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Abstract
In this work we demonstrate a practically complete temperature
compensation of the second harmonic shear mode in a composite
Al/AlN/Al/SiO2 thin film bulk acoustic resonator (FBAR) in the
temperature range 25 ◦C–95 ◦C. The main advantages of this mode are its
higher Q value in liquids as well as its higher frequency and hence higher
resolution for sensor applications. For comparative reasons the
non-compensated fundamental shear mode is also included in these studies.
Both modes have been characterized when operated both in air and in pure
water. Properties such as Q value, electromechanical coupling, dissipation
and sensitivity are studied. An almost complete temperature compensation
of the second harmonic shear mode was observed for an oxide thickness of
1.22 µm for an FBAR consisting of 2 µm thick AlN and 200 nm thick Al
electrodes. Thus, the measured temperature coefficient of frequency (TCF)
in air for the non-compensated fundamental shear mode (1.25 GHz) varied
between −31 and −36 ppm ◦C−1 over the above temperature range while
that of the compensated second harmonic shear mode (1.32 GHz) varied
between +2 ppm ◦C−1 and −2 ppm ◦C−1 over the same temperature interval.
When operated in pure water the former type shows a Q value and coupling
coefficient, k2

t , around 180 and 2%, respectively, whereas for the second
harmonic these are 230 and 1.4%, respectively.

1. Introduction

A variety of physical, chemical and recently biochemical
sensors based on the gravimetric principle utilizing electro-
acoustic devices have been around for many years. The
principle of using acoustic wave mass sensitive transducers
was initially employed for thickness measurements of thin
rigid films in vacuum or in gaseous environments. The quartz
crystal microbalance (QCM) is by far the most frequently used
device in gravitometric sensor applications due to its excellent
frequency stability, high sensitivity and resolution. The latter
is in the order of a few ng cm−2 for a QCM sensor operating
at a frequency of 5 MHz [1]. The QCM consists of a single
crystalline quartz plate of a particular crystal cut (typically the
AT cut) sandwiched between two electrodes. By applying an
alternating electric field at a specific frequency in the thickness
direction of the crystal, acoustic shear waves are excited in the
bulk propagating perpendicular to the plate surface. Since
shear wave propagation is not supported in liquids this type

of transducer can also be operated in liquid media without
any radiative acoustic losses into the liquid. The commonly
used AT cut QCM is known for its excellent temperature
stability, i.e. the resonance frequency is almost independent of
temperature variations near room temperature [1]. However,
the high-frequency QCM operation requires the fabrication
of very thin quartz plates, which is both time consuming and
costly and therefore limits the practical maximum frequency to
a few tens of MHz. This also sets a limit for the maximum mass
sensitivity, which according to Sauerbrey [1] is proportional
to the square of the operating frequency.

A way to overcome these limitations and to increase the
sensitivity further is to adopt the thin film electro-acoustic
wave technology originally developed for the telecom market
for the fabrication of low cost, high frequency band pass
filters and oscillators. Commonly used piezoelectric materials
are AlN and ZnO, which can be grown to arbitrarily small
thicknesses utilizing thin film deposition processes, where
reactive sputtering is a frequently employed method. These
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devices operate in the lower GHz range, have a small size and
good power handling capability [2]. With regard to gravimetric
sensors this means orders of magnitude higher mass sensitivity.
However, the sensor performance is ultimately defined by
its mass resolution, which is given by the ratio between the
resonator frequency stability (noise level) and the sensitivity.
The QCM is very stable with a noise level of around 1 Hz
for a QCM operating at 5–10 MHz. The same value for
thermally non-compensated FBARs operating in the GHz
range is usually much higher, which results in a mass resolution
not significantly higher than that of the QCM sensor [3].
The main benefit using the FBAR technology is therefore not
necessarily a great improvement in the sensor performance but
rather to take advantage of the thin film technology for mass
production of low cost and small size sensors. In this way a
large number of sensor arrays, monolithically integrated with
the associated electronics and other components on a single
chip, can be realized.

Physical and chemical sensors based on thin film
bulk resonators (FBAR) or solidly mounted resonators
(SMR) utilizing the thickness-excited longitudinal mode show
promising results for mass sensing in air or gas [4, 5]. Attempts
have also been made to operate such resonators in contact
with liquids for biochemical sensing [6, 7]. However, the
longitudinal mode exhibits a significant leakage into the liquid
resulting in a substantial degradation in the Q value and hence
in resolution.

Recently, FBAR based on c-axis-inclined AlN [3] and
ZnO [8] utilizing the thickness-excited shear mode for
operation in liquids has been reported, showing a great
potential as high sensitivity transducers for chemical and
biochemical sensors. These devices retain a high-Q factor
even in contact with a liquid and hence have a high resolution
to both mass and viscosity loading.

Another critical issue in sensor applications is the
temperature stability of the FBARs. In comparison with AT-
QCM, both AlN and ZnO are rather sensitive to temperature
variations. The temperature coefficients of frequency (TCF)
of AlN and ZnO are −25 ppm ◦C−1 and −60 ppm ◦C−1,
respectively [9]. This negative TCF can be compensated by
means of an additional layer of material in the acoustic path
that exhibits a positive TCF. Successful compensation of the
fundamental thickness shear mode in AlN/Si and ZnO/Si
composite FBARs has been reported [10] where the silicon
was p+ doped in order to achieve a positive TCF of around
+9 ppm ◦C−1. The compensation/piezoelectric layer thickness
ratio in this case is however rather large (3.15 for Sip+/AlN)
resulting in a substantial reduction in both the resonance
frequency and the electromechanical coupling coefficient(
k2
t

)
of the transducer. Using a silicon dioxide (a TCF of

+85 ppm ◦C−1 [11]) as a compensation material instead allows
temperature compensation with much smaller thicknesses.
Even so, the added material still results in a significant
reduction of the resonance frequency and the coupling as
demonstrated below.

On the other hand, the second harmonic mode is excited
at a frequency about twice the fundamental resonance. Pang
et al reported results of a composite (Al/ZnO/Al/SiO2) FBAR
operated at 5 GHz for the second harmonic longitudinal
mode with a Q value of 300, k2

t,eff of 4.3% and a TCF of

−8.7 ppm ◦C−1 between 25 ◦C and 100 ◦C [12]. Further, the
dissipation of acoustic energy into the liquid was shown to be
lower for the second longitudinal harmonic mode compared
to the fundamental one, while the mass sensitivities remained
comparable [6].

This work reports on the temperature compensation of
the second harmonic shear mode in composite resonators
consisting of a c-axis-inclined AlN thin film and a thermally
grown silicon dioxide. In addition to aiming at temperature
compensation as well as keeping the high frequency of
operation of prime interest in this study was also retaining both
a high Q value and a high coupling when operated in liquid
media in view of high performance biosensor applications.
Hence, resonator performance together with the associated
sensitivity and dissipation when operated both in air and in
pure water are compared to those of the non-compensated
fundamental mode.

2. Experimental details

2.1. Modeling and simulations

Simulated composite resonator behavior is studied by means
of the one-dimensional model proposed by Nowotny et al
[13]. The input data consist of the density, stiffness constants,
piezoelectric and dielectric material parameters for each layer
in the stack. The c-axis-inclined AlN film is modeled by a
rotational transformation of the stiffness, piezoelectric and
dielectric tensors. Further, the thermal properties of the
AlN film were accounted for by incorporating the linear
expansion coefficient and temperature coefficients of stiffness
constants into the model. The material constants of silicon
dioxide and the 200 nm thick aluminum electrodes were
modified in the same way to simulate the overall temperature
dependence of the composite resonator. Bulk values of the
material parameters were used in this study since the material
parameters of the deposited films are not known. In addition,
the intrinsic stresses and the temperature-induced stresses in
the films are not taken into account. Although certain deviation
between simulated and measured values can be expected, the
qualitative rather than the exact resonator performance can be
simulated, which is of significant importance for the design of
the resonator. The material constants used in the simulations
are given in table 1 while the temperature coefficients of
material constants are shown in table 2. The resonator
response is simulated as a function of the SiO2 thickness in
the range 0–2 µm, while keeping the thickness of the AlN
film and that of the electrodes constant at 2 µm and 200 nm,
respectively. The c-axis tilt angle, θ (see the inset in figure 1)
is set to the measured mean tilt of the deposited AlN film,
which is around 25◦.

The SiO2 layer loads the resonator and thus reduces the
resonance frequency, as shown in figure 1. The first harmonic
shear mode frequency at a SiO2 thickness of around 1 µm for
instance has decreased to almost half the non-compensated
value at zero oxide thickness, which for this mode is around
1.3 GHz. It is also seen that the coupling coefficient of the
same mode is continually decreasing with the thickness of
the SiO2 layer, figure 2. The second harmonic shear mode
shows a similar decrease in frequency but has a much higher
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Figure 1. Simulated resonance frequency of the 1st longitudinal and
1st, 2nd shear modes for an Al/AlN/Al/SiO2 composite resonator
as a function of the SiO2 thickness.

Table 1. Material constants used in the simulations.

Symbol Al AIN SiO2

Elastic constants C11 1.11 3.45 0.785
(×10−11 N m−2) C12 0.59 1.25 0.161

C13 0.59 1.20 0.161
C33 1.11 3.95 0.785
C44 0.26 1.18 0.312
C66 0.26 1.10 0.312

Piezoelectric constants e15 – −0.48 –
(C m−2) e31 – −0.58 –

e33 – 1.55 –

Dielectric constants ε11 1 8.0 3.32
(×10−11 F m−1) ε33 1 9.5 3.32

Mass density ρ 2.7 3.26 2.2
(×103 Kg m−3)

Table 2. Temperature coefficients of material constants used in the
simulations [14–17].

Symbol Al AIN SiO2

Temperature coefficient Tc11 −5.9 −0.37 2.39
of elastic constraints Tc12 −0.8 −0.018 5.84
(×10−4 K−1) Tc13 −0.8 −0.018 5.84

Tc33 −5.9 −0.65 2.39
Tc44 −5.2 −0.5 1.51
Tc66 −5.2 −0.57 1.51

Thermal expansion α11 18 5.27 0.55
coefficient (×10−6 K−1) α33 18 4.15 0.55

frequency throughout the entire thickness range. It is also
observed that for a SiO2 thickness of around 0.7 µm, this
mode lies in frequency close to the first harmonic longitudinal
mode resulting in overlapping of modes and hence in a not
well-defined resonator response. Clearly, operation in this
range is not suitable for biosensor applications due to energy
leakage through the longitudinal mode and should be avoided.
The interaction of the two modes in this area makes it difficult
to determine the coupling coefficient for each mode, illustrated

Figure 2. Simulated coupling coefficients of the 1st longitudinal
and 1st, 2nd shear modes for an Al/AlN/Al/SiO2 composite
resonator as a function of the SiO2 thickness. The inset shows the
coupling coefficient of the pure modes, i.e. the tilt is set to 0◦ and
90◦ for the longitudinal and shear mode, respectively.

as a discontinuity between thicknesses of 0.7 and 1.0 µm (see
figure 2). To provide a further insight, simulations of the
pure modes were also performed (see the inset in figure 2).
Specifically, for the first longitudinal pure mode the coupling
is given for an AlN c-axis tilt equal to 0◦, while for the first
and second shear modes the couplings are given for a tilt
of 90◦. As seen, the coupling of both the first shear and
first longitudinal modes decrease monotonically with oxide
thickness, while for the second harmonic shear a maximum in
coupling is observed at an oxide thickness of around 1.3 µm.
This is attributed to the fact that the most effective excitation
of a resonance is achieved when the thickness of the AlN
film equals the one-half wavelength of the standing wave [18]
(see the illustrations in figure 2). For the second harmonic
mode this condition also means that the one-half wavelength
of the standing wave is confined within the compensation layer.
The optimal thickness ratio that yields a maximum in coupling
is close to the acoustic velocity ratio of the two layers [13].
For a SiO2/AlN structure with a υSiO2/υAlN shear velocity ratio
around 0.63 and a 2 µm thick AlN film the optimal thickness
of the SiO2 layer should be around 1.26 µm, which agrees
well with the predicted value in figure 2. Since the one-half-
wavelength condition is not fulfilled for the first harmonic
modes the coupling coefficients decreases rapidly with the
SiO2 thickness.

Figure 3 shows TCFp at room temperature for the first
and second harmonic shear modes simulated for the following
two different cases: (A) when the temperature dependence
of the electrodes is neglected and (B) when the temperature
dependence of the electrodes is included in the simulations.
Evidently, the temperature behavior of the four-layer stack
is strongly dependent on the temperature coefficients of the
electrode material. In case B, the TCFp of the first mode
decreases initially to reach a minimum of −70 ppm ◦C−1

for 0.6 µm thick SiO2 and then increases slowly to zero
TCF at 1.8 µm, at which point both the coupling coefficient
and the resonance frequency of this mode have significantly
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Figure 3. Simulated TCFp at room temperature for the 1st and 2nd
harmonics of the shear mode versus SiO2 thickness for two different
cases: A—when the temperature dependence of the electrodes has
been omitted and B—when the temperature dependence of the
electrodes has been included in the simulations.

deteriorated (see figures 1 and 2). The second harmonic shear
mode follows initially the same behavior but crosses the zero
TCF at a much lower SiO2 thickness of 1.12 µm, and then
flattens out asymptotically to a value of 6 ppm ◦C−1. In case
A on the other hand, no decrease in TCF can be observed
rather the TCF approaches zero rapidly as the silicon dioxide
thickness increases, a behavior which resembles the simulated
TCF for a SiO2/ZnO stack in [19]. The initial decrease in
TCF in case B can be easily understood in terms of the strain
energy density distribution. Most generally, the increase of the
oxide thickness is expected to provide increasing temperature
compensation. However, when considering a multi-layer
system, the distribution of the strain energy density in the
different layers should also be taken into account [20]. Thus
in case B, the initial increase of the oxide thickness leads
to a significant increase in the strain energy density in the
bottom Al electrode, which in turn increases its influence
over the device response. The latter effect counteracts the
temperature compensating contribution of the oxide itself and
leads to an initial degradation of the TCF. It is noted that Al is
a material with a relatively large negative TCF. Finally, as the
oxide thickness increases further, the relative amount of strain
energy in the oxide also increases resulting in an increased
influence over the device performance and more specifically
leading to improved temperature compensation. According
to the simulated results in figures 1–3 the resonator should
be designed to operate at the second harmonic shear mode
with a SiO2 thickness around 1.1 µm in order to optimize the
resonator performance in terms of temperature compensation,
operating frequency and coupling coefficient.

2.2. Fabrication

The FBARs were fabricated in a clean room environment using
standard CMOS processes and equipment. The substrates
consist of double side polished silicon wafers, 300 µm thick
and 10 cm in diameter. High resistivity silicon (>10 000 � cm)
was used in order to reduce parasitic losses through the
substrate. The wafers were first thermally oxidized in a

furnace at 1050 ◦C for 10 h to grow an oxide with a uniform
thickness of 1.55 µm. The wafers were then partially and
successively masked, followed by wet etching to partially etch
the exposed oxide in order to obtain a predetermined oxide
thickness variation over the wafers. The oxide thickness of
the four different areas thus obtained on any given wafer was
determined to be 1.0, 1.22, 1.35 and 1.55 µm, respectively.

Subsequently, a 200 nm thick aluminum film was
deposited on top of the oxide film using a balanced magnetron
sputter deposition system (Von Ardenne-CS 730) operated in
a direct current (dc) mode. After patterning the resist using
a standard UV-light photolithographic process, the metal film
was etched in a standard Al wet etch solution, thus defining
the bottom electrode. The wafer was then reinserted into
its original position in the sputter process chamber for the
deposition of a piezoelectric AlN film with a tilted c-axis—
a process described in greater detail in [21]. The resulting
AlN film has a thickness varying from around 2.2 µm in
the center to 1.8 µm in at the edge of the wafer. Further,
the c-axis inclination lies in the angular interval 25◦–30◦

(leaning towards the center of the wafer, i.e. having a circular
symmetry) over the whole wafer excluding a small area in
the center where the mean tilt approaches zero. In order to
ensure electrical contact to the bottom electrode, via holes
were etched through the piezoelectric film using reactive ion
etching in a chlorine gas atmosphere. The top electrode is
then defined in the same manner as the bottom electrode
one. The area overlapping the bottom electrode, i.e. the active
resonator area, is 300 × 300 µm2 (see figure 4(a)). Finally,
deep reactive ion etching (DRIE) utilizing the Bosch process
was used for etching the silicon substrate from the back side
in order to release the composite membranes as well as to
create a micro-fluidic channel system for liquid transport to
the bottom resonator surface. Figures 4(b)–(c) show a cross
section SEM micrograph of the composite layer stack. The
non-compensated resonators were fabricated in an identical
fashion on a non-oxidized wafer.

2.3. Temperature coefficient of frequency

The resonators’ temperature characteristics were studied
by measuring the scattering S11 parameter in a one-port
configuration with a network analyzer (HP 8720D) and
Picoprobes (CCB Industries). The wafers were probed in a
probe station equipped with a Thermochuck (model TP0315A,
Temptronic Corporation) at temperatures in the interval 25 ◦C–
95 ◦C in steps of 10 ◦C. A data acquisition system consisting
of a PC connected to the NA and the Thermochuck through a
GPIB interface was employed for automatic TCF measurement
of the resonators. Further, a MATLAB program was used
to set and stabilize the temperature before measuring the
reflection coefficient in a near resonance frequency interval.
The subsequent data processing includes conversion of the
reflection coefficient to admittance and impedance. The
series (fs) and parallel (fp) resonance frequencies are defined
as the frequency of maximum conductance and resistance,
respectively. Equation (1) defines the relative shift of
frequency for the series and parallel resonance while the TCF
of the parallel resonance frequency (TCFp) was calculated
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Figure 4. (a) Top view of the composite resonator, the marked area defines the active area of 300×300 µm2. (b) Illustration/SEM of the
cross section A–A. (c) SEM cross-section image of a composite resonator membrane composed of an Al/AlN/Al stack defined on
thermally grown silicon dioxide.

according to (2):

Df

f0
= �f

f0
106 (ppm) (1)

TCFp = 1

fp

�f

�T
106 (ppm ◦C−1) (2)

2.4. In-liquid measurements

A set of composite resonators with a SiO2 thickness
corresponding to a minimum TCF for the second harmonic
mode were chosen to study the resonator performance, both in
air and in pure water, in terms of electromechanical coupling
coefficient

(
k2
t

)
, Q value, dissipation and frequency shift due to

viscous load. For comparison, similar studies were performed
with non-compensated resonators. The electro-mechanical
coupling coefficient

(
k2
t

)
is given by (3) and the loaded Qp

value of the resonator is derived from the derivative of phase
of the device impedance, ϕZ, evaluated at parallel resonance,
according to (4). When the resonator is operated in a liquid,
the acoustic energy is lost through the corresponding viscous
loading in addition to a small energy leakage due to the quasi-
shear nature of the mode. Since the Q value of the resonator
or rather 1/Q describes the overall energy loss, both internally
and externally, the reduction in Q due to the viscous

k2
t = π2

4

(
fp − fs

fp

)
(3)

Qp = fp

2

∣∣∣∣dϕZ

df

∣∣∣∣
fp

(4)

Dvl = 1

Qvl
= 1

Q
− 1

Q0
(5)

load can be expressed as dissipation given by (5), where Q0 and
Q are measured in air and liquid, respectively [22]. Further, the

Figure 5. Illustration of the measurement setup for in-liquid
characterization of the FBARs using a network analyzer.

(This figure is in colour only in the electronic version)

viscous load also gives rise to a shift in resonance frequency
from f0 in air to f in liquid, �f = f − f0.

Prior to the measurements, which were done at room
temperature, the etched cavity beneath the resonator as well
as the series of channels in the Si wafer were sealed using a
plastic tape on the backside of the wafer, thus defining a micro-
fluidic system for liquid transport from the wafer surface inlet
to the bottom resonator surface (see figure 5). The liquid is fed
into the micro-fluidic system through a miniature steel pipe,
which in turn is sealed with an o-ring to the wafer surface.
An identical piping is provided at the outlet for draining the
liquid. This set-up allows continuous on-wafer measurements
without having to dice the individual resonators. All in-liquid
measurements were performed under static flow conditions to
avoid pressure variations in the system. The peristaltic pump
is, therefore, turned off during measurement. An indirect
method to verify whether the resonator is in contact with the
liquid is to monitor the Q value of the longitudinal mode,
which drops significantly due to the liquid load.
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Figure 6. Measured loaded Q of the composite resonator with a
1.22 µm thick SiO2 layer (solid line). Five resonances can be
identified as the 1st, 2nd and 3rd harmonic shear modes and 1st, 2nd
harmonic longitudinal modes. The non-compensated resonator
shows only the 1st harmonics shear and longitudinal mode in the
frequency range 0.5–2.4 GHz (dotted line).

3. Results and discussion

Typical responses in air over a wide band frequency interval
for both compensated and non-compensated resonators are
shown in figure 6, where the measured S11 parameter has
been converted to a loaded Q value using (4). The composite
resonator consists of a 1.22 µm silicon dioxide, a 2 µm AlN
film and 200 nm thick Al electrodes. The response (solid
line) shows a total of five resonances in the frequency interval
0.5–2.4 GHz, which are identified as the first, second and third
order harmonic shear wave as well as the first and the second
harmonic of the longitudinal mode, respectively. For the non-
compensated resonator with an AlN thickness comparable
to that of the composite resonator, only the first shear and
first longitudinal modes are observed at 1.25 and 2.2 GHz,
respectively (dotted line).

It is noted that the second harmonic shear mode in the
composite resonator and the fundamental shear mode in the
non-compensated are excited close in frequency indicating that
the composite structure supports roughly the half-wavelength
AlN thickness condition.

3.1. Temperature measurements

Initially, temperature measurements were performed to study
the resonance frequency shift of the second harmonic shear
mode for different thicknesses of the SiO2. The characterized
resonators have an AlN thickness of around 2 µm and the SiO2

thickness lies in the range 1.0–1.55 µm.
The two Al electrodes on either side of the AlN film

were 200 nm thick. The shift in series and parallel resonance
frequencies as a function of temperature is shown in figure 7.
The results indicate that the best compensation is achieved
for the resonator composed of a 1.22 µm thick SiO2 film, where
the shift for both series and parallel resonance frequencies
are small in the whole temperature range between 25 ◦C and
95 ◦C. For the same device, the resonance frequency increases
with temperature up to around 70 ◦C, where the shift exhibits
the maximum followed by a gentle decline. Figure 8 is

Figure 7. The frequency shift for the second harmonic shear mode
versus temperature, for different SiO2 thicknesses.

Figure 8. The TCFp versus temperature for different SiO2

thicknesses. The 1.22 µm SiO2 thick compensated resonator shows
a good temperature stability ranging from +2 ppm ◦C−1 at 25 ◦C to
−2 ppm ◦C−1 at 95◦C.

based on the same measured data fitted to a third order
curve and plotted as the temperature coefficient of the parallel
resonance frequency, TCFp. The latter has a positive value of
2 ppm ◦C−1 at room temperature and decreases to −2 ppm ◦C−1

at 95 ◦C with a change of sign as noted above at around 70 ◦C.
In the case of zero SiO2 thickness, i.e. for the non-compensated
resonator operated in the fundamental shear mode, the TCFp

varies between −31 ppm ◦C−1 and −36 ppm ◦C−1 over the
above temperature range.

Both measurements and simulations indicate that full
compensation for the second harmonic shear mode can be
achieved by tuning the thickness to be around 1.12 µm, as
shown in figure 9. In comparison, the same figure also shows
the TCFp of the other modes present in the composite resonator
response. As predicted the first harmonic shear mode is
under-compensated in the oxide thickness range studied, while
both the first and the second harmonic longitudinal modes are
over-compensated for thicknesses above 1 µm. Further, the
TCFp for the first harmonic longitudinal mode for the non-
compensated resonator is −25 ppm ◦C−1 at room temperature.

It is noted that the TCFp of the first harmonics of both the
shear and the longitudinal mode are in general more sensitive
to the SiO2 thickness as compared to those of the second
harmonics, which are weakly dependent on the oxide thickness
variations above a thickness of 1 µm.
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Table 3. Resonator performance in contact with pure water.

Resonator type Acoustic mode Qp kt
2 (%) Dissipation (%) �fp/fp (%)

Temperature Second harm 230 1.4 0.31 0.17
Compensated Shear (1.32 GHz)
Non-compensated Fundamental (1.25 GHz) 180 2.0 0.45 0.18

Figure 9. Simulated and measured TCFp at room temperature for
different SiO2 thicknesses for the first and second harmonics of the
shear and longitudinal mode.

Figure 10. Measured loaded Q in pure water of the
temperature-compensated second harmonic shear mode (solid) and
the non-compensated fundamental shear mode (dotted).

3.2. In-liquid measurements

In this study only the temperature-compensated (1.22 µm
SiO2) second harmonic shear mode and the non-compensated
fundamental shear mode are characterized in order to compare
their performance in liquids. When the resonators are brought
in contact with pure water, all longitudinal modes experience
severe damping due to a significant acoustic radiation into the
liquid as shown in figure 10. The second and first harmonic
shear modes for the compensated and non-compensated
resonator are only partially damped and retain very high Q
values of around 230 and 180, respectively. The same values
in air are around 800 and 1000, respectively. Using (5), the
drop in Q value corresponds to a dissipation of 0.0031 in the
former case and 0.0045 for the latter, i.e. the second harmonic

mode is somewhat less sensitive to viscous loads as compared
to the fundamental one. The latter conclusion is also supported
by the observed slightly smaller relative frequency shift, due
to the liquid loading, of the second harmonic in comparison
with that of the non-compensated fundamental harmonic (see
table 3).

What is most important for sensor operation is its
resolution. As has been discussed elsewhere [23], both the
sensitivity and device stability determine the resolution. It is
also known that resonator stability is directly related to the
device loaded Q. Thus, the product R = 1/(Q × �f ) can be
used as a qualitative measure for the resolution. The smaller it
is the higher the resolution is. The first non-compensated and
second compensated harmonics yield R = 2.5 × 10−11 Hz−1

and R = 1.9 × 10−11 Hz−1, respectively; i.e. the two harmonics
in question exhibit very similar resolution figures of merit. It
is strongly pointed out, however, that the latter figure does not
include the thermal noise contribution, which in the thermally
compensated case is expected to result in a higher resolution.

It is finally noted that the above findings have also been
verified using the Nowotny–Benes model.

4. Conclusions

The temperature-compensating mechanisms of the AlN-based
shear mode FBAR sensors have been studied both theoretically
and experimentally. In view of the latter a comparative study
between non-compensated fundamental and compensated
second harmonic operation in composite resonators has been
performed. Utilizing the second harmonic, proved to be
an optimal choice when a trade-off between temperature
compensation on the one hand and high electromechanical
coupling, high frequency of operation and high quality factor
on the other hand.

Further, a practical design of the temperature-
compensated FBAR sensor for an in-liquid operation is
demonstrated. The sensor utilizes the second harmonic shear
mode in composite Al/AlN/Al/SiO2 resonators. In addition
to the temperature compensation the sensor is further shown
to exhibit an improved resolution and a marginal loss of
electromechanical coupling in comparison with its counterpart
utilizing the non-compensated fundamental shear mode.
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