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applications
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Electroacoustic evaluation and characterization of thin film electroacoustic resonators
operating in the low GHz frequency range has been performed. The
measurements have been carried out with a network analyser and model parameters
extractions have been performed with both ADS and MATLAB. This study
includes evaluation of three equivalent circuit models of the resonators using two
different extraction methods of the circuit parameters. Further, the characterization
includes evaluation of a resonating biochemical sensor noise performance,
as well as its short time stability as a function of various network analyser parameters.
The latter include the intermediate frequency bandwidth and the sweep
time of network analyser, for which optimal settings for further measurements
have been found. Further, it is shown that the resonators have an high Quality
factor, which together with the high frequency of operation yield an extremely
high mass sensitivity. Finally, the resolution of the resonant sensors is estimated
to be approximately up to 5 times better than the resolution of commercially
available biosensors, when operated in liquid media.
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Abstract

Electroacoustic evaluation and characterization of thin film electroacoustic res-
onators operating in the low GHz frequency range has been performed. The
measurements have been carried out with a network analyser and model parame-
ters extractions have been performed with both ADS and MATLAB. This study
includes evaluation of three equivalent circuit models of the resonators using two
different extraction methods of the circuit parameters. Further, the characteri-
zation includes evaluation of a resonating biochemical sensor noise performance,
as well as its short time stability as a function of various network analyser para-
meters. The latter include the intermediate frequency bandwidth and the sweep
time of network analyser, for which optimal settings for further measurements
have been found. Further, it is shown that the resonators have an high Quality
factor, which together with the high frequency of operation yield an extremely
high mass sensitivity. Finally, the resolution of the resonant sensors is estimated
to be approximately up to 5 times better than the resolution of commercially
available biosensors, when operated in liquid media.
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1 Introduction

The thin film electroacoustic (EA) technology has in recent years been estab-
lished as a viable technology for the fabrication of high frequency electroacoustic
devices such as resonators commercially used in bandpass filters in the RF and
IF sections of the radio block, in oscillators and sensors etc. This opens the
way for integrating the traditionally incompatible integrated circuit (IC) and EA
technologies, bringing about substantial economic benefits, due to the substantial
reduction in size and cost, as well as the use of standard IC technology processes.
The use of thin film resonators gives higher operation frequency, to meet increas-
ing demands on integration standards, in addition to higher sensitivity for sensor
applications.
This thesis is a result of the collaboration with the PhD students at the De-
partment of solid-state electronics (SSE) thin film group at Uppsala University,
as a part of a project entitled ”Integration studies of the Electroacoustic and
IC Fabrication Technologies”. The project aims at developing high performance
integrated oscillator and involves design and fabrication of both electroacoustic
and microelectronic components using planar technology, where this thesis fo-
cuses only on the electroacoustic components. The electroacoustic devices are
fabricated using the thin film technology, which implies that the project involves
synthesis and characterization of both thin piezoelectric films as well as metalli-
sation systems. Modelling and design of electroacoustic resonators is an essential
part of the work, which also includes fabrication in a clean room environment.
The thin film group at SSE is also part of a project examining the feasibility to
use some types of the fabricated thin film resonators in bio-sensing applications.
The main objective of this thesis is to understand the fundamental theory be-
hind thin film resonators, as well as its performance in sensor and oscillator
applications. Specific goals include electroacoustic characterization of thin film
resonators in the frequency range 1 to 3 GHz. This includes finding methods
to perform proper measurements, identification of the nature of the losses in
the device and their quantification through modelling and parameter extraction.
Similar characterization will also be performed for thin film biomedical sensors,
where noise factors will be identified and evaluated.
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2 Theory and device description

This section introduces the basic ideas of the acoustic wave theory for resonator
applications. It also includes information of the thin film used in the resonators
and sensors. Further, this section describes modelling of the resonator and noise
theory related to these devices and their applications.

2.1 Acoustic waves

To describe how energy is transported through a material, a useful model is wave
propagation. Consider any given point in a material in mechanical equilibrium;
as a deformation of the material occurs, due to an external force, the point is
displaced from its original position. This implies a change in the arrangement of
the atoms resulting in a non-equilibrium state. The deformation can be described
by a strain tensor Ŝ.
The internal force trying to return the body back into equilibrium is called stress
and can be described by the stress tensor T̂ [N/m2], which in most cases is
proportional to the strain (Hooke’s law).

T̂ = ĉ · Ŝ where ĉ is the stiffness tensor (1)

As the deformation usually is not uniform throughout the material, neither is the
stress. The energy inserted into the material can therefore traverse from atom
to atom through the material as an elastic deformation. Note that this is not a
transport of matter, but rather a propagation of a disturbance of the mechanical
equilibrium. This disturbance is an acoustic wave and, as mentioned, transport
energy but not matter.
Acoustic waves can be distinguished by how they propagate through the mater-
ial, as illustrated in figure 1. Bulk acoustic waves (BAW) propagate through the
whole substrate, whereas surface acoustic waves (SAW) are confined to a region
stretching from the surface to a depth of a couple of wavelengths. The plate
wave is a representation of an acoustic wave that propagates in a thin plate.
Confined within a thin plate, the waves propagate laterally guided by the plate
surfaces, thus retaining the energy.
Generally these types of waves exhibit elliptical or shear polarizations, which di-
vide them into two modes, Lamb and Shear Acoustic Plate modes (SHAPM)
respectively. In relatively thick plates the plate modes exhibit strong attenuation
in depth, thus being trapped along the surfaces. This unique solution represents
the earlier mentioned SAW, which is strongly confined to the surface, with typ-
ically 90% of the energy propagating within one wavelength from the surface.
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Acoustic waves can further be distinguished by their velocities and the displace-
ment directions of the atoms (wave polarization) and be classified by propagation
direction with respect to the surface.

Figure 1: BAW, SAW and Lamb respectively (arrows indicating direction of
material deformation)

A propagating wave, meeting a material with another acoustic impedance, will
partially reflect at the interface, thus trapping energy between interfaces of dif-
ferent acoustic impedance. As the incident wave meets the reflected one, the
observed interference of the waves can be constructive or destructive. These
phenomena are the foundation for all resonator design.

2.2 The piezoactive thin film

In a piezoelectric material the elastic stresses and strains are coupled to electric
fields (E) and displacements (D) by the piezoelectric stress matrix ê, the stiffness
tensor (at constant electric field) and the permittivity tensor, εT (at constant
stress)[3].

T̂ij = ĉE
ijklŜkl − êkijEk

Di = εT
ijEj + êijkŜjk

(2)

Consequently, due to this piezoelectric effect, the material can be deformed by
applying an ac-voltage to the right surface. This phenomenon occurs in dielec-
tric anisotropic materials lacking a centre of symmetry. For resonators, quartz
SiO2 is probably the most common material, with well-known properties. Thin
film piezoelectric materials have attracted a lot of attention in recent years.
These include[2] Lithium tantalate (LiTaO3), zinc oxide (ZnO), gallium arsenide
(GaAs), silicon carbide (SiC), and lead zirconiumtitanate (PZT), as well as alu-
minum nitride(AlN), which is the material used for the resonators in this thesis.
To emphasize the different properties, such as wave velocity, in AW applications
it is often useful to know the crystal orientation and structure.
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Figure 2: Crystallographic structure of AlN

When we say c-axis polycrystalline AlN this implies that the preferred orientation
of the crystals is with their c-axis normal to the surface(Fig. 2). These films
are used for the fabrication of bandpass filters with a maximum bandwidth. For
resonators operating in liquid, however, The thin film group at SSE has developed
an original method for the deposition of AlN thin films with a non-zero c-axis
mean tilt, illustrated in figure 3, by using a two-stage reactive magnetron sputter
process[?]. Reactive sputtering gives excellent uniformity and still high enough
deposition rate.
At the first stage, of the two-stage process, an AlN thin film is deposited at high
pressure, which gives an almost random crystallographic texture to form a seed
layer. This gives nucleation centres in random directions. During the second
stage the pressure is reduced, resulting in an anisotropic deposition flux from the
target. Due to the structure of the seed layer the crystal growth is fastest at the
direction of the flux, giving the film a fairly uniform tilt of 30◦ ± 2◦, on a 4 inch
silicon wafer.

Figure 3: A cross-sectional scanning electron micrograph of an tilted AlN
film
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By applying an oscillating electric field to the surfaces, of a piezoelectric material,
an acoustic wave is excited. This wave propagates through the substrate. AlN is
an excellent material for resonator applications due to its extremely low dielectric
and acoustic losses, its IC compatibility and its high acoustic wave velocity that
altogether make AlN attractive. The wave velocity in the material is derived
from its relation to the stiffness tensor and piezoelectric stress matrix as follows

vaw =

√
c

ρ
=

√
ĉ +

(
1 + ê

ĉε̂

)
ρ

(3)

2.3 Acoustic resonators

To obtain resonance a standing wave has to be formed. This occurs at construc-
tive interference, when the phase shift between the incident and reflected wave is
2πn, where n is a positive integer. For this to occur in a resonator the distance
(d) between the electrodes has to be

d = n
λ

2
n = 1, 2, 3 . . . (4)

The resonators developed at Ångström Lab are basically divided into three
different types; BAWR, SAWR and Lamb wave resonators. The wave type de-
pends on how the acoustic wave in the resonator is excited. Different modes of
the wave are excited in different ways and used for different purposes.

top electrode

bottom electrode

Figure 4: Principal TFBAR

BAWs can be excited by a structure consisting of a piezoelectric material
sandwiched between a top and a bottom electrode. A schematic drawing of
this component is shown in figure 4. This structure is called a BAW resonator
(BAWR), whereas if a thin film piezoelectric layer is used, it is normally called
a thin film bulk acoustic resonator (TFBAR). There are basically two types of
TFBARs; the membrane type and the solidly mounted (SMR) type, respectively.
To fabricate the first, the silicon substrate is etched underneath the resonator.
This forms a membrane where the wave reflects at the Al/vacum surface to
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minimize the losses. The SMR type is mounted on top of a reflector stack
of alternating layers of high and low acoustic impedance material, each with a
thickness equivalent to a quarter wavelength (Fig. 5). This implies reflection at
each face, adding up to correct phase at the resonating frequency.

R
layers

Figure 5: Principal SMR

Both SAW and Lamb waves are utilized in high quality acoustic resonators uti-
lizing a wide frequency range. The principle for energy confinement is fulfilled
through periodic strip gratings aligned on the plate surface. The Lamb wave
and SAWs are thus excited and trapped between these metal strip reflectors de-
posited onto the surface of a piezoelectric material. The propagation direction
of the wave is therefore parallel to the surface. Consider a plate wave device
consisting of a number of interdigital transducer (IDT) strips on a slab of piezo-
electric material, with a distance λ

2
between the IDT strips (Fig. 6). If a periodic

electrical signal is applied to the IDT a corresponding periodic strain pattern will
be produced because of the piezoelectric effect and the AW will traverse away
from and perpendicular to the IDT.

  signal    ground

Figure 6: Principal Lamb wave device
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2.4 Biochemical sensors

An electroacoustic sensor measures and responds to a change in a physical prop-
erty, such as mass, temperature, viscosity, etc. In a biochemical sensor the
response is converted to a detectable signal, which normally is proportional to
the concentration of the specific chemical being analysed. The response has to
be fairly clean, without spurious effects.
The sensors processed at the Ångström laboratory consist of the TFBAR de-
scribed in the previous section. In addition, a micro fluid system is created to
allow the analyte to reach the active area of the sensor. The analyte binds to
the surface and results in an increase in mass. This change in mass can then be
detected as a change in the resonance frequency of the TFBAR.
The analyte recognition mechanism should preferably have high selectivity, which
implies a strict discrimination between different substances. The selectivity is an
important characteristic of the sensor defined by the binding mechanism. For this
type of sensor the method for adhesion depends on the chemical affinity towards
the material of the bottom electrode, to which the substance is going to bind.
Below is a list of some suitable methods for TFBAR based sensors.

• Adsorption on to a surface.

• Entrapment

• Cross-linking

Fhysical adsorption is the simplest method and therefore used during testing
the resonant sensors during development. The thickness excited (TE) shear
BAW is used in this work, since that mode is readily operated in liquid, without
significant losses, and therefore is interesting for biochemical sensor applications.
A liquid with analyte is delivered to the surface of the resonator through the
micro fluid channel and the analyte is adsorbed onto the gold surface of the
resonator. Entrapment implies that the selective element is trapped in a matrix
of a gel, paste or polymer in the vicinity of the resonator electrode. Cross-linking
is a method where a bifunctional agent is used to bond chemically both to the
resonator surface, as well as to the substance being analysed.
The development of these two latter methods are a part of another project at
SSE and therefore interesting alternatives to adsorption. A chemically active thin
film is applied onto the resonator. The target molecules from the analyte bind
to the functionalised surface of the resonator, which results in the mass-change
that consequently affects both the wave velocity and the damping of the wave.
Propagation of the wave can also be affected by the density and viscosity of the
fluid, which also can be used in sensor applications, where sensitivity (S) is a
important parameter, defined as
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S =
change in output parameter

change in analyte concentration
=

∆f

∆c
(5)

which can be derived from Sauerbrey equation[1] that is shown below

∆f = − 2f 2
r

ρvawA
∆m (6)

where fr is the resonance frequency, ρ is the density and A is the resonator
area. Further, the stability is a characteristic of the sensor (and resonator) that
describes the influence of noise. Ultimately, the most important characteristic of
a sensor is its resolution. The resolution can be defined as three times the ratio
between the noise level (N) and the sensitivity. Here the factor three ensures
reliable discrimination of the real response from the background noise.

R =
3N

S
(7)

Thinner piezoelectric layer implies higher operation frequency and higher sensi-
tivity. On the other hand, the noise tends to increase with higher frequencies.
Consequently, how to achieve decent resolution is not a straightforward problem.

2.5 Oscillator applications for resonators

Inserting a resonator in the feedback loop of an amplifier, as shown in the
schematic drawing in figure 7 below, creates an oscillator that is considerably
more stable than an ordinary integrated oscillator. The oscillating frequency
tracks the resonator frequency, which gives a very stable oscillating frequency,
since it is determined by the resonator structure.

amp

Figure 7: Resonator in the feedback loop of an amplifier

This has been done since the twenties[2] with quartz resonators. One can also
use this set-up together with a frequency counter to detect frequency shifts in
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sensor applications.
The advantage of integrating the resonator and an amplifier on the same chip
is amongst others that the stability can be improved substantially by minimiz-
ing the leads between the components. Moreover, it is possible to accomplish
temperature compensation on the same chip, further increasing the stability.

2.6 Allan deviation

Allan deviation is a statistical method to characterise the stability. This method
introduces averaging of the fractional frequency, defined as the normalized devi-
ation from the average resonance frequency,

y =
f − f0

f0

(8)

where f is the frequency and f0 is the average frequency. This dimensionless
response can compensate for inherently large or small signals. It can be shown
that the stability of the device improves by signal averaging, since some noise
sources can be removed. When more averaging no longer improves the results,
a point that is called the noise floor is reached. Considering this, the Allan
deviation can be expressed as

σy =

√√√√ 1

2(M − 1)

M−1∑
i−1

(yi+1 − yi)2 (9)

Here M is the number of measurements. The noise level can, knowing the Allan
deviation and the frequency, be determined by N=σf.

2.7 The Butterworth-Van Dyke (BVD) model and its

modifications

The bulk acoustic thin film resonator is, as mentioned, basically a piezoelectric
material sandwiched between two electrodes. During operation, an electric field
is applied between the electrodes, thus exciting an acoustic wave that due to the
geometry reach its resonance at a given frequency.
Due to the presence of losses, part of the energy is dissipated and transformed
into heat. To characterize the resonator it is very useful to model it as a electric
circuit. This makes it easier to determine the losses and other parameters that
influence the performance of the resonator. The BVD model is that kind of
equivalent circuit for a BAW resonator and is shown in Fig.8.
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Co

Cm

Lm

Rm

Figure 8: The BVD model

The model approximates the resonator impedance close to resonance. The elec-
trodes, together with the dielectric piezoelectric material, form a capacitance.
This capacitance is defined by the structure itself, i.e. the active area, dielectric
constant of the material and the thickness, t, of the film.

C0 =
εεrA

t
(10)

This capacitance, also called static capacitance, is a strictly electrical parameter
and can consequently also be electrically measured directly. If we just consider
the slab of piezoelectric material; we can model its vibration, when applying an
external electrical field, as a series RCL circuit.
In contrast to C0 these components are not electrically measurable, but mere a
conversion from the mechanical domain to the electrical to facilitate the inter-
pretation. This mechanically analogue for an RCL circuit is called the motional
arm. The capacitance, for the first harmonic of resonance, can be calculated[3]
as follows

Cm = C0
8k2

t

π2
(11)

Here k2
t is the electromechanical coupling coefficient describing the ratio between

mechanical energy and total energy in the device. The motional inductance Lm,
depending on the AW velocity, can then be calculated from

Lm =
1

ω2
sCm

(12)

Knowing the wave velocity vaw[3], the density ρ and the acoustic viscosity η the
motional resistance, as a measure of the energy absorption in the device, can be
calculated as
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Rm =
π2η

8k2
t ρv2

awC0

(13)

The series RCL circuit referred to as the motional arm has an impedance as
follows

Zm = j(ωLm −
1

ωCm

) + Rm (14)

At series resonance, usually referred to as the resonance, the impedance in the
motional arm in the equivalent circuit is purely real. This state occurs when the
voltage drop over the inductance and the capacitance cancel out each other due
to equal magnitude and opposite phase.

ImZ = O ⇒ ωLm =
1

ωCm

⇒ fs =
1

2π

1√
LmCm

(15)

Further, at parallel resonance, we also have to take the capacitance parallel to
the motional arm in account. Similarly as for the series resonance the parallel
resonance can be found by setting the imaginary part of the admittance to zero.

ImY = 0 ⇒ fp =
1

2π

√
Cm + C0

C0CmLm

(16)

At parallel resonance the magnitude of the displacement current through C0 is
equal to the magnitude of the current through the motional arm, but the phase
of the currents have opposite signs.

2.8 Performance parameters

Q and k2
t are the key parameters when it comes to evaluating the performance

of the device. These parameters can be estimated directly from the measured
data.
The device Q-value is a measure of the ratio of the input energy and the energy
loss. There exist many definitions, but in this thesis the definition of the loaded
device Q is used, since it is the most commonly used for resonator applications.

Q =
f

2

∣∣∣∣δφδf
∣∣∣∣
f

(17)

Provided that the equivalent circuit parameters are known, the Q-value can be
calculated as
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Q =
ωsLm

Rm

(18)

This is not the device Q, but an ideal Q for the resonator to be compared with the
device Q as a measure of the influence of parasitic effects on the actual device.
Another important parameter is the Qf-product. This constant is a figure of
merit for the material, in a wide frequency range, and can be expressed as

Q× f =
v2ρ

2πη
(19)

For the AlN, in our current process, the Qf-product is approximately 3×1012

Hz, but could be improved to 5×1012 Hz.
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3 Equivalent circuit parameter extraction

In this investigation a comparison is done between three modifications of the
BVD model(Fig. 9). These three modifications are developed in order to describe
specific parasitics. As indicated in the figures below, these models are the BVD,
the modified BVD and the frequency dependent impedance BVD.
The models also include a resistance and an inductance in series, to take into
account the parasitics related to contact losses. These models were then used for
extracting quality factors and coupling factors as well as losses for two different
types of TF resonators, the SMR and the membrane TFBAR respectively.
The original BVD is described in section 2.7 and the modified version, MBVD,
have an additional resistance in series with the electrical capacitance, C0. This
resistance models the dielectric losses in the resonator. The last modification of
the BVD model has recently been developed in the thin film group, to describe
the frequency dependent losses that are observed in some resonators. For this
purpose, a frequency dependent impedance replaces the motional resistance. The
use of a given type of model depends on the specific case.

Co

Rs        Ls
Cm

Lm

Rm

Co

Rs        Ls
Cm

Lm

Rm

Co

Rs        Ls
Cm

Lm

ZmRo

Figure 9: The BVD, MBVD and FDI-BVD models

Different extraction methods were used, one is a direct method and the other is
an iterative extraction method. The modelling and extraction were carried out
using both Advanced Design System (ADS) 2003A and MATLAB.
The direct parameter extraction method is developed at SSE and is based on
fitting the measured data to an analytical expression of the impedance of the
MBVD model. This expression contains unknown coefficients that are calculated
by minimizing the error between the impedance at all measurement points and
the impedance from the model for the same frequency. Since the models are valid
only around resonance, the method introduces a weight function, consisting of a
normal distribution around the resonating frequencies that is used to emphasise
these measurement points. This extraction routine is also written in MATLAB,
since the measurements are executed from MATLAB and instant analysis conse-
quently can be made.
For the iterative extraction method in ADS, the user first graphically designs the
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electrical circuit and determines the properties of its components and the range
in which they can vary. For optimising the response from the circuit, the user
chooses the number of iterations, the error function and desired stop value of
the error function. The program then tries to reduce the gradient of the error
function, by varying the values of the components in the user specified range,
and stops the iteration when reaching the desired error. For comparing the result
for different models and methods the mathematical method is also written in
ADS. An example of a schematic window from ADS is shown below.

Figure 10: A schematic window from ADS

The model is, as seen in the picture, graphically represented as a electrical circuit,
feeded via the input on terminal 1. From terminal 2, we get the measured data.
Initial values, simulation and optimisation information is inserted into this window
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before simulation. For these extractions, the optimisation is chosen to minimize
the difference between the measured and the simulated data, with a desired error
of zero.
Since the model has many parameters, the fit can have many optima, which
introduces uncertainty to the curve fit. In order to reduce this uncertainty, the
results are compared to theoretical and measured values. The values of Rs, Ls
and Co are measured and the all BVD parameters are calculated from equations
(10) to (13). The measurements of Rs, Ls and Co are done in a very large
frequency span. For frequencies far from resonance, the model can be reduced
to these three elements in series. Co is approximately one over the imaginary part
of the impedance at low frequencies. This can then give Ls from the resonance
of this circuit. Ro is the real part of the impedance.
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4 Stability measurements

These studies are done on high frequency resonator and sensor measurements
using a Hewlett Packard Network Analyzer (HP 8720D), which measures the
electrical characteristics of the resonator for a given frequency band. Before
each measurement the network analyzer was calibrated to this frequency band.
The instrument is limited to 1601 measurements points within a frequency sweep.

Network analyzer

Resonator

Figure 11: Schematic drawing of the measurement set-up

Before measurement the wafer with the resonators are mounted on a substrate
holder that uses vacuum to fix the wafer to the holder. The probe arm can be
translated in x, y and z directions. The picoprobe (model 40A-GSG-150-P), used
in this study, has a ground-signal-ground configuration, with a 150µm pitch and
is operated under an optical microscope.
The probe is connected to the network analyzer that is set to sweep some hundred
MHz around expected resonance frequency, to be sure to include the resonance
frequency despite possible deviation in thickness of the film. Photographs from
the measuring equipment, including network analyzer, microscope, probstation
and probe in close-up, are shown in Fig. 12.
All measurements with the network analyzer and picoprobes are sensitive to the
calibration and the probing, which can introduce a systematic error1. The mea-
surements have been performed in an ordinary indoor office environment with
no extra features for controlling the temperature. In addition, it is therefore
important to consider external noise factors, especially to consider noise related
to changes in the temperature.

1Course notes on ”RF On-wafer device measuring techniques”, T.E. Kolding, Aalborg
University
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Figure 12: Pictures from probstation and prob in measurement

To rationalize the measurements, that otherwise are very time-consuming, the
network Analyzer is controlled via a protocol written in MATLAB, where also
storing of data and some evaluation is performed. To be able to improve the
resolution for determining the resonance frequency a mathematical curve fit in
MATLAB was made afterwards to the admittance and impedance response.
The focus of the work is on resonant sensors based on TF technology, described
in page 7-8 above. Since the idea is to use these resonators for biosensing
applications, which mostly operate in a liquid environment, the TE shear mode
is used, as it operates with low losses in liquids.
The measurements were done both in air and liquid. For the measurements with
water, an additional liquid delivery system was mounted on top of the sensor.
This system consists of two probe arms, one for each aperture of the channel,
and a pump used for pumping the fluid through the fluidic channel (Fig. 13).
Due to the risk of getting unwanted air bubbles in the system, it is important to
achieve proper wetting of the active area of the resonator, since a frequency shift
due to addition of pure water is expected. A problem with these measurements
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is, as mentioned, the negative effects of air introduced in the channel during
measurements, since heating of the water can release air bubbles.

Si

p

fluid input fluid output inpuinpufluflufluid inpfluid inp ppo ooutputoutput

b tt l t db tt l t db tt l t d

fluidic channel

Figure 13: Schematic drawing of the sensor

As mentioned above, the two most important characteristics of a resonant sensor
are the sensitivity and stability, which together define the resolution, but since the
sensitivity is built into the device, we cannot influence it through the measure-
ments. The stability of the total system is influenced by the noise performance
of both the measured device and the measurement equipment. The aim of this
investigation is consequently to reduce the noise that originates from the mea-
surement system as much as possible.
The network analyzer noise is affected by the measurement parameters, that is
the IF bandwidth of the network analyzer and averaging of the data. The data
processing software used provides the averaging while the input power was fixed
to a relatively high value, since this was specified in the data sheet to give a
low noise level. This investigation was consequently focused on varying the IF
bandwidth as well as that of the measurement sweep time to find conditions for
the lowest measurement noise for our device.
For this noise characterization of the total system, including the network analyzer,
the Allan deviation is used. For every set-up 100 consecutive measurements were
performed. Each set-up consists of a sweep time in the range 5 to 180 seconds
and an IF bandwidth in the range 10 to 3700 Hz. Since these measurements have
not been done for these types of structures the desired noise level is unknown
at this point. The aim is rather to have a measure of the noise level so that it
can be improved by improving the fabrication process or by compensation, for
example hardware or software temperature compensation.
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5 Results and discussion

This section shows some results of the work and comments the results related
to the present applications. First gives a presentation of results of the extracted
performance parameters and then suggested measurement system settings for
reducing the noise for different values of the performance parameters. Then
follows result of equivalent circuit parameters and results on the stability of the
resonators and the resolution of the sensors.

5.1 Resonator performance

The resonance frequency of Lamb wave IDT resonators was about 900 MHz
and its Quality factor around 3100. The resonance frequency of the shear mode
FBAR was typically in the range 1.2-1.6 GHz and the resonance frequency of the
SMR was 1.97-1.98 GHz depending on the film and electrode thickness, whereas
the electromechanical coupling was around 2% and 3.2-3.6% respectively.
The Quality factor of the FBARs could be measured to about 400±50 when
operated in air. When water was inserted into the channel, it resulted in an
approximately 2 MHz decrease of the resonance frequency, in addition to a de-
terioration of the device response and more specifically, in a reduction of the
quality factor, to about 150. A typical resonator response in water is shown in
figure 14.
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Figure 14: Impdedance of a TFBAR
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5.2 Measurement system settings for reducing the

noise

This study indicates that the noise can be reduced by adjusting the IF bandwidth
and the sweeptime of the network analyzer. Figure 15 below shows the Allan de-
viation for different values of the sweeptime and the IFBW for a device measured
in water.
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Figure 15: Allan deviation, for different IFBW and sweeptimes [s], of a device
in water

As seen in the figure above, the lowest noise seems to be at a BW of 100Hz and
a sweeptime of 60s. Since the noise level between 60s and 20s does not differ
much for 100Hz, a 20s sweeptime is preferred to shorten the measurement time.
Table 1 below shows a summary of results, for both optimal IFBW and sweep
time for several device Q values, graphs of which can be found in appendix A.

Q BW [Hz] τ [s]
120 100 20
135 100 20
300 100 20
450 300 10

Table 1: Table of optimal IF BW and sweep time for different device Q-factor

For devices with a Q higher than 400 the BW can be around 300Hz and the
sweeptime of 10s. For devices with a Q lower than 400 this is not sufficient since
they are noisier and the BW therefore must be decreased to 100Hz. Consequently,
the sweeptime has to be increased. An increase to 20s seems to suffice.
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5.3 Equivalent circuit parameters

First some theoretical values of the equivalent circuit parameters. These are
calculated using material constants and parameters shown in table 2 below. The
εr and k2

t values are determined from the graphs in appendix E and the wave
velocity in the material is derived from equation (3) and η ÷ ρ is derived from
equation (19).

Value Unit
εr (FBAR/SMR) 9.2/10.25

v 11300 m/s
k2

t 3.5/6.5 %
Q× f 5 ·1012 Hz
η ÷ ρ 4.0645 · 10−6 Nsm/kg

Table 2: AlN material constants and resonator parameters for calculations
of equivalent circuit parameters

Using formulas (10) to (13), the calculations2 give the values of the equivalent
circuit parameters and the Q-values, for different resonance frequency, that are
given in the table below. These values give only a rough estimate of what is to
be expected from the simulations, since the components are far from ideal and
the parasitic elements are therefore expected to be notable. Especially resistive
effects in the contacts and the piezoelectric film are thought to show deviation
from an ideal response. In addition, the εr and k2

t are calculated from data for
single crystalline AlN. This can imply a slight deviation for the case considered
here, since the AlN film are not single crystalline but poly crystalline, even though
the deviation is expected to be small.

fr=2 fr=1.6 fr=1.2 fr=2 fr=1.6 fr=1.2
C0 3.67pF 3.67pF 3.67pF 4.28pF 4.28pF 4.28pF
Cm 104fF 104fF 104fF 226fF 226fF 226fF
Lm 63nH 92nH 169nH 28nH 43nH 76nH
Rm 306mΩ 306mΩ 306mΩ 141mΩ 141mΩ 141mΩ
Qm 2538 3086 4166 2512 3105 4132

Table 3: Calculated equivalent circuit parameters for different fr. Shear
values to the left and longitudinal to the right.

2see Matlab code in appendix C
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The direct extraction method provides very fast calculation of MBVD equivalent
circuit model parameters. The extracted values are very close to the reality, but
the parasitics are somewhat different in nature. The lack of accuracy originates
from the fact that the BVD model does not take into account all electrical
parasitics. Instead the dielectric losses, which are insignificant in the AlN thin
film, are additionally incorporated into the model. It should be noted that the
difference between the models are related to the description of the parasitics,
consequently, the choice of model cannot contribute to fatal errors in the device
characteristics, since the parasitics are not dominant in the device response.
Practically, in order to have more accurate values for the parameters, it is useful to
combine the direct extraction method with the iterative curve-fitting method, to
give the latter method reasonable initial start values. The standard BVD model,
with added series parasitics, can readily fit the response of membrane TFBARs
and Lamb wave resonators. For SMRs, the recently developed modifications of
the BVD model is to be used for the description of the frequency dependent losses
arising from the losses due to parasitic acoustic modes. The models applied in
this work are physically justified and provide a good agreement with the measured
data. The dielectric loss is too small to be extracted by the fitting algorithm used
in ADS, which makes it more convenient to not use R0.

5.4 Stability, sensitivity and resolution

This section presents results concerning sensitivity, stability and resolution of
the TFBAR shear sensors. To determine the sensor resolution, as described in
equation (7), the stability and sensitivity of the sensor must be known. Some
examples of these values for different sensors are given in table 4 below.

fr[GHz] Sensitivity[ MHz
(cm2/µg)

] Allan deviation Noise[kHz] Resolution[ ng
cm2 ]

1.6 1.33 1.7·10−6 8.16 6.14
1.17 1.35 4.5·10−7 1.58 1.17
1.18 1.38 3.5·10−7 1.24 0.89
1.36 1.83 2.8·10−6 11.42 6.24

Table 4: Stability, sensitivity and resolution for different sensors

In this case, the sensitivity is calculated by using equation (6), where the reso-
nance frequency is taken from measured data and has a variation of several MHz
between different devices on the same wafer. In addition the network analyzer
has an accuracy of the frequency of ±10ppm. By using equation (9), the stability
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was calculated to be around 10−7 for higher Q and around 10−6 for lower Q and
when the device were operated in water. By using equation (7), the mass reso-
lution of these sensors is shown to vary between around 1 and 6 ng/cm2 in the
calculations. This is to be compared to the QCM that typically have resonance
frequency of 5MHz which gives a sensitivity of 57Hz/(cm2/µg) and a resolution
of 5 ng/cm2 3.

3G. Wingqvist, Shear mode AlN thin film electroacoustic resonator for biosensor ap-
plications
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6 Conclusions

Two major aspects of the electroacoustic evaluation of piezoelectric thin film
resonators are considered in this work. The characterisation of the components
appeared to be sensitive to the network analyzer set-up. It is established that the
set-up parameters influence the measurement stability, with respect to the Qual-
ity factor of the measured device. This investigation has identified measurement
conditions under which the measurements are most stable. In addition, different
resonators have been electrically characterized and their performance parameters
extracted through a curve fitting procedure, with satisfactory agreement. Due
to measurement and calculation of uncertain parameters, the fitted curves can
be considered to be a fair estimate of the measured results. This implies that
the models are useful approximations of the devices and are physically satisfac-
tory. Emphasise is put on the evaluation of the membrane FBARs for bio-sensing
applications, where the stability of the measurements and the accuracy of the
extractions play an important role for the evaluation of the resolution. The TF-
BAR with tilted AlN thin film are shown to have high device Q-values, which
remain sufficiently high in contact with water. This implies that they can be
used as sensors with a very high mass resolution. The mass resolution is shown
to be approximately 5 times better than the resolution for the commonly used
quartz microbalance resonators. The results concerning the stability and resolu-
tion demonstrate the potential of TFBAR for the fabrication of highly sensitive
biosensors, as well as for liquid sensing in general. This result obtained in addi-
tion to the IC compatibility of the technology and the very low production costs
illustrate the potential of this technology for mass fabrication of low cost, highly
sensitive chemical and biochemical sensors.
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7 Future investigations

These results, presented in the previous section, are a few steps on the way to
developing high performance low cost chemical and biochemical sensors. Since
the first measurements used a fixed value of the input power, determined by the
data sheet, another possible source of noise is thought to come from the input
power. The network analyzer uses twelve different attenuators, each with an
operating interval of 20dBm. In an attempt to further reduce the measurement
noise, a study of the input power from the whole range of possible attenuators
could possibly be performed. Before measurement, the network analyzer has
then to be calibrated to the right attenuator and interval of frequencies. With-
out re-calibration the input power can then be varied within the operation range
of the attenuator. The aim of these measurements would consequently be to in-
vestigate how the input power affects the noise level. When the sensors becomes
more optimised, it will be interesting to investigate characteristics such as the
response time and the recovery time, i.e. the time that elapses before the sensor
is ready to analyse the next sample. Further it is interesting to determine the
operating lifetime, for both the structure itself and the stability of the functional
material, but before that there are still a lot to investigate. Right now a lot of
efforts are directed towards the further development of the process technology
and the stability of the sensors. Different methods of compensation for improv-
ing the stability are under development. A couple of examples are; temperature
compensation by using an additional oxide layer that has a thermal expansion
coefficient opposite to that of the AlN film as well as towards noise compen-
sation by utilizing a reference sensor on the same chip as the detecting sensor.
The latter method implies that the desired response is the difference between
the individual responses of the sensor and the reference, since all external noise
is identical for both sensors.
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9 APPENDIX

9.1 APPENDIX A [Plots]

Following graphs show the Allan deviation of resonant bio sensors fabricated at
Ångström Lab. Sweeptime in seconds.
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Figure 16: Allan deviation of a device with Q=120
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Figure 17: Allan deviation of a device with Q=135
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Figure 18: Allan deviation of a device with Q=300
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9.2 APPENDIX B [Code]

This appendix contains Matlab code of the programs written to perform mea-
surements and extract the different parameters.

               saveD1                          text file  
                                                                     
      
                                                         chkStability
                           
                                                    

                                               

calls

calls

reads

allanDev                                              

getData                                                 

Figure 22: Graph over the functions and their relation

Param=circuitParam(fs,kt,epsilonr,d,A)

where fs is the resonans frequency in GHz,

kt is the electromechanical coupling

epsilonr is the relative permattivity

d and A is the film thickness and resonator area respectively

CIRCUITPARAM returns following parameters; [Co Cm Lm Rm Qm]

function Param=circuitParam(fs,kt2,epsilonr,d,A)

format short g

v=11300

fs=fs*1e9;

kt2=kt2/100;

d=d*1e-6;

A=A*1e-6;

Qf=5e12;

epsilon=8.854e-12;

omegas=2*pi*fs;

omegas2=omegas^2;

etaDivRho=v^2/(Qf*2*pi);
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Co=A*epsilon*epsilonr/d;

Cm=Co*8*kt2/(pi^2);

Lm=1/(omegas2*Cm);

Rm=(pi^2*etaDivRho)/(8*kt2*Co*v^2);

Qm=omegas*Lm/Rm;

Param=[Co Cm Lm Rm Qm]’;

Param=[’Co = ’,num2str(Co);’Cm = ’,num2str(Cm); ’Lm = ’, num2str(Lm); ’Rm = ’,num2str(Rm),...\\

’ ’;’Qm = ’, num2str(Qm),’ ’];

%

%saveD1(g)

%

%SAVED1 measure and save a user specified

%number of measurements in a txt file

%

function saveD1(g)

format long;

%%%%%%%%%%%%%%%%% Create GPIB connection %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%g=gpib(’agilent’,7,14);

g.InputBufferSize=500000;

g.TimeOut=200;

fopen(g);

%%%%%%%%%%%%%%%%% Prompt %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

prompt={’Name the measurement’,’Number of measurements ’,’Sweep time (seconds)’};

def={’’,’1’,’10’};

dlgTitle=’Input for sensor measurement’;

lineNo=1;

answer=inputdlg(prompt,dlgTitle,lineNo,def);

tau=[’SWET ’ answer{3}];

%%%%%%%%%%%%%%%%% Save data %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%[rawfile,rawpath] = uiputfile(’*.txt’,’Save raw data’);

%[extrfile,extrpath] = uiputfile(answer{1},’Save extracted data’);

%%%%%%%%%%%%%%%%% Get start- & stop frequency %%%%%%%%%%%%%%%%%%%%%%%%%%%%%

[f,start, stop, points] = freqSpan(g);
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%%%%%%%%%%%%%%%%% Calculate number of DATAOUTPUT %%%%%%%%%%%%%%%%%%%%%%%%%%

mpoints=str2num(answer{2});

minterval=str2num(answer{3});

ant=mpoints;

span=20; pl=0; d1filnamn=answer{1};

%%%%%%%%%%%%%%%%% Head of citifile %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

fid=fopen([rawpath rawfile],’w’);

fprintf(fid, ’%s\n’, ’CITIFILE A.01.00’);

fprintf(fid, ’%s\n’,’#NA VERSION HP8720D.06.14’);

fprintf(fid, ’%s\n’, ’NAME DATA’);

fprintf(fid, ’%s\t %f\n’,’VAR FREQ MAG’, points);

fprintf(fid, ’%s\n’, ’DATA S[1,1] RI’);

fprintf(fid, ’%s\n’, ’SEG_LIST_BEGIN’);

fprintf(fid, ’%s\t %f\t %f\t %f\n’, ’SEG’,start, stop, points);

fprintf(fid, ’%s\n’, ’SEG_LIST_END’);

fprintf(fid, ’%s\n’, ’BEGIN’);

%%%%%%%%%%%%%%%%% Collect data %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

fprintf(g,tau) ;

fprintf(g,’FORM4’);

fprintf(g,’SING’);

fprintf(g,’OUTPDATA’);

data=getData(g,1601);% read data

%fprintf(g,’CONT’);

d1filnamn;

S11=data(:,1)+data(:,2)*i;

fprintf(fid,’%4.8f, %4.8f\n’,data’);

fprintf(fid, ’%s\n’, ’BEGIN’);

%pause(*1);

%Q=measQ(g)

fclose(fid);

fclose(g);
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%data=getData(g,ant)

%GETDATA returns data from the g file converted to a 2 times ant matrix

function data=getData(g,ant)

format long;

data=(fscanf(g,’%f, %f’,[2 25*ant]))’;

%chkStability

%fsp = chkStability(name,span);

%CHKSTABILITY extracts allanDeviation from file

function ad= chkStability(name,span);

global Rs R0 R1 C0 C1 L1 Ymax Zmax

txtfile=fopen(name, ’rt’);%open requested textfile

for t=1:100

for k=1:10

line=fgets(txtfile);

if t==1 & k==5

measPara=sscanf(line,’%f %f %f’);

end

x = strmatch(’Measure’, line);

if x==1

str=line;

fgetl(txtfile);

data1=fscanf(txtfile,’%f %f’,[2 1601]);

break;

end

end

if k==10

break;

end

nr=size(line);

time=[line(nr(2)-8:nr(2)-7) line(nr(2)-5:nr(2)-4) line(nr(2)-2:nr(2)-1)];

h=3600*(str2num(line(nr(2)-8:nr(2)-7)));
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m=3600*(str2num(line(nr(2)-5:nr(2)-4))/60);

s=str2num(line(nr(2)-2:nr(2)-1));

tim(t)=(h+m+s);

start = measPara(1);

stop = measPara(2);

points = measPara(3);

delta=(stop-start)/(points-1);

f=[start:delta:stop]’;

data(:,1)=f;

data1=data1’;

data(:,2)=data1(:,1);

data(:,3)=data1(:,2);

S11=data(:,2)+i*data(:,3);

pl=1;

fs=extrFs(’fs ’,f,S11,span,pl);

fp=extrFp(’fp ’,f,S11,span,pl);

fsp(t,1)=fs;

k=k+1;

end

fclose(txtfile);

fm=mean(fsp(:,1));

deltaf=fsp(:,1)-fm;

y=deltaf/fm;

ad=allanDev(y);

%a=allanDev(y);

%returns the Allan deviation for the fractional frequencies y=deltaf/fr0

function a=allanDev(y);

sigmaSquare=sum(0.5*diff(y).^2);

a=sqrt(sigmaSquare/(length(y)));
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9.3 APPENDIX C [ADS]

This appendix contains an ADS data display with both measured data and sim-
ulated data for different models.
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Figure 23: ADS data display of a BAW device
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9.4 APPENDIX D [εr and k2
t ]

This appendix contains information of permittivity and electromechanical cou-
pling variation for different tilt of the thin film c-axis.

Figure 24: electromechanical coupling
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Figure 25: relative dielectric constant
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