It is seen, for a single material
esonator that the sensitivity is directly proportional to the fre-
uency of operation and inversely proportional to the resonator
coustic impedance Zr = �rVr. The sensitivity of a single material
CM resonator is mostly defined by the quartz slab properties
nd has the same value on either side. A FBAR structure, however,
annot be considered to be a single material resonator since the
lectrodes and other additional layers make up a significant por-
ion of the acoustic path. The electrodes only may represent up to
0% of the resonator thickness. Then the more general treatment

n Eq. (4) is required where it is clearly seen that the sensitiv-
ty strongly depends on the surface amplitude normalized to the
otal acoustic energy in the composite structure (i.e. on the acous-
ic power density at the surface) as well as the frequency. The order
f the included layers as well as their acoustic properties can there-
ore strongly influence the sensitivity through the acoustic energy
edistribution stemming from the complex interference between
he waves transmitted through and reflected by the layers in the
omposite FBAR structure. Thus, in a geometrically asymmetrical
omposite FBAR structure most generally the mass sensitivity on
he two sides is expected to be different.

. Mass sensitivity analysis of composite resonator
tructures

From Eq. (4) it is seen that sensitivity amplification could be
xpected if the relative energy density at the surface is increased
s a result of the acoustic energy redistribution in a composite res-
nator. Consider a resonator consisting of a single piezoelectric slab
perating in a very low impedance media such as vacuum, air or
ater. Most generally, a properly chosen additional layer could trap

he acoustic wave closer to the surface through constructive inter-
erence between the transmitted and reflected waves in the layer.
imilar cases of energy trapping are well known in acoustics. For
xample, a class of shear surface waves (Love waves) is represented
y a bulk shear mode trapped to the surface by the guiding effect
f an additional layer with lower acoustic impedance. Most gener-
lly, the acoustic wave distribution inside the composite FBAR as
ell as the energy density at its surfaces depends on the acous-

ic impedances and thicknesses of all the layers in the structure.
ommonly used layers of non-piezoelectric material in the acous-
ic path of a thickness excited bulk acoustic resonator are the metal
lectrodes as well as additional layers such as for instance gold
Au, normally used to provide a chemically suitable surface for
arious biochemical applications), or SiO2 (used for temperature
ompensation of resonators based on piezoelectric materials hav-
ng a negative temperature coefficient of frequency (TCF), e.g. AlN,
nO) [12]. Au and SiO2 have higher and lower acoustic impedance
han AlN, respectively, and are therefore also interesting to use
s case study materials for illustrating how high and low acoustic
mpedance layers influence the sensitivity, respectively.

The most commonly used mode of operation of FBARs is the
undamental mode in view of its high coupling, but recently the
econd harmonic has been successfully demonstrated to yield both

ull temperature compensation as well as retained coupling and Q
alue. Both the first and the second harmonic modes illustrated in
ig. 1 are of interest for various sensor applications.

Consequently, both the fundamental and the second harmonic
ode of operation will initially be analyzed for two types of struc-
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Fig. 1. Schematic illustrations of the wave distribution of the first and second har-
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onic mode respectively inside a two layer composite resonator consisting of one
iezoelectric layer “a” and one additional solid material layer “b”. Imaginary thin
lectrodes for electroacoustic excitation are placed on upper and lower side of the
iezoelectric layer.

ures: AlN/SiO2/ambient and AlN/Au/ambient respectively, where
mbient could be air or water, both having considerably lower
coustic impedances than both Au and SiO2. The basic difference
etween the two structures is the impedance jump at the AlN/layer

nterface. In the first case it is from a relatively low to relatively high
mpedance, whereas in the second case it is the other way around.
he implications are that the normalized transmitted wave in the
lN/SiO2 case will have a relative amplitude larger than unit, while

n the AlN/Au case it is smaller than 1, since the amplitude u2 of the
ransmitted wave is given by:

u2

u1
= 2

1 + z2/z1

here u1 is the amplitude of the incident wave, while z1 and z2 are
coustic impedances of the AlN and the added layer respectively
16]. In a finite structure, however, the amplitude is given by the
uperposition of the transmitted and reflected waves at the two
nterfaces together with their corresponding phases, thus the wave
mplitude inside the added layer is also a function of the thickness
f the added layer. To demonstrate the latter a numerical calculation
ith the Mason model [17] of a composite structure consisting of a

emi-infinite AlN slab and an added layer of finite thickness is per-
ormed. Fig. 2 shows the peak amplitude at the surface of the added
ayer normalized to the incident wave amplitude as a function of
he added layer thickness consisting of Au and SiO2 respectively.

It is seen in Fig. 2 that in the case of SiO2 (i.e. low acoustic
mpedance material) there are regions of constructive interference

etween the waves in the layer, giving rise to an increased ampli-
ude at the surface exhibiting a maximum at a thickness of a 1/4
f a wavelength. In contrast, in the case of Au (i.e. high acoustic
mpedance material) the situation is reversed. This result indicates
hat sensitivity amplification according to Eq. (4) should be possible

ig. 2. The displacement magnitude at the surface of a layer of SiO2 and Au respec-
ively added on an infinite AlN slab, normalized to the incident wave amplitude.
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ig. 3. Relative displacement calculated for the fundamental harmonic pure shear
ode of a 2 �m AlN resonator at the moment of maximum strain, with imaginary

hin electrodes on each side with an additional layer of SiO2 of varying thicknesses.

or the first harmonic mode when adding a low acoustic impedance
aterial to the resonator structure, due to constructive wave inter-

erence in the added layer. It is also noted in the case of the SiO2 a
inimum at 1/2 wavelength layer thickness, corresponding to an

xpected sensitivity minimum for the second harmonic mode at the
iO2 side. Fig. 2 gives just a qualitative argument of the principle
f possible mass sensitivity amplification due to constructive inter-
erence of acoustic waves inside an added layer only. But according
o Eq. (4) one has to consider the resulting amplitude distribu-
ion inside all the layers constructing the entire resonance cavity.
onsider the two types of finite structures AlN/SiO2 and AlN/Au,
espectively. The total displacement amplitude distribution for the
rst and second harmonic was calculated with the Mason model,

or both the structures. The AlN layer was set to be 2 �m clamped
etween two negligibly thin electrodes where one electrode is cov-
red with a layer of SiO2 or Au of varying thickness. The resonator
s in contact with vacuum on both surfaces. The results are given in
igs. 3–6 of the total displacement distribution at maximum strain
ormalized to the amplitude at the free surface of the piezoelec-

rically active AlN for the fundamental and the second harmonic,
espectively.

As expected from Fig. 2 in the case of AlN/SiO2 the first harmonic
ode in Fig. 3 exhibits a strong increase in relative amplitude at

ig. 4. Relative displacement calculated for the fundamental harmonic pure shear
ode of a 2 �m AlN resonator at the moment of maximum strain, with imaginary

hin electrodes on each side with an additional layer of Au of varying thicknesses.
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declining effect on the sensitivity. In Fig. 8 the calculated mass sen-
sitivity on both surfaces of the FBAR is shown as a function of the
Au thickness for the first harmonic pure shear mode. In this case
ig. 5. Relative displacement calculated for the second harmonic pure shear mode
f a 2 �m AlN resonator at the moment of maximum strain, with imaginary thin
lectrodes on each side with an additional layer of SiO2 of varying thicknesses.

he SiO2 surface with increasing SiO2 thickness. Further, a slight
ecrease in the relative amplitude at the Au surface in the AlN/Au
tructure is observed in Fig. 4 which agrees well with Fig. 2.
igs. 5 and 6 show the calculated displacement distribution within
he composite FBARs for the second harmonic of operation. The
ave amplitudes at the SiO2 and Au surfaces exhibit pronounced
inima (see Fig. 5) and maxima (see Fig. 6) for certain layer

hickness, respectively. The latter behavior agrees well with the
xpectations from the suppositions of the transmitted and reflected
aves in the added layer calculated in Fig. 2. The above consider-

tions provide some preliminary expectations about the trends in
he pure mass sensitivity dependencies based on the interference
f the wave, but the full description must be provided by employ-
ng Eq. (4), taking into account the wave distributions presented
bove as well as the frequency and impedance of the combined
esonator. It is noted that the proposed algorithm for the determi-
ation of the mass sensitivity gives results, which are in excellent
greement with the mass sensitivity obtained by direct frequency
hift calculations of the FBAR resonator loaded with a thin layer

f arbitrary solid material [18]. The advantage of the analysis pro-
osed above is in the direct reference to the physical phenomena
ausing variations in mass sensitivity here discussed. In Fig. 7 the
alculated mass sensitivity for the fundamental mode on both sur-

ig. 6. Relative displacement calculated for the second harmonic pure shear mode
f a 2 �m AlN resonator at the moment of maximum strain, with imaginary thin
lectrodes on each side with an additional layer of Au of varying thicknesses.

t
t

F
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ig. 7. Mass sensitivity calculated for the first harmonic pure shear mode of a 2 �m
lN resonator, with imaginary thin electrodes on each side with an additional layer
f SiO2 with varying thicknesses on one side. The SiO2 thickness corresponding to a
uarter wavelength (�/4) is marked for comparison.

aces of the FBAR is shown as function of the SiO2 thickness, for
he first harmonic pure shear mode. At very small SiO2 thicknesses
he sensitivity at both sides is mostly influenced by the frequency
ecrease as predicted in Eq. (5). With increasing SiO2 thicknesses
he energy trapping within the SiO2 layer shown in Fig. 2 becomes

ore and more pronounced, which in turn causes an increase in the
ass sensitivity at the SiO2 surface and a further decrease of sen-

itivity at the AlN free surface. The transition between the mainly
requency dominated and energy trapping dominated mass sensi-
ivity regions is clearly seen at relatively small SiO2 thicknesses. It
s also seen in Fig. 7 that the maximum in mass sensitivity is not
chieved at a quarter wavelength thickness of the SiO2 layer as one
ight expect from Fig. 2 but rather shifted towards smaller thick-

esses. This observation is explained by the constant decrease in
requency with increasing resonator thickness, which has a steady
he frequency decrease due to increased Au thickness, as well as
he effective impedance increase, causes the sensitivity to decrease.

ig. 8. Mass sensitivity calculated for the first harmonic pure shear mode of a 2 �m
lN resonator, with imaginary thin electrodes on each side with an additional layer
f Au of varying thickness. The Au thickness corresponding to a quarter wavelength
�/4) is marked for convenience.
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ig. 9. Mass sensitivity calculated for the second harmonic pure shear mode of a
�m AlN resonator, with imaginary thin electrodes on each side with an additional

ayer of Au of varying thickness. The SiO2 thickness corresponding to half wavelength
�/2) is marked for convenience.

n the Au surface this decreased is enlarged by the addition of the
ecreased amplitude at this surface, due to deconstructive inter-
erence (Fig. 2) at the Au surface. Hence the sensitivity on the Au
urface is slightly less than on the AlN free surface, where the energy
rapping is slightly higher.

The results obtained for the mass sensitivity of the second har-
onic in the AlN/SiO2 and AlN/Au composite FBARs are shown in

igs. 9 and 10, respectively. In both cases the mass sensitivities at
oth surfaces of the FBAR become equal around the half wave-

ength layer thickness, where the displacement amplitudes at both
urfaces are equal (see Figs. 2, 5 and 6).

Most generally, it can be concluded that the addition of a low
mpedance material (SiO2) results in local maxima of the sensitiv-
ty in the case of the first harmonic, and both local minima and
axima in the case of second harmonic. Further, the addition of
high impedance material (Au) leads to a constant decrease in

ensitivity. The results indicate that the main contribution to the
ensitivity amplification of the first harmonic mode comes from a
onstructive interference of the acoustic waves in an added layer of

ig. 10. Mass sensitivity calculated for the second harmonic pure shear mode of a
�m AlN resonator, with imaginary thin electrodes on each side with an additional

ayer of Au of varying thickness. The Au thickness corresponding to half wavelength
�/2) is marked for convenience.
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ig. 11. Mass sensitivity calculated for the first harmonic pure shear mode of a 2 �m
lN resonator, with 220 nm Al electrodes with an additional layer of Au and SiO2

espectively. The presented sensitivity is for the side of the resonator onto which
aterial is added.

ow acoustic impedance, giving rise to increased amplitude at the
urface. It is correspondingly shown that due to non-constructive
nterference of the acoustic waves at the SiO2 surface at a 1/2 wave-
ength and hence a decrease in the displacement amplitude, a local

inimum of the sensitivity at the SiO2 surface in the case of the
econd harmonic is generally expected.

The most important part of the proposed analysis is in the pre-
iction and explanation of the possibility to achieve significant
ass sensitivity amplification. Further, it should be noted that com-

lete calculations for realistic FBAR structures consisting of 2 �m
lN, with 220 nm thick electrodes on either side showed that the
ddition of Al electrodes (low acoustic impedance material) will
esult in sensitivity amplification, equally on both sides. Thus, a sen-
itivity of 1620 cm2/g is obtained for a resonator with Al electrodes
s compared to 1530 cm2/g for 2 �m AlN only. Including in addition
low acoustic impedance material (SiO2) expectedly results in a

urther increase of the sensitivity at the layer surface (see Fig. 11).
nterestingly, the addition of small thicknesses of a high acoustic

aterial, say Au, on top of the Al electrode might still result in sensi-
ivity amplification (see Fig. 11) provided that the effective acoustic
mpedance of the added Al/Au stack is smaller than that of AlN.

In many biosensor applications a thin Au layer is commonly
eposited onto the resonator surface and here it is proven that by
ombining the Au layer with any low acoustic impedance layer (i.e.
ot necessarily Al as in the example above due to the high risk of
imetallic corrosion in ionic water solutions often used in biosensor
pplications) the added Au layer could actually result in sensitivity
mplification of the sensor.

. Experimental details and results

To verify the above predictions of sensitivity amplification, AlN
hickness excited shear FBARs with varying thickness of SiO2 were
abricated as follows. 2 �m AlN thick films with a mean tilt of the
-axis of around 25◦ degrees were grown by reactive sputtering
10], allowing, therefore, the excitation of the quasi shear mode.
he AlN films were grown on patterned 200 nm thick Al bottom

lectrodes on top of Si wafers with varying thicknesses of ther-
ally grown oxide. The oxide thickness has been varied between 0

nd 1.55 �m. The active areas of size 300 �m × 300 �m were then
efined by 200 nm thick Al top electrodes. For more fabrication pro-
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Fig. 12. Schematic illustration of the FBAR structure used in the experimental study.
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he piezoelectric active AlN layer is 2 �m thick, the Al electrodes are 200 nm thick
nd the SiO2 layer has a thickness varying between 0 and 1.55 �m. Al2O3 was
eposited in incremental steps on the top electrode (Al side) and on the SiO2 side
or studying the mass sensitivity on each side respectively.

ess details see previous publications [10]. A schematic illustration
f the fabricated structure is shown in Fig. 12.

A well controlled reactive sputtering process was then used to
epeatedly deposit 2 nm of Al2O3 onto the surface of various res-
nators and measure the frequency shift after each deposition, both
he Al electrode and the SiO2 surface were used as sensor surfaces.
he electrical measurements were performed using a HP 8720D
etwork analyzer. The parallel resonance frequency was used in
he measurements since the measurement procedure demanded
epeated probing of the devices and the parallel resonance fre-
uency less sensitive to variations in the parasitic contact resistance
electrode scratching).

Four depositions of 2 nm Al2O3 were performed using a well-
ontrolled reactive sputtering process onto the SiO2 or Al surface
f Al/AlN/Al/SiO2 composite FBAR structures with varying SiO2
hicknesses. The corresponding frequency shift of the parallel reso-
ance frequency was measured after each deposition. The average

ass sensitivity was then derived for each device and is shown

n Fig. 13. For comparison, complementary calculations were per-
ormed, using 2 �m thick AlN with 25◦ tilted c-axis sandwiched
etween two 200 nm thick Al electrodes and SiO2 with varying

ig. 13. Experimentally measured mass sensitivities of the first and second har-
onic for various Al/AlN/Al/SiO2 composite FBAR devices with varying SiO2

btained by repeated depositions of 2 nm thick Al2O3 on the Al and the SiO2 respec-
ively. Calculations are presented together with the experimental for comparison.

b
t
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hickness. The calculated sensitivities are represented by the con-
inuous lines in Fig. 13 together with the experimental points for
ach particular case.

As seen from Fig. 13 the agreement between theory and experi-
ent is excellent. It does experimentally demonstrate the existence

f a maximum in the sensitivity with varying SiO2 thickness for
he first harmonic, in addition to the more constant sensitivity for
he second harmonic mode. In addition the experiment also clearly
emonstrates the expected difference in sensitivity between the
wo sides of the Al/AlN/Al/SiO2 structure. The above experiment
as performed in air.

. Sensitivity versus sensor resolution

A high resolution and well specified sensitivity of a final sensor
s of substantial importance. The figure of merit (FOM) determin-
ng the noise equivalent mass resolution of oscillator based QCM
ensors is often defined as [3]:

OM = f0
QS

(6)

here Q is the quality factor of the oscillator and S is the mass
ensitivity. It is seen that an improved resolution is obtained if the
ensitivity increases at the same time as the frequency of operation
ecreases, which is in fact confirmed by the above calculations and
xperimental results, where sensitivity amplification accompanied
y frequency downshift of the fundamental harmonic is achieved
y adding of a low impedance layer. Thus the FOM can be sub-
tantially improved by optimizing the design so that the resonator
perates under sensitivity amplification conditions. Further, using
iO2 as a low impedance layer can bring about temperature com-
ensation of the device, which additionally improves the sensor
erformance [12]. On the other hand, as illustrated in Fig. 14 the
ensitivity amplification normally comes at the expense of reduced
oupling. At maximum sensitivity the coupling decreases by almost
0%. The latter is not crucial for gas sensing application since acous-
ic sensors are typically part of an oscillator circuit which can even

enefit by the increased FBAR motional resistance due to elec-
romechanical coupling deterioration. It is noted that even so the
oupling is more than sufficient for gas sensing applications.

However, for in-liquid FBAR operation or biosensor applications
he improved energy trapping to the sensing surface leads not only

ig. 14. Electromechanical coupling calculated for the first and second harmonic
ure shear mode of a 2 �m AlN resonator, with an additional layer of various thick-
esses of Au and SiO2 respectively.



94 G. Wingqvist et al. / Sensors and Ac

F
c
o

t
p
F
N
s
u
v

i

D

w
o

t
o
t
i
t
c

F
c
o

i
w
c
p
t
I
w
t
z

6

h
t
p
t
i
F
[
s
o
t
p

i
s
w
o
a
t

c
f
d
i
s
t
a

ig. 15. Dissipation due to a liquid (water) load on one side of a 2 �m AlN resonator,
alculated for the first harmonic pure shear mode of, with an additional SiO2 layer
f various thicknesses.

o an increased mass sensitivity but also to enhanced energy dissi-
ation due to the viscous load. The latter is clearly demonstrated in
ig. 15 where the calculations are done with the one-dimensional
owotny–Benes model [18]. All materials contained in the FBAR

tructure are considered to be lossless, only dissipation due to liq-
id load is considered. Validity of the NB calculations for liquid with
arious viscosities has been verified elsewhere [2].

The dissipation D has been calculated from the slope of the
mpedance phase ˚:

= (QL)−1 =
(

0.5 fr
∂˚

∂f

∣∣∣∣
fr

)−1

(7)

here QL is the loaded by water composite FBAR and fr is the res-
nant frequency.

Clearly, the mass sensitivity amplification condition will lead
o an increased dissipation, which in turn leads to a deterioration
f the sensor performance in terms of noise. On the positive side,

his effect can be used for designing viscosity sensors for measur-
ng very low viscosities. Further, when highly viscous liquids are
o be measured the reduction of the electromechanical coupling
an additionally induce performance deterioration [2]. Obviously,

ig. 16. Dissipation due to a liquid (water) load on one side of a 2 �m AlN resonator,
alculated for the first harmonic pure shear mode of, with an additional SiO2 layer
f various thicknesses.
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n liquid FBAR sensors should be designed on a trade-off basis
here optimum sensitivity versus acceptable dissipation is to be

hosen for the specific viscosity of the intended application. A very
romising approach for designing in-liquid FBAR sensors, based on
he second harmonic operation, has recently been proposed [12].
n the latter approach low dissipation levels (Fig. 16) are combined

ith stable and well-defined sensitivity as a function of the SiO2
hickness (see Fig. 9) which at the same time provides a practically
ero temperature coefficient of frequency.

. Conclusions

The possibility for mass production of miniature, low cost and
ighly sensitive sensors has made the thin film electro-acoustic
echnology very attractive for various sensor applications. Earlier
ublications of network analyzer based measurements show that
he mass resolution of the Thin Film Bulk Acoustic Resonator is sim-
lar to that for the oscillator based QCM sensors, indicating that the
BAR could be a competitive and inexpensive alternative to the QCM
1–3]. Shear mode FBAR has successfully been utilized for biosen-
ors applications [1,3,11]. Low phase noise FBAR based integrated
scillator has recently been presented, which further strengthen
he expectations of the FBAR sensors fabricated with low cost mass
roduction processes [4].

A high resolution and well specified sensitivity of a final sensor
s of substantial importance. One of the most costly steps in sen-
or production is the final calibration and testing of the devices,
hich means that an efficient mass production depends not only

n the final sensor performance but also on the device sensitivity
nd tolerance towards deviations in the fabrication processes; i.e.
he expected yield.

Systematic theoretical studies of the mass sensitivity of both
omposite and non-composite FBAR resonators have been per-
ormed. It has been theoretically predicted and experimentally
emonstrated that the inclusion of a layer with a low acoustic

mpedance (lower than the piezoelectric material) in a FBAR sen-
or results in an enhancement of the mass sensitivity, which passes
hrough a maximum for the 1st harmonic fundamental mode. The
bove enhancement is observed on the surface of the added layer
nd is complemented by a corresponding decrease in sensitivity on
he opposite side. With respect to the 2nd harmonic the maximum
s observed on the opposite side while the sensitivity on the added
ayer surface goes through a corresponding minimum. Finally, for
realistic FBAR resonator with non-negligible Al electrodes oper-

ting at the 1st harmonic the sensitivity exhibits a maximum for
oth high and low impedance of the added layer. In all cases the
ensitivity amplification is argued to be a direct consequence of
he interference pattern in the added layer formed as a result of the
uperposition of the reflected and incident waves.

The measurements are in excellent agreement with theoretical
redictions.

From the above results it is concluded that if temperature com-
ensation of AlN FBARs with an additional layer of SiO2 is desired,
hen, for gas sensor applications, it is beneficial the resonator
o be operated in the first harmonic, since sensitivity amplifica-
ion together with a decreased frequency of operation could be
btained, while a sufficient Q value is retained. However, for in-
iquid biosensors the sensitivity amplification gained from the
dditional low impedance layer for the first harmonics will be
ost due to the substantial loss in electromechanical coupling and

nhanced dissipation when in contact with a liquid. The second har-
onic, which previously has been temperature compensated with

etained coupling [12], will have about half the mass sensitivity of
he non-composite first harmonic, but the dissipation in liquids is
nly one third of that of the latter, resulting in an overall gain in
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esolution. It is also demonstrated that both the mass sensitivity
nd the dissipation of the second harmonic mode are rather insen-
itive towards small variations in the SiO2 thickness rendering such
evices suitable for mass fabrication.
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