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Summary
The fields of health care and environment control have an ever increasing demand for sensors able to detect low concentrations of particles
like (bio)molecular agents, warfare agents, and pathogen cells or solid
particles contained in gaseous or liquid samples. The recent introduction of microfabricated devices in these fields gave rise to new sensors
with attractive properties: rapid response, reliability, portability, ease
of use, size and cost reductions. A cutting edge technology for the development of such sensors is based on guided acoustic waves, e.g. the
harmonic propagation of an elastic deformation in a waveguide structure
at ultrasonic frequencies extending between some MHz to a few GHz. A
variation in the propagation of the acoustic signal is induced when the
waveguide boundary is perturbed by an event occurring at the nanometer scale. Typical application examples are: recognition of antibodies by
specific antigens, adsorption of proteins on chemically tailored surfaces,
metal electrodeposition and study of polymers swelling.
In this thesis, we investigate acoustic waveguides fabricated with thin
film technology for the sensing of a mass deposited from a sustaining liquid. A first part is dedicated to the Love mode structure, in which the
film is coating a piezoelectric substrate, and a second part is dedicated
to nanocrystalline diamond thin film membrane devices for the fabrication of higher sensitivities Lamb mode and thin Film Bulk Acoustic
Resonator (FBAR) structures. The sensitivity of the Love mode device
was analyzed with an equivalent transmission line model generalized to
isotropic and viscoelastic layers. A variational model was developed to
correlate shifts of amplitude and phase of the electrical signal as the
mechanical characteristics of the sensed media are varying. During a
biorecognition experiment, signal variations are attributed to the adsorption of a composite layer of viscous nature. The Love mode biosensor
is seen as a sensitive rheometer where the density, the viscosity and the
thickness of the adlayer influence the acoustic signal. The ratio of amplitude shift to phase shift is representative of the rigid or viscous nature of
the interaction between the probing acoustic field and the probed layers.
For a better determination of the surface composition, a novel integrated
combination of the surface acoustic wave with an optical biosensor (i.e.
surface plasmon resonance) is presented. Methodologies are explained to
provide quantitative details about physisorbed proteins and about the

vi
conformational transition of poly(N-isopropyl acrylamide) (PNIPAAm)
upon thermal cycling. This method resolves independently the thickness, with a nanometer resolution, the density and the viscosity of the
film, with the main consequence to provide an evaluation of the solvent
content diluted in the film.
We developed mathematical expressions of the influence of interferences
between the acoustic signal and electromagnetic waves generated by the
transducers for the open and the closed loop configurations of the Love
mode device. The interferences modify locally the value of phase shifts
and, under specific circumstances, enhance the sensitivity of the open
loop configuration. The location of interference peaks can be used to
determine the phase velocity in the sensing area even when the interferences are strongly attenuating the acoustic signal.
The thin films guiding the acoustic energy in the Love mode structure
play a major role on the dispersion characteristics of device and on the
sensitivity. Three thin film materials were investigated: silicon dioxide
deposited by plasma-enhanced chemical vapor deposition in a hydrogenrich atmosphere, zinc oxide deposited by spray pyrolysis, and plasmaenhanced chemical vapor deposited silicon germanium. Still for the actual fabrication of Love mode devices, we tackled the issue of packaging
with a method based on the protection of the transducers from the surrounding liquids by SU-8 walls terminated with a glass capping.
In the second part, nanocrystalline diamond as an emerging material
with properties close to single-crystal diamond was investigated under
the form of thin film membranes suspended to a rigid silicon frame. The
unique properties of NCD (high mechanical and chemical resistance)
open ways to membrane based sensors such as Flexural Plate Wave and
thin Film Bulk Acoustic Resonators (FBAR). A dynamic characterization of the mechanical properties of the film and of its residual stress is
presented based on the non-destructive stroboscopic analysis of deformation shapes of membranes with different lateral dimensions and placed
in vibration on the first resonance modes. The results of this method
are used to estimate the potential advantages of a diamond-based flexural plate wave biosensors. Finally, the properties of composite FBAR
devices including a supporting thin film membrane and a piezoelectric
layer, which is required for the actuation of longitudinal acoustic resonance modes, are assessed using the perturbation theory and applied to
the first prototype of an actual diamond-based composite FBAR.
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Marie-Thérèse, as a fruit of their daily support, their trust and their
Love for me during the last 27 years and for the many upcoming years.

List of symbols and abbreviations

Symbol
α
α
α
α
a
B
βij
C
CEM
c
c
cE
∆A
∆φ
δ
~
D
D
D
d
d
εS
εd
εm
E
~
E
e
ϕ
F
f
fc
Γ
Γ
γ

normalized thickness
acoustic signal amplitude
electromagnetic-acoustic waves interaction amplitude
material constant
inter-atomic distance
electrical susceptance
structural factor
equivalent mechanical capacitance
electromagnetic parasitic capacitance
speed of light
elastic stiffness matrix
elastic stiffness matrix at constant electric field
electric signal attenuation per unit of length
electric signal delay phase shift per unit of length
penetration depth
electric displacement
sensing area length
plate flexural rigidity
corrugation depth
membrane center deflection
electric permittivity matrix at constant mechanical strain
dielectric constant of a dielectric
dielectric function of a metal
Young’s modulus
electric field
piezoelectric strain matrix
complex coupling angle
constant of Faraday
wave frequency
wave cut-off frequency
Christoffel matrix
stiffened Christoffel matrix
equivalent transmission line propagation function

x
Symbol
G
G
η
H
h
I
i
j
K
Ke2
~k
k
kx
kP
kz
k2
λ
λ
L
L
L
~l
µ
M
M
M
m
me
ν
Nα
Nφ
n
n
ne
Φ
Q

electrical conductance
equivalent mechanical conductance
dynamic viscosity
delay line transfer function
composite layer thickness
electrical current
√
imaginary number −1 (mathematical notation)
√
imaginary number −1 (electrical notation)
atomic bounds rigidity constant
effective electromechanical coupling coefficient
wavevector
wavenumber
propagation wavenumber
surface plasmon polariton wavenumber
resonance wavenumber
electromechanical coupling coefficient
wavelength
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Chapter 1

General introduction
“And that,” put in the Director
sententiously, “that is the secret
of happiness and virtue – liking
what you’ve got to do. All
conditioning aims a that:
making people like their
unescapable social destiny”
Aldous Huxley
Brave New World

1.1

Biosensors

In variety of industrial, medical, health care and consumer applications, small, reliable, disposable and inexpensive sensors able to determine the presence of specific biomolecules are needed. These sensors are
better known as biosensors. Biosensors have been defined by the Union
of Pure and Applied Chemistry (IUPAC) Commission as a subgroup of
chemical sensors in which a biologically based mechanism is used for
detection of an analyte [170]. Commonly, biosensors are chemical sensing devices in which a biologically derived recognition is coupled to a
physical element, also called transducer , in which the biological event is
recorded [38, 58, 141]. About 20 billion US$ are yearly spend worldwide
for analytical tests [124], a reduction of costs and analysis time is possible
with modern biosensors. The global market for biosensors has increased
rapidly during the last decade, with an annual rate of 10% [125]. In the
1
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future, it is quite reasonable to think this demand will still increase due
to breakthroughs in bio-related areas such as health care, biotechnology,
pharmaceutical, etc. Current examples are the growing use of biosensors
in personal glucose testing for diabetics, cancers and HIV detection, and
DNA sensing. Although the potential market for biosensors is known
to be very large, the commercialization of the numerous biosensors has
been slow except rare cases including glucose monitoring, single analyte
enzyme electrodes for food industry and biological oxygen demand for
water [45, 125].
The development limit of biosensors has been imposed by a lack in
their desired performance characteristics in terms of sensitivity, dynamic
range, and reproducibility. However, the potential advantages offered by
biosensors technology include minimal sample preparation, high speed
of analysis and the potential for in situ and flow stream analysis for
process control [125, 208].
Biosensor components include a biological recognition element, a
physical transducer, an electrical amplifier and a data processing system. Above all, a (micro)fluidics system – or liquid cell – serves to
condition the fluids to be analyzed, to display them to the sensing area
and to dispose of them. Figure 1.1 shows schematically the main components of a typical biosensor.
A wide variety of transducers have been reported in the literature.
Biological sensing has been demonstrated with potentiometric and amperometric sensors using enzymatic mediation [38]. These sensors measure the electrochemical activity of the enzyme. Potentiometric systems
measure the open-circuit voltage, while the amperometric systems measure the short-circuit current. Chemiresistive devices measure a change
in electrical conductivity caused by a biochemical reaction.
Thermal sensors can be used to detect antibody-antigen and/or enzymatic detection. These devices are based on a change in thermal conductivity between a heater and a heat detector.
Optical fibers and waveguides have been used in many configurations
including phase interferometry, optical absorption, fluorescence and surface plasmon resonance.
In electromechanical systems, tuning forks with sensitivity comparable
to quartz crystal microbalances [212] have been reported. Cantilever

1.1 Biosensors

3

What is a sensorial platform ?
µ-FLUIDICS

ANALYTE

(BIO)CHEMICAL

SELECTIVE RECOGNITION
EVENT

PHYSICAL
ELECTROCHEMICAL

AMPEROMETRIC

CONDUCTOMETRIC

ELECTRONICS

POTENTIOMETRIC

RESPONSE

ELECTROMAGNETIC OR
ELECTROMECHANICAL

THERMAL

OPTICAL ACOUSTIC

PROCESSING

READOUT

Introduction toisbioanalytical
sensors.ofA.J.
Wiley: 1998inFig. 1.1 – The biosensor platform
composed
a Cunningham.
(bio)chemical
terface where specific bio-species are adsorbed; a physical transduction
transfers this recognition event to a measurable electrical signal recorded
by a dedicated electronics system. The micro-fluidics condition and deliver the analyte to the sensing interface (modified after [38]).
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resonators appeared with the possibility of detection of single bacteria, viruses or pH [13, 14]. The ultimate limit is probably reached with
nanoelectromechanical systems (NEMS) for attogram detection and for
which, ultimately, single virus detection has been proved [52, 76, 94].

1.2

Acoustic biosensors

The technological advances in microelectronics and fiber optics have
dramatically increase the number of physical transducers which are available for use in biosensors. In addition, breakthroughs in biochemistry,
immunochemistry and biotechnology have provided large amount of well
characterized enzymes, antibodies, tissues, living cells and receptors for
use in these devices. Acoustic biosensors, detailed here after, is a subset
of electromechanical transduction that constitutes the main matter of
this thesis. Biosensors and immunosensors based on piezoelectric materials have benefited from rapid developments during the last decade.
Acoustic wave devices exist in a multitude of varieties according to the
structure of the device and the polarization of the wave. Piezoelectric
materials are often needed to generate acoustic waves. Figure 1.2 represents the main categories of guided acoustic waves; the corresponding
devices are given by the mode of wave propagation through or on a piezoelectric substrate [46]. A main distinction is done between bulk and surface acoustic waves, depending if the wave propagates through the substrate or along its surface. The most common examples of bulk acoustic
wave devices are the thickness shear mode (TSM) resonator [34], the
shear-horizontal acoustic plate mode (SH-APM) [169, 201] and the thin
film bulk acoustic resonator (FBAR) [17]. Examples of surface generated
acoustic waves are Rayleigh mode, Bleustein-Gulyaev (BG) mode [74],
shear-horizontal surface acoustic waves (SH-SAW) [6, 116, 171], Love
modes [63, 67] and Lamb modes [54, 192]. Initially developed for filters
and delay lines in the telecommunication field, surface acoustic wave
devices have also attracted a growing interest in the sensor field [10].
The sensing principle is based on the perturbation of the elastic field
propagating along the surface of the planar substrate, resulting in a
measurable modification of the acoustic signal as schematically represented in Figure 1.3.
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Fig. 1.2 – The acoustic wave family is broad and divided in two main
categories: bulk acoustic waves (BAW) and surface generated acoustic
waves (SGAW) depending of the propagation of the wave with respect
to the surface. Subcategories are determined by the structure of the
device and the polarization of the wave.

V0

V

Fig. 1.3 – Schematic principle of an acoustic biosensor: an intrinsic
measurable property V0 of the acoustic device is changing to V after
the specific adsorption on its surface of a perturbing element, e.g. in
biosensors by a given amount of specific biomolecules.
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When the SAW is shear polarized, like SH-SAW and Love-mode
sensors, the acoustic energy loss due to the presence of a liquid on the
surface is lower than for the Rayleigh case [99, 128]. These sensors are
adequate as biosensors where the perturbation is caused by the physical adsorption of biomolecules present in solution [6, 82]. Alternatively,
an indirect perturbation mechanism is based on pH changes resulting
from enzymatic reactions, for instance with an urease film on the sensing surface to detect urea concentration in the human blood [115]. For
any detection mechanism, the biochemical recognition results in a SAW
velocity change that is monitored in real-time by the electrical transducers. The transduction itself is obtained on piezoelectric substrates
thanks to interdigital transducers [202] (IDTs) that consist in a set of
interdigitated electrodes with alternative electrical polarity.
Although any of these acoustic sensors could be used for mass sensing a gaseous environments, less of them can operate in aqueous environments without suffering from a large attenuation making the sensor
unadequate to liquid loading. Considered from a pure mechanical point
of view, a liquid loading supports the propagation of a particle displacement in a pressure wave and, therefore, the loss of acoustic energy. This
energy dissipation occurs in all cases, although it can be reduced by
an appropriate choice of acoustic waves. For two cases, a trapping of
the acoustic wave in an evanescent wave in the liquid is possible by a
shear-horizontal polarization or by an acoustic wave with a phase velocity lower than the one in the liquid. In both cases, the acoustic wave
is evanescent in the liquid and therefore trapped at the solid-liquid interface. As application example, the gravimetric detection of human
immunoglobulin G (IgG), depicted in Figure 1.4, is a classical target for
biosensors. The molar weight of IgG is about 150 kDa, which is 2.5 · 1010
ng per molecule. A tightly packed monolayer of this molecule contains of
the order of 1012 molecules per cm2 , which corresponds to 400 ng/cm2 .
Thus, a monolayer of IgG is detected at the condition that the detection
limit of the acoustic biosensor is lower than this typical value.
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Fig. 1.4 – A representation of the immunoglobulin G (IgG) [source:
http://www1.geneticsolutions.com. This information was provided
by Clinical Tools, Inc., and is copyrighted by Clinical Tools, Inc.]
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Acoustic waveguides and resonators

Acoustic waveguides are solving the propagation of harmonic elastic deformations with specific boundary conditions. In unbounded and
homogeneous solids, acoustic waves can freely propagate at a phase velocity V which depends upon the polarization of the waves, according to
the orientation of the displacement field with respect to the wavevector.
In solid bodies, three acoustic waves can propagate, one longitudinal
and two transversal (also called shear), each of them with its own velocity. For isotropic materials, the shear waves are degenerated in a single
velocity and the Lamé constants λ and µ are sufficient to define the velocities of the longitudinal and the shear acoustic waves. For a material
p
of density ρ, they are given by (λ + 2µ)/ρ for the longitudinal one and
p
by µ/ρ for the two shear ones. More details about acoustic waves in
solids is given in Appendix A.
As any kind of waves, acoustic waves are defined by a phase velocity V ,
related to the angular frequency ω = 2πf and the wavenumber k = 2π/λ
by V = ω/k, and by a group velocity Vg = dω/dk. The dispersion relation links the angular frequency to the wavenumber. The acoustic wave
propagation is dispersive if phase and group velocities are different.
In an infinite solid or on a free surface, acoustic waves are not dispersive; phase and group velocities are identical at all frequencies. This
situation is dramatically modified when the solid is bounded or when
inhomogeneities are introduced on the propagation path of the acoustic
wave. For instance, by the presence of a film on a surface of the solid. At
the material boundaries, for the changes in phase velocities, the acoustic
wave experiences reflection and refraction. Constructive interferences
between incident and reflected waves at the boundaries can be sustained
at specific frequencies and for specific dimensions of the system, defining
acoustic waveguides.
In this context, a thin film is defined as a material layer of thickness
h lower than the acoustic wavelength λ. The structures related to
Rayleigh, Love and Lamb modes waveguides are explained here after.

1.3.1

Quartz crystal microbalance

Bulk acoustic waves (BAW) travel in the bulk of a material and
present interaction at opposite surfaces. BAW were the first to be developed as acoustic waves based sensors, they were then used for de-
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tection of gases and particle matter. The more representative device
is the quartz crystal microbalance (QCM) which was firstly developed
for monitoring of thin films in microelectronics. As biosensors, these
devices are used for antibody-antigen monitoring. Shear waves are used
to minimize power dissipation in fluids containing biochemical species.

The QCM is based on a resonance principle, a stationary wave is
generated and maintained in a plate with thickness multiple of a halfwavelength. This mode is called thickness shear mode (TSM). The bulk
acoustic wave phase velocity and the boundary conditions (electrical and
mechanical at surfaces) determine the resonance frequencies. Although
in principle any kind of piezoelectric material can be employed, the QCM
uses the AT-cut of quartz. This cut has been studied for more than 50
years; it provides a shear wave vibration with a resonance vibration
that has the advantage to be stable in a large temperature domain. A
representation of QCM is given in Figure 1.5.

Fig. 1.5 – A bulk acoustic waves biosensor : the quartz crystal microbalance (QCM) is the typical example of BAW resonating in a thickness
shear mode (TSM) [courtesy of A. Campitelli [30]].

QCM is called microbalance due to the frequency decrease when
loaded by a mechanical charge at its surfaces. The QCM exhibit best
sensitivity for the first modes of resonance and for higher operating
frequencies. A very sensitive device could then be obtained with a very
small thickness but problems to fabricate and mechanically support a
thin quartz crystal impose a maximum of the sensitivity.
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Rayleigh mode

Surface acoustic waves are known since Lord Rayleigh suggested that
they “play an important part in earthquakes, and in the collision of elastic solids.” For that reason, surface acoustic waves are equally named
Rayleigh waves. These waves have displacements that decay in an exponential fashion in depth beneath the surface. Almost all of the elastic
energy is concentrated within a distance of the order of a wavelength
below the free surface. The particle motion on the surface and at each
depth is elliptical and entirely contained in the plane perpendicular to
the surface. Rayleigh waves know successful applications in the telecommunications with development of filters and delay lines. The deposition
of interdigital electrodes at surface of piezoelectric media has widely
opened the field of investigations for the gigahertz frequency range. As
sensors, they also obtained very enthusiastic investigations and were successfully applied as temperature, pressure, acceleration, (high) voltage,
polymer phase transitions and gas concentration sensors but less for
biosensing applications. Indeed, the normal component of the Rayleigh
waves couple easily with liquid and thus suffer from strong attenuation
as they propagate.
The most unexpected mode in acoustic waveguides is the Rayleigh
mode. At the opposite of many other acoustic modes, the Rayleigh mode
has no counterpart in electromagnetic waves. It can be demonstrated
that a free surface solves the propagation of a guided mode [160, pp.
247–253]. For a propagation in isotropic materials, the acoustic velocity
V can be exactly computed or be approached by the Viktorov approximation:
r
0.436 + λ/(λ + 2µ)
µ
V =
.
(1.1)
0.5 + λ/(λ + 2µ)
ρ
The Rayleigh mode is always slower than the bulk shear velocity and
results from the combination of two displacements at the surface, a longitudinal and a shear perpendicular to the guiding surface. These two
components are coupled and decaying within the depth of the substrate
on. The displacement field is trapped at the solid interface and decaying below the surface over a distance about one wavelength. Because of
these properties, the Rayleigh mode is known as surface acoustic wave
(SAW). That denomination has extended to all others guided modes
that present an entrapment of the acoustic energy at an interface.
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The Rayleigh mode is not dispersive for the case of a semi-infinite
homogeneous substrate. When the surface is made of a thin film above
an infinite substrate, the modified Rayleigh mode obeys a dispersion
relation that must be solved numerically rather than analytically [2,
3]. Because of the out-of-plane component of the displacement field,
the Rayleigh mode suffers from a strong attenuation as the surface is
loaded by a fluid since it creates a pressure wave dissipating energy away
from the surface. This effect prevents the use of the Rayleigh mode for
biosensor applications. At the opposite, guided modes with a pure shearhorizontal (SH) wave polarization, i.e. with a displacement field entirely
parallel to the interface plane, are preferred in liquid sensing applications
since those mode are coupled with the liquid through viscous effects in
an evanescent wave and its energy remains trapped at the interface.

1.3.3

Shear-horizontal waves and Love modes

Pure shear-horizontal (SH) waves, also known as Bleustein-Gulyaev
waves, exist only in some piezoelectric materials and for certain direction of propagation [74,129]. Typical piezoelectric materials are LiTaO3 ,
Li2 B4 O7 , KNbO3 , AlPO4 (berlinite), CdS, LiIO3 , KTiOPO4 (KTP),
and the langasite family of crystals (langasite LGS La3 Ga5 SiO14 , langanate LGN La3 Ga5.5 Nb0.5 O14 and langatate LGT La3 Ga5.5 Ta0.5 O14 )
[19, 36, 117, 214]. These modes have usually a strong electromechanical
coupling and, for such reason, are suited to pH sensing in liquids and
to biosensors [19, 42, 111, 209]. They are highly sensitive to the ionic
concentration, to the density and to the viscosity and to their variations
of liquids. Because of their propagation in specific material cuts and
their high costs for fabrication, such structures are not investigated in
this thesis although they present a potential for biosensor applications.
An other specific case is the surface skimming bulk wave (SSBW),
also called leaky surface wave, which is actually a bulk mode closely
trapped at the surface and generated thanks to the interdigitated electrodes that acts like an endfire antenna launching a wave in the direction
of the transducer’s axis and that is skimming right below the surface of
the crystal [4, pp. 313–315]. The excitation of bulk modes are usually
not wanted since it is the source of interferences with the main SAW signal and of energy leaks for SAW resonators. For certain cuts of quartz,
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the electromechanical coupling between the transducer and the SAW is
almost absent and bulk wave excitation is the main transfer of energy
between transducers [127]. An approximated formulation of the SSBW
velocity, neglecting the piezoelectric coupling, is given by [127]:
s
c55 c66 − c256
(1.2)
V =
ρc66

The Love mode is guided by a thin film deposited on top of a substrate supporting the propagation of SH-SAW or SSBW. Consequently,
the Love mode has a shear horizontal polarization with a particle displacement perpendicular to the direction of propagation and parallel to
the waveguide surface. The structure of the Love mode waveguide is
sketched in Figure 1.6. The difference in mechanical properties between
the two materials creates an entrapment of the acoustic energy in the
thin film and a lower penetration of the acoustic wave in the substrate.
The shear Lamé constant µ of the substrate and of the film determine the dispersion of the Love mode; a large difference of the constant
between the two materials lead to a strong entrapment of the acoustic
energy in the layer, i.e. to a better confinement of the energy at the
top surface compared to the Rayleigh mode. This latter property has
been intensively used at benefit in (bio)chemical sensors, as described by
an abundant literature. Applications of Love wave sensors are relatively
large since the device is a generic gravimetric sensing platform: detection
of pathogen agents in liquids such as virus, bacteria [185] or pathogen
spores [24], determination of the viscosity of low-viscous liquid [98], adsorption of aptamer, thrombin and single-stranded DNA [72, 168], determination of the binding constant of immunoglobulin G (IgG) to proteins G and A [162], hazardous gases detection [215], discrimination of
wine [165], ice formation [191], etc. This list is not exhaustive because
of the great versatility of the Love mode sensor.

1.3.4

Lamb mode and flexural plate waves

So far, we have considered semi-infinite solid as substrate: the stress
and strain fields of surface acoustic waves are canceling while they penetrate in the substrate. When the substrate is smaller than the pen-
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LOVE WAVE
LIQUID CELL
PROPAGATION

PIEZOELECTRIC SUBSTRATE

Fig. 1.6 – Schematic structure of the Love mode waveguide: a shearhorizontally polarized acoustic wave is guided by an overlayer coating of
a substrate. The transduction is obtained thanks to a piezoelectric substrate with patterned interdigitated electrodes atop of it (black squares).
As biosensor, a liquid cell containing the analyte is added on top of the
waveguide.
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etration depth, an interaction between guided modes on both sides of
the substrate takes place and lead to the Lamb modes. These modes
are distinguished between symmetric (S) and antisymmetric (A) modes
depending of the symmetry of the displacement fields with regards to
the neutral axis of the beam formed by this structure. The first antisymmetric mode (A0 ) is the only mode that presents a phase velocity
going to zero when the normalized thickness goes to zero. This specific
property is used in liquid sensing applications.
Since it is almost impossible to handle free standing thin films because of their inherent fragility, the thin film has to be held on its sides
by a frame. The thin film is a suspended membrane. Because of the
rigid boundary conditions at the edges of the membrane, it will resonate
at specific eigenfrequencies determined by the shape of the membrane
and its material composition. The suspended membrane can be used
as a mechanical resonator with a relatively high quality factor. In this
configuration, the Lamb mode is called flexural plate wave (FPW). The
FPW structure is sketched in Figure 1.7.

1.3.5

Thin film bulk acoustic resonator

Unlike the QCM, a piezoelectric thin film sandwiched between two
electrodes is basically generating a bulk acoustic field with a polarization that depends upon the direction of the electrical field with respect
to the crystalline orientation of the excited material. Piezoelectric thin
films, such as aluminum nitride or zinc oxide, can be deposited using
sputtering methods or, for AlN, with reactive sputtering from an aluminum target [136]. As deposited, these materials are oriented such
that their crystalline C -axis is perpendicular to the substrate surface.
Hence, electrodes deposited below and atop of the deposited thin film
generate a longitudinally polarized wave once electrically excited, the
acoustic wave is reflected at boundaries of the structure and will enter
in resonance at frequencies determined by the thickness and the bulk
longitudinal acoustic velocity of the materials and the boundary conditions applied to the structure. Typical resonance frequencies attainable
are as high as 10 GHz for films with thicknesses in the order of hundreds
of nanometers. This device is known as the thin Film Bulk Acoustic
Resonator (FBAR) [17, 62, 157, 164, 211].
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Fig. 1.7 – The flexural plate wave configuration: a thin membrane supported by a frame is placed in vibration thanks to interdigitated electrodes patterned on a piezoelectric material constituting the membrane
(source: [10, page 37]).
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As the FBAR concentrates efficiently the acoustic energy in a depth
in the order of a few hundreds of nanometers to some micrometers, the
FBAR presents a larger sensitivity than the SAW structure presented
before, both in gases and liquids. The FBAR comes in two main different “flavors” schematically depicted in Figure 1.8: the solidly mounted
resonator (SMR) and the membrane resonator, depending of the removal
or not of the substrate below the piezoelectric film. It is important to
notice that, due to the longitudinal polarization of the wave and its
high phase velocity, the resonator radiates a part of its energy when
loaded by a liquid, thus resulting in a dropping of its mechanical quality
factor of resonance [211]. This effect is a major drawback of the FBAR
with respect to surface acoustic wave devices once applied to gravimetric
sensing in liquids.
(a) SOLIDLY MOUNTED RESONATOR
SENSING AREA

(b) MEMBRANE RESONATOR

TOP ELECTRODE
PIEZOELECTRIC
BOTTOM ELECTR.
SILICON NITRIDE

SENSING
AREA

SILICON

Fig. 1.8 – Schematic cross-section of the thin film bulk acoustic resonator. (a) The solidly mounted resonator (SMR) is formed by a
piezoelectric layer sandwiched between two actuating electrodes and deposited atop of a Bragg reflector, consisting itself in a multilayer stack
of alternating low and high acoustic velocity materials on a silicon substrate. (b) The membrane resonator is made of the same piezoelectric
layer with actuation electrodes but, this time, supported by a membrane
(e.g. silicon nitride) held by a silicon frame. The sensing area for the
two devices is not identically located as, for the SMR, only the top electrode can serve as such while for the membrane resonator, both sides of
the membrane structure are allowed as sensing surface. However, it is
common use to display the analyte on the etched side of the membrane
FBAR.
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Performances comparison

Acoustic sensors used as gravimetric sensors are compared by their
sensitivity S f defined as the frequency shift ∆f = f −f0 , where f0 is the
unperturbed frequency, resulting from the adsorption of a given surface
mass ∆m:
∆f 1
S=
.
(1.3)
f0 ∆m
Therefore, the units of the gravimetric sensitivity according to this definition are m2 /kg, while its common to multiply the value of sensitivity
by 10 to work in cm2 /g units.
The detection limit is the second most important characteristics of
acoustic biosensors as it determines the minimum surface mass that can
be detected and is directly derived from the device sensitivity once the
noise on the frequency is known. This noise, Nf , is the RMS value of the
frequency measured over a given period of time in stable and constant
conditions. It is usually recommended to measure a signal variation
higher than 3 times the noise level in order to conclude from an effective
variation. From this recommendation, it comes out that the detection
limit is given by:
3Nf
∆m =
,
(1.4)
f0 S
that indicates a best detection limit for a low frequency noise, a high
sensitivity and a high operating frequency. Table 1.1 compares the sensitivity and the detection limit of the main acoustic biosensors introduced
previously, i.e. for the quartz crystal microbalance, the Love mode waveguide, the flexural plate wave resonator and the thin film bulk acoustic
resonator.

1.4

The biochemical interface

For the biochemical interface between the physical sensing platform
and the sensed environment, the sensing surface must be chemically tailored to attach selective chemical probes on the metal coating and prevent other, non-desired and non-specific, biomolecule attachment. Surface chemistry for the formation of the biochemical interface is an entire
research field far beyond the scope of this thesis. Most of the methods
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Device

Frequency

Sensitivity

Detection limit

(MHz)

(cm2 /g)

(ng/cm2 )

QCM

1 − 10

∼ 10

10

Love

1 − 5 · 102

102 − 103

1

FPW

1 − 10

102 − 103

0.5

FBAR

1 − 10 · 103

103 − 104

0.01 − 0.1

Table 1.1 – Performances of acoustic wave gravimetric sensors.
are based on organic chemistry, to form tailored surface for the selective adsorption of (bio)molecules and must be selected according to the
sensing purposes of the biosensor. Main methods are based on organic
coating of the sensing area. Examples are electrografted polymers [15],
DEX-tran layers [12], and alkanethiols that form self-assembled monolayers (SAMs) on gold surfaces. Since that latter example is the most
common used approach, it is detailed here after.
The formation of SAMs based on alkanethiols is due to the predictable binding of sulfur to gold that allows the formation of tightly
packed monolayers even in the presence of many other functional groups
[8]. Long-chain alkanethiols form a densely packed, crystalline or liquidcrystalline monolayer due to strong molecular interactions (van der Waals
forces) between the long carbon chains [8, 181]. The other end of the
alkane chain is terminated by a chemical functionality determining bonds
formation to targeted biochemical species such as antibodies or antigens.
Depositing two or more alkanethiols with different terminal groups
– also referred to as mixed SAMs – results in enhanced sensitivity, stability, and selectivity of the biochemical interface while compared to single
functionality SAMs coverage of the sensing surface [59]. Mixed SAMs
consists of a shorter background thiol with a terminal group that provides a neutral surface. A second alkanethiol with a lower concentration
is dispersed with the background thiol and has a terminal group of interest. The terminal group of interest provides the desired biochemical
activity of the tailored surface and the background thiol provides stabil-

1.5 Objectives and organization of this thesis

19

ity to the monolayer. Mixed SAMs permit several different functional
groups to be present at the same time.

1.5

Objectives and organization of this thesis

The objectives of this thesis are related to the investigation of thin
film acoustic waveguides and resonators for the specific application of a
biosensor, which means working in a liquid environment for the determination of the interaction between biomolecules and a chemically defined
surface. The thesis is divided into two parts. The first part is related to
Love mode sensors while the second part is dedicated to nanocrystalline
diamond thin films.
Chapter 2 provides a theoretical investigation of the sensitivity of
the Love mode biosensor. A model of the device based on transmission
lines is presented and applied to the sensitivity of the biosensor to liquid
and mass sensing. It is demonstrated that the electrical signal of the
Love mode biosensor is a very sensitive rheometer detecting a thin and
soft layer on the sensing surface. A method to discriminate between
rigid and viscous layers is discussed.
Chapter 3 describes the fabrication of Love mode biosensors and the
wafer-level integration of a liquid cell and their packaging. A section is
dedicated to materials (hydrogenated SiO2 , ZnO and amorphous SiGe)
for the realization of the guiding layer. A section is devoted to several
experimental calibration methods of the device concerning the operating
conditions of the device.
Chapter 4 is dedicated to the influence of interferences on the Love
mode device. Theoretical expressions are given for the particular case
of the electromagnetic interference which causes a different value of sensitivity as a function of the instrumentation of the sensor: at constant
frequency (open loop) or at constant phase (closed loop). We show that
electromagnetic interferences, often considered as noise, deliver important information related to the intrinsic sensing properties of the device.
A sensitivity enhancement can result from specific conditions.
Chapter 5 introduces the combination of acoustic and optical meth-
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ods, in particular the original combination of the acoustic Love mode
with surface plasmon resonance for the simultaneous measurement of the
biorecognition. The chapter describes theoretical methods for determining out of the combined measurement analytical values of the density
and the thickness of rigid layers and the density, the viscosity and the
thickness of viscous layers. Practical examples are demonstrated, in
particular the conformational change of PNIPAAm, a thermosensitive
polymer.
Chapter 6 details the theoretical and experimental investigation of
nanocrystalline diamond for flexural plate wave sensors and a method
for the dynamic characterization of stressed thin film membranes.
Chapter 7 provides a theoretical investigation of composite FBAR
mass sensors to the purpose of introducing nanocrystalline diamond thin
film as a functional and structural part of the sensor.
Chapter 8 summarizes the main conclusions of this thesis work.

Part I

Love Mode Surface
Acoustic Wave Biosensors
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Chapter 2

Sensitivity of the Love
mode SAW biosensor
All you need is love, love,
love is all you need ...
The Beatles

In this chapter, we present a model of the device based on equivalent
transmission lines. The model serves to calculate the properties of the
waveguide mode as it propagates in a multilayered and viscoelastic structure. Variations of acoustic velocity and attenuation with surface density
and liquid viscosity determine the sensitivity of the device. The results
are then extended to the differentiation between rigid and viscous adsorbed layers. The acoustic signal depends on the density, the viscosity
and the thickness of the adsorbed biomolecules. As consequence, the
Love mode biosensor must first be designed, optimized, calibrated and
interpreted as a viscosity sensor.

2.1

Introduction

Acoustic waves with a shear-horizontal polarization are well suited
for sensing applications in liquids: the mechanical displacement at the
surface probes within a certain volume the density, the shear stiffness
and the dynamic viscosity of the composite material that has a certain
thickness and is adsorbed on the surface, thus resulting in a mechanical
interaction between the layer and the acoustic device. The Love mode
23

24

Sensitivity of the Love mode SAW biosensor

acoustic structure supports the guided propagation of a shear-horizontal
wave in a stack of guiding layers deposited atop a piezoelectric crystal
substrate. For a large velocity difference between the guiding layers and
the substrate, the acoustic energy is trapped closely to the sensing area
and results in the highest sensitivity of all similar acoustic structures.

A theoretical model is required to investigate the sensing properties
of the Love mode structure, a model that help to optimize the design of
the acoustic structure and with the selection of materials that enhance
the sensitivity. The model should give a clear insight in the interaction
mechanisms between the sensor and its environment for the interpretation of experimental results. A versatile and easy to implement model is,
among other choices, the best to be selected. Selection criterion must be
based on low computational resources needed and accuracy since these
two main factors determine the appropriateness of a model for a fast
calibration of the device and for a rapid processing and interpretation
of experimental data.

With a shear horizontal polarization and a high mass sensitivity,
Love mode surface acoustic wave (SAW) biosensors detect and quantify in real-time chemical species sustained in liquid environments [82,
99, 168, 185]. A Love mode is a guided acoustic mode generated in single or multiple layer coatings on a piezoelectric substrate [47, 63], as
sketched in Figure 2.1. Love mode biosensors can be tailored in order
to achieve desired parameters from both electrical and sensing points
of view [107, 156]. The fine tuning of these parameters requires a set of
proper methods to investigate experimentally the sensing properties and
link them with theoretical models that take into account the material
characteristics as well as the instrumentation and the physical effects occurring in the device during a biorecognition experiment. Experimental
and theoretical techniques to evaluate the mass sensitivity are reported
in the literature [81, 137, 138, 197] and our work comes in the continuation of these investigations on the sensing characteristics of the Love
mode SAW biosensors.

2.1 Introduction
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Fig. 2.1 – Schematic view of the Love mode biosensor. The acoustic
structure supports the propagation along the x direction of an elastic
deformation field in a stack of layers of different thicknesses. The elastic
field has a shear-horizontal polarization that makes it suited for application with liquid loadings. For the model, the structure is made of a
substrate with semi-infinite extension coated by a guiding layer of thickness t; the device is loaded by a fluid with semi-infinite extension above
the waveguide surface and from which we assume that material is segregating to the surface as a flat and uniform composite layer of thickness
h.
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Modeling

Several possible models are already existing and reported in literature to determine the properties of the Love mode sensor which is a
two-steps method: the first step is to determine the waveguide characteristics (propagation and attenuation of guided modes in the acoustic
waveguide), and the second step is to determine how those characteristics are modified by the sensing event, according to the nature of this
event. The first step is addressed in this section while the second one is
detailed in the next section.

2.2.1

State of the art

The properties of surface acoustic waveguides is widely described in
the literature. We report here a survey of the known methods without
describing them in detail. The objective is to focus on methods able to
address the physical modeling of the multilayered Love mode structure,
and to determine the propagation characteristics for a device operating
under liquid conditions.
A first method is the propagation matrix and the generalized impedance matrix [2, 3, 85], their principle can be extended for viscous
layer loading [102].
A second method is the effective permittivity introduced by Milson [140],
which is applied to evaluate guided modes and has been applied to determine the propagation of Rayleigh waves loaded by a viscoelastic thin
film [104] and to evaluate the viscous coupling between liquids and SH
acoustic plate modes [186, 213].
A third method is the finite elements method (FEM). This technique has
been reported for the investigation of layered structures with a zinc oxide
guiding layer and including the influence of the interdigitated electrodes
patterns [95]. The FEM requires a relatively large amount of computation to mesh and simulate even a simplified structure but its main
advantage is to take into account the effect of the mechanical loading of
the electrodes, which is often neglected by other techniques.
To compensate the time consuming issue of the FEM, the periodicity of
the acoustic structure is advantageously used in a combination of FEM
with the boundary elements method (BEM, or Moment’s method) in a
fourth method [103,123,193,194]. The FEM/BEM approach is based on
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the FEM analysis of an elementary periodic cell containing the minimum
periodic set of electrodes, which are excited by an harmonic potential.
The motion of the cell is translated from interface to interface of the unit
cell by periodic harmonic Green’s functions (i.e. a linear combination of
translated Dirac functions). One advantage of the method is to be able
to calculate directly the admittance of the interdigital transducer.

Most of the techniques are able to establish the acoustic properties
of a given structure but less of them are able to tackle with a fluid
loading and eventually with a viscous liquid loading of the device. For
a theoretical modeling of the Love mode structure, we have chosen to
describe the layered structure of this acoustic sensor in terms of mechanical transmission lines. Transmission line methods are known and were
already used with success for the analysis of resonator sensors [133,144].
The introduction of transmission lines has been successfully attempted
for the design of the electrical transducers of SAW delay lines [175–177]
and, latter, for the modeling of the entire sensor in electrical simulators
for the design of the driving and measuring sensor electronics [30, 108].

The transmission line model is used to determine the sensitivity of
the acoustic device to density and viscosity variations of thin films and
bulk materials, thus specifically applying to biosensors. Attenuation and
phase shifts recorded electrically are quantified and analyzed to identify
the type of interaction between the adsorbed biomolecules layer and
the sensor. Acoustic devices are sensitive to mechanical perturbations,
temperature changes and electrical perturbations such as pH changes,
conductivity and dielectric constant of added materials. If the sensing
area is electrically shielded by a grounded conducting layer, these electrical effects can be neglected, letting the device be sensitive to mainly
mechanical perturbations. For the model, and to obtain an immediate
correlation with biorecognition events targeted by our application, we
will assume that the surface adsorbed organic layer - like proteins or
polymers - is a composite material that segregates from the bulk solution on the waveguide surface as an hypothetical perfectly flat layer of
given characteristics to be determined.

28

2.2.2

Sensitivity of the Love mode SAW biosensor

Acoustic transmission lines model

The acoustic velocity and the attenuation of the acoustic wave in
the stacked structure is electrically probed thanks to interdigitated electrodes patterned on the piezoelectric material. The phase at a given
frequency within the bandpass range of the delay line and the insertion loss of the acoustic device measured electrically, for instance with
a network analyzer, are representative of the actual propagation characteristics of the acoustic wave along the delay line and, in particular,
along the sensing path. The properties of propagation and attenuation
of acoustic waves in resonator and waveguide devices are found using
an analogy between mechanical structures and electromagnetic transmission lines as described in 1969 by Oliner [144]. From his description,
a block approach of acoustic transmission is obtained by the formalism
of electromagnetic waves on transmission lines. This approach has been
applied to determine the phase velocity for the most basic Love mode
structure, i.e. for a single layer deposited on a substrate and with vacuum on the top surface. The same approach is applied and expanded
here to the design and the analysis of Love mode acoustic wave biosensors, that is for a substrate coated with one or more guiding layers and
loaded on the top surface by a fluid. The purpose of a modeling with
equivalent transmission lines is to allow the use of known techniques of
microwave engineering for the development of Love mode sensors.
An implementation of the equivalent transmission line model is given
here to analyze the propagation characteristics of the guided wave in
the Love mode structure, including the presence of the surface adsorbed
layer and the liquid from which this layer segregates. At first, each material is equivalently represented by a transmission line with a wavevector
~k and a characteristic impedance Z such that the shear stress T (~r) and
shear particle velocity v(~r) fields at a given point ~r in the material are
given by the superposition of incident and reflected acoustic waves:
~

~

T (~r) = T+ e−k·~r + T− ek·~r
T+ −~k·~r T− ~k·~r
v(~r) =
e
−
e
Z
Z

(2.1)
(2.2)

where T+ and T− are arbitrary values for the intensity of the incident
and reflected waves. The equivalent representation of a viscoelastic layer
in this model is given in Figure 2.2, which consists in a series inductance
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L shunted by a capacitance C placed in series with a conductance G.
The values of the equivalent parameters are given in mechanical terms of
the layer, i.e. its density ρ, its shear stiffness µ and its dynamic viscosity
η, by the following correspondence [5]:
L = ρ
1
C =
µ
1
G =
η

(2.3)
(2.4)
(2.5)

from which we derive an analytical expression of the wavenumber k = ~k
and of the characteristic impedance Z:
k =
Z =

iω
V
µ + iωη
V

(2.6)
(2.7)

where ω = 2πf is the angular frequency, while V is the complex acoustic
velocity defined by
s
µ + iωη
V =
.
(2.8)
ρ
The use of transmission lines equivalent helps to build basic blocks for
each constitutive layer and the behavior of the device loaded by (viscoelastic) masses segregating from a (viscous) fluid.
For waveguides, the wavevector ~k is decomposed in a resonance wavenumber ~kz and a propagation wavenumber ~kx such that k 2 = kx2 + kz2 .
The projection into both directions, propagation and resonance, is expressed in each layer by a complex coupling angle ϕ:
kjx = kj sin ϕj

(2.9)

kjz = kj cos ϕj

(2.10)

Zjx = Zj sin ϕj

(2.11)

Zjz = Zj cos ϕj

(2.12)

where the subscript j refers to a constituent layer. The transverse resonance principle [144] is applied to determine the propagation wavenumber: according to this principle, the coupling angles are related
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v
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Fig. 2.2 – Differential element of the viscoelastic mechanical transmission
line model: the shear stress (T ) and the shear wave particle velocity (v)
propagate through a symmetric differential element of length dr made
of an inductance L shunted by the series connection of a capacitance C
and a conductance G.
between each others such that the propagation wavenumbers kjx are all
equal. For a simpler notation, the kjx being all identical are noted kx .
To determine the propagation characteristics in the waveguide structure, the last step is to determine the resonance wavenumber. To that
purpose, an equivalent circuit of the physical structure represented in
Figure 2.3 is built by connecting in series each equivalent transmission
lines of the layers stacked in the direction of resonance, as depicted
in Figure 2.4. The series connection automatically solves the boundary conditions associated to the continuity of the mechanical stress and
strain at materials interfaces. As a consequence, semi-infinite layers (the
substrate S and the fluid F ) are terminated by a matching load that accounts for the endless side while the other layers (the guiding layers Gj
and the composite layers Cj ) have finite dimensions, respectively tj and
hj . One must notice that for a clearer representation, only one guiding
layer and one composite layer have been schematically depicted although
the model is easily extended to a larger amount of layers. Consequently,
the model sees the Love mode structure as transmission lines placed in
parallel in the direction of propagation, with an identical value kx , and
placed in series in the direction of resonance.

z

Sensing part

h

(C)

COMPOSITE LAYER

(F)

FLUID

Fig. 2.3 – Schematic representation of the physical layered structure of the Love mode SAW sensor. A guided acoustic
shear-acoustic wave propagates in the x direction in a stack composed of the semi-infinite piezoelectric substrate (S), a
guiding layer (G) of thickness t, the composite layer (C) of thickness h that segregates from a semi-infinite fluid (F).
The sensing area of the device is at the interface between the guiding layer and the adsorbed composite layer. The plane
T is a reference plane used to determine the propagation characteristics of the guided acoustic wave. For clarity, only
one guiding layer is represented although the practical structure might be composed of several guiding layers.

T
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kS cos ϕS , ZS cos ϕS

T

kC cos ϕC , ZC cos ϕC

h

kG cos ϕG , ZG cos ϕG

t

kF cos ϕF , ZF cos ϕF

ZF cos ϕF

Fig. 2.4 – Equivalent transmission line model of the physical structure in the direction of resonance (z) given in Figure 2.3.
The equivalent transmission lines of each part of the device implement the model of Figure 2.2 and are schematically
represented by stub lines with the indication of the wavenumber kjz and the characteristic impedance Zjz . The lines
are connected in series to satisfy the boundary conditions and the two semi-infinite layers are loaded with a matching
impedance. Resonance solutions of this network are solution for a guided Love mode.

ZS cos ϕS

32
Sensitivity of the Love mode SAW biosensor

2.2 Modeling

33

Finally, the resonance is found by measuring the impedance at a
plane T located at an arbitrary position in the structure, for instance
at the substrate–coating interface as sketched in Figure 2.4: the resonance is found for values of the complex coupling angle that result in
opposite impedances seen in both directions at the reference plane T.
These impedances are determined by applying a standard formula from
the transmission line theory to calculate the input impedance of a transmission line of characteristic impedance Zchar and length L loaded at
its end with an impedance Zload :

Z = Zchar

Zload + Zchar tanh (kz L)
.
Zchar + Zload tanh (kz L)

A solution of the resonance wavenumber is translated to the propagation
wavenumber thanks to Eqs. (2.9) and (2.10). The real and imaginary
parts of a determined solution kx are related to the attenuation and the
phase velocity of a guided mode, respectively.
The value of ϕ is a real number if the structure has no losses, which
is when all the η are null, and it becomes a complex number when the
Love mode dissipates its energy while propagating in viscous layers. The
building block approach performed here is of great importance to evaluate easily the impact of a modification at the surface of the sensor.
Indeed, one can calculate the basic properties of the structure under
any circumstances, such as in vacuum (in such case both acoustic impedance and propagation function are null) or while loaded with a rigid
or a viscoelastic layer, and with or without a liquid environment.
As a practical example, the transmission line model is applied to
a specific device (ST-cut quartz substrate, silicon dioxide guiding layer,
gold 50 nm and water) to determine its characteristics while loaded with
water for different thicknesses of a silicon dioxide guiding layer. The material parameters for the simulation are given in Table 2.1. The Love
mode phase and group velocities and the signal attenuation are plotted
in Figure 2.5.
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Fig. 2.5 – (top graph) Theoretical Love wave phase (solid line) and
group (dashed line) velocities and (bottom graph) signal attenuation for
a water loaded structure at a frequency of 123.2 MHz vs. the SiO2 layer
thickness.
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Density ρ

Shear stiffness µ

Viscosity η

(kg/m3 )

(GPa)

(Pa · s)

Quartz

2648

66.31

0

SiO2

2610

8.313

0

Gold

19300

28.50

0

Water

1000

0

0.001

Table 2.1 – Materials parameters for the device simulation.

2.3

Sensitivity

This section investigates the sensitivity of the Love mode waveguide.
After a review of the state of the art, a variational model of the sensitivity is presented for the specific case of mass detection in a liquid
environment. The model is based on variations in amplitude and phase
of the measured signal obtained thanks to the electrical transduction and
is discussed as a function of the intrinsic physical changes taking place
on the surface of the sensor. The sensitivity define a set of terms that
relate changes in surface adsorbed mass and liquid viscosity variations
and their effect on the electrical signal. The discussion is extended to
the influence of rigid and viscous interactions between the acoustic wave
and the probed media and expressions are given to determine the nature
of this interaction on the base of the ratio between the amplitude and
the phase shifts of the acoustic signal, in relation with the sensitivity.
We indicate that biosensing with the Love mode waveguide is equivalent
to a rheological measurement where the biomolecules forms on the sensing surface a thin viscous layer. The consequence is important in terms
of data interpretation since the sensitivity is often and erroneously calibrated and compared to a rigid layer loading. A final point addresses
the influence of the noise and its influence on the discrimination between
rigid and viscous behaviors.

2.3.1

State of the art

The sensitivity of the acoustic sensor has been intensively investigated in the literature since its value gives the correlation between
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observed, measured, electrical signals delivered by the sensor when a
perturbing event takes place on the sensing area of the acoustic waveguide. A high sensitivity is linked to a strong variation of the signal
for a small perturbation. Since the Love mode biosensor operates in a
liquid environment, changes of the bulk properties of the liquid (density
and viscosity) are probed while surface changes due to mass adsorption
are equally seen by the sensor. Therefore, the actual signification of
the term sensitivity strongly depends of the context in which the input
and output variables are expressed. The output of the device can be
equally considered on several aspects according to the quantified output (phase velocity, group velocity, resonance frequency for an oscillator
configuration, amplitude). As example, the so-called mass sensitivity
is defined for a change of phase velocity for a differential surface mass
change ∆m [137]:
1 ∆V
S = lim
(2.13)
∆m→0 ∆m V0
with ∆V = V − V0 , where V0 is the unperturbed phase velocity and V
its value after the surface mass change. The literature reports numerous
studies of the mass sensitivity and of the viscous liquid sensitivity of the
Love mode waveguide but they are rarely considered together.
The first method used to determine the mass sensitivity of the Love
mode waveguide is based on the perturbation theory [4]. Wang et al.
calculated explicitely, in 1994, the mass sensitivity of a single guiding
isotropic overlayer of thickness h deposited on an isotropic substrate
with the perturbation theory [197]:
−1
S=
ρL h



sin(kL h) cos(kL h) ρS cos2 (kL h)
1+
+
kL h
ρL
kS h

−1
(2.14)

where the subscripts S and L refer to the substrate and the loading layer,
respectively, and ρ is the density and k the propagation number. The
sensitivity expression has a maximum at a given value of the overlayer
thickness for which also the ratio of the shear sitffness of the layer to the
substrate trends to zero, which condition is not physically possible. The
optimum sensitivity is obtained for cos(kL h) = 0, which is the quarterwavelength resonance of the overlayer. At the condition that the shear
velocity in the guiding layer is much lower than the one in the substrate,
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one obtains [197]:
S'

−4VS
V L ρL λ S

(2.15)

where VS is the bulk shear acoustic velocity of the substrate, VL is the
bulk shear acoustic velocity of the layer made of a material of density ρL ,
and λS is the wavelength of the surface transverse wave in the substrate.
Because the choice of materials strongly determine the actual value
of sensitivity, Stevenson et al. [179] investigated theoretically and at the
same period the choice of several guiding materials (silicon dioxide, aluminum, copper, zinc, silver, gold, lead, PMMA). From the expressions
derived from the perturbation theory, it was deduced that the best sensitivity is reached for a guiding material with a low shear acoustic velocity,
a low density and low acoustic losses. A material of choice suggested in
the early start of the 90’s is PMMA (polymethylmethacrylate) [67, 197].
In the same research group, Gizeli demonstrated theoretically the higher
sensitivity of the polymer coated Love mode sensor in a comparison with
bulk acoustic wave and acoustic plate mode sensors [68]. Despite a low
shear velocity and a low density, the optimum thickness of PMMA has
never been experimentally reached since acoustic losses in polymer materials are generally too high.
Du et al. investigated experimentally the sensing properties of a
ST-cut quartz with a silicon dioxide guiding layer, as a function of the
thickness of that latter layer [49]. Experimental devices with SiO2 between 0 and 7.3 µm were tested. For an acoustic wavelength of 40 µm,
an optimum sensitivity was obtained around 5.5 µm with a value of 380
cm2 /g. The mass sensitivity was determined by the deposition of an
ultra-thin (≤2 nm) gold film on the sensing area in a vacuum chamber.
At that point, a discrepancy was observed between the theoretical estimation of the sensitivity obtained due to the perturbation theory and
the experimental results, in particular as the guiding layer was getting
thicker. In a second and latter publication [48], they showed the influence of the viscosity of the liquid on the sensing and the electrical
properties of the device and concluded that it could be used as a highly
sensitive, stable in liquid and with a low detection limit device. The detection of a monolayer of IgG antibody (about 400 ng/cm2 ) is possible
with the Love mode sensor.
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At the same period, Jakoby and Vellekoop addressed the properties
of Love wave sensors for biochemical and for liquid density and viscosity
measurements [99]. The mass sensitivity was theoretically determined
using the propagation matrix method to determine the propagation characteristics for a given structure and then by deriving mathematically
these characteristics for the case of a pure mass loading (assuming a
perturbing layer of vanishing thickness and of finite density). Thanks to
this approach, they noticed that the sensitivity measured by frequency
changes in an oscillator loop configuration differs from the sensitivity estimated from the acoustic velocity by a factor Vg /V , thus a typical 10%
difference can be noted between the change of velocity and the measured
change of frequency.
From material aspects, a combination of high sensitivity but high
loss material with a low sensitivity and low loss material was suggested
by Du et al. [47]. Such hybrid device combines the advantages of a high
sensitivity and a low loss. As example, they studied the SiO2 /PMMA
structure. A maximum sensitivity of 640 cm2 /g was measured by the
deposition of a gold ultra-thin film in vacuum. However, a frequency
drift due to water absorption by the PPMA in water was seen. This water adsorption is a drawback since it modifies the mechanical properties
of the device as it operates in water and results in a poor long-term stability of the liquid sensor. On an other side, silicon dioxide has proved
to be a stable material while operating in liquid. They suggested to use
a thin film overlayer barrier to avoid this degradation of the device.
When operated in liquids, a major effect on the device signal is the
influence of the product of the density and the viscosity of the loading
liquid. Herrmann et al. investigated theoretically and experimentally a
method for the separate determination of the two parameters [87]. The
method is based on a corrugation of the sensing surface that results in a
trapping of the liquid at the device-liquid interface. The frequency shift
of the corrugated device follows the relation [87]:
Vg
∆f
w
= − Sωρd
C
f
V
s+w

(2.16)

where S is the liquid sensitivity, s the spacing between corrugations, w
the corrugation width, d the corrugation depth and C a fit parameter.
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The experimental calibration of the mass sensitivity is reported with
the deposition of biochemical materials on the surface in the liquid environment. Gizeli demonstrated experimentally the effect of the deposition of a lipid bilayer on a quartz substrate coated with PMMA for
different thicknesses of the guiding layer [64]. The formation of the lipid
bilayer is a stable process resulting in a thin film of reproducible surface
density. The surface density can be calibrated easily using radiolabeled
lipids. A sensitivity of 250 cm2 /g for a 1.3 µm thick guiding layer has
been measured with this method. During the calibration, the change of
ratio of the amplitude shift to the phase shift was increasing with increasing thickness of the PMMA guiding layer when loading the device
with water and with the lipids. It was concluded at that time that this
observation was linked to a different contribution from viscous and mass
loading to the phase signal.
For the analysis of the sensitivity, the most classical approach is
based on perturbation theory [4] but Green’s function have recently been
used to calculate the propagation in a layered structure with identification of the influence of the electrodes and with liquid loading [154, 174].
In 2001, Harding demonstrated experimentally that the sensitivity of
the entire sensor was not identical in all points of the structure, this because of the acoustic reflectance above the interdigitated electrodes [81].
For thicknesses of the guiding layer close to the theoretical optimum,
the mass sensitivity of the sensing area located between the transducers
happened to be higher than the one obtained by including the transducers. In the same study, the guiding layer was a modified silicon dioxide
obtained by RF sputtering of SiO2 with different pressures of CF4 in the
deposition chamber. The resulting film incorporates a part of fluorine in
various concentration according to the deposition parameters, including
the possibility to obtain Si-O-F films with a graded concentration profile.
The mass sensitivity, estimated by deposition of ultra-thin gold film and
by coating with a layer of sheep IgG (assuming a surface density of 440
ng/cm2 ), was different as the film composition was varied, indicating
the modification of the acoustic shear velocity and the density caused
by the presence of the fluorine atoms in the silica layer.
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The mass sensitivity was assessed theoretically by McHale et al. in
2002 on base of the dispersion properties of the Love mode waveguide
[137]. They demonstrated a formulation of the mass sensitivity based
on phase and group velocities of the sensor:
S'

1 Vg − V
,
ρL h V g

(2.17)

while they clearly pinpointed that this expression of the mass sensitivity
of the dispersive structure, based on the phase velocity, differs from a
frequency mass sensitivity S f obtained from the frequency shift in an
oscillation loop:
1 Vg − V
Sf '
.
(2.18)
ρL h V

As a conclusion on the survey of the state of the art, we state that
the knowledge and the understanding of the interaction mechanisms between surface adsorbed biomolecules sustained in a liquid and the Love
mode acoustic waveguide were limited to a separation between a rigid
mass loading on one side and a bulk liquid mass viscosity loading on an
other side. Beside that, the interpretation of the signal is often referred
to the only variation of the electrical phase (or of the frequency when
the sensor is inserted as the feedback element of a close loop oscillator)
while neglecting, either totally or partly, effects reflected by amplitude
variations of the electrical signal. In addition, theoretical or experimental quantitative methods to estimate the mass sensitivity are most of the
time based on the assumption of the adsorption of a rigid and consistent
mass on the surface caused by the presence of the biomolecules, the influence of the solvent being ignored at first. Only recently, Gizeli et al. [66]
assumed the viscoelastic behavior of biomolecules probed acoustically
and the consequences on the analysis of the electrical signal. The main
consequence is that the attenuation of the acoustic wave, reflected by
the amplitude of the acoustic signal, carries a determining information
to resolve the exact viscosity of the adsorbed layer and, with an adequate modeling, to the quantity of biomolecules present in the probed
volume.
In this thesis, we have adopted a different approach taking into account
the most recent developments and understanding of the intimate mechanisms involved in the acoustic waveguide biosensor. The main hypoth-
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esis, premised by the theoretical model of the multilayered structure as
described in the previous section, assumes the deposition of the perturbing material under the form of a composite layer of variable composition
and finite thickness. The deposited layer has viscoelastic properties comprised between the ones of a pure bulk material and the ones of the liquid
from which it segregates. We believe, at this point, that our intuitive
approach is likewise to represent at best the surface adsorption of the
biomolecules. In the following parts of this section, we integrate in a
single model the effects of surface mass and liquid loadings on both the
amplitude and the phase of the electrical signal. From this analysis, the
ratio of the amplitude to the phase shifts is used to evaluate the rigid
or viscous nature of the adsorbed layer.

2.3.2

Electrical signal

The Love mode SAW delay line sketched in Figure 2.6 records a
biochemical event occurring on the sensing area through a variation in
its transfer function. The transfer function is the ratio of the electrical
signal at the output interdigital transducer (IDT) to the AC electrical
signal driving the input IDT [202]. The transfer function is a complex
z The value
number described by an amplitude α and a phase angle φ.
GUIDING LAYER(S)
−20 log10 (e)α
t (in dB/m) is a more common description of thexamplitude
called the insertion loss.
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Fig. 2.6 – Schematic structure of the Love mode SAW biosensor and its
instrumentation. The input interdigitated electrodes are driven by an
AC voltage while the signal is recorded by a network analyzer (N.A.) at
the output interdigitated electrodes.
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For the analysis of the acoustic signal, variations in amplitude and in
phase of the electrical signal are monitored in real-time as modifications
happen: variations of the mechanical characteristics of the composite
layer, of the layer thickness, or variation in the nature of the fluid.
Because of such variations, the propagation wavenumber kx changes to
kx0 . The induced variations of the acoustic signal are measured through
the transducers and interpreted as an electric signal attenuation per unit
of length ∆A, in dB/m, given by:
∆A = 20 log10

<(kx )
<(kx0 )

(2.19)

and to an electrical delay phase shift per unit of length ∆φ, in 1/m,
given by
∆φ = =(kx ) − =(kx0 ).

(2.20)

The quantities to compare with experimental values are obtained by
multiplying the theoretical shifts by the length of the sensing path D.
According to these specifications, one can see that the following relations
are observed:
dα = − 0lim ∆A;
kx →kx

dφ =

2.3.3

lim ∆φ.

kx0 →kx

(2.21)
(2.22)

Variational model of the sensitivity

The sensitivity is the quantitative relation between the acoustic signal variations and the modifications occurring in the environment above
the sensing area. In biosensing, two types of modifications are allowed:
surface density and liquid viscosity. Firstly, the adsorption of biomolecules on the sensing area modifies the surface density σ and corresponds
to a mass loading of the surface. For an uniform layer, the surface density is given by the product of the layer density ρ by its thickness h, i.e.
σ = ρh. Secondly, the liquid carrying the biomolecules is loading the
device and is sensed trough the density ρ times the viscosity η [138].
According to our notations, we suggest the following variational
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model for the sensitivity:
dφ
dα

 ∂φ

!
=



∂φ
√
∂ ( ρη ) 
∂α
√
∂ ( ρη )

∂σ

∂α
∂σ

kx D 0
0
D

=

!

dσ
= MS
√
d ρη

dσ
√
d ρη

!

Sφ,σ Sφ,ρη
Sα,σ Sα,ρη

(2.23)
!

dσ
√
d ρη

!
(2.24)

!
(2.25)

The two matrices allow to distinguish between structural factors (M)
and intrinsic sensing properties (S) of the acoustic device. The components of the matrix of sensitivities S are calibrated experimentally or
determined theoretically. The component component Sφ,σ is reported in
the literature as the mass sensitivity (also named gravimetric sensitivity) as it links the surface density change to the electrical phase change
as schematically depicted in Figure 2.7. The other components of S will
be evaluated by the theoretical approach of the biosensor.
Once known, the matrix S can be inverted to link the experimental
observed phase and attenuation changes to the actual values of surface
density and viscosity changes:
dσ
√
d ρη

!
= S−1 M−1

!
dφ
dα
!

Sσ,φ Sσ,α
Sρη,φ Sρη,α

=

(2.26)
1
kx D

0

0

!

1
D

dφ
dα

!
(2.27)

from which the following equations can be expressed:
dσ =
and

1
kx D|S|

√
d ρη =

(Sα,ρη dφ − kx Sφ,ρη dα)

1
kx D|S|

(kx Sφ,σ dα − Sα,σ dφ)

(2.28)

(2.29)

The latter equations show the influence of the attenuation due to bulk
viscous loading, the factor dα, on the estimation of the actual surface
density change.
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√
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Fig. 2.7 – The sensitivity of the Love mode biosensor is modeled by a 4
components matrix. These components relate shifts of surface density
√
∆σ and mass viscosity ∆ ρη to shifts of electrical phase ∆φ and signal
attenuation ∆α. The component framed in bold is the so-called gravimetric sensitivity, noted here Sφ,α . The gravimetric sensitivity links
phase shifts to surface density shifts, it is the component usually considered in literature for the quantification of the amount of biomolecules
attached to the sensing surface.
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Determination of the sensitivities

The components of the matrix of sensitivities S and of the inverted
matrix S−1 are given for our example as a function of the silicon dioxide thickness in Figure 2.8. The values of sensitivity were obtained by
derivation of the phase velocity and attenuation with respect to the
√
guiding layer thickness, and by varying the mass viscosity ( ρη). For
our dedicated example, the matrix S has the components:
Sφ,σ = −17.9 m2 /kg
−4

Sφ,ρη = −5.18 · 10

(2.30)
2

m ·s

1/2

/kg

Sα,σ = 3.78 · 105 dB · m/kg
Sα,ρη = 755 dB · m · s

1/2

/kg

(2.31)
(2.32)
(2.33)

and the inverted matrix S−1 has the components:
Sσ,φ = −5.68 · 10−2 kg/m2

(2.34)

Sσ,α = −3.89 · 10−8 kg/dB/m

(2.35)

2

Sρη,φ = 28.46 kg/m /s

1/2

Sρη,α = 1.35 · 10−3 kg/dB/m/s1/2

2.3.5

(2.36)
(2.37)

Discrimination between rigid and viscous interactions

The mechanisms of propagation and losses are physically due to the
mechanical behavior of the adsorbed layer. As indicated by the modeling, the three mechanical parameters (ρ, µ and η) of the adsorbed layer
must be taken into account to determine the variation of the acoustic
signal. Inversely, the acoustic signal is linked to the variations in these
three parameters and in the thickness of the layer. Because of the interaction of the adsorbed layer with the moving surface of the sensor, it
is known that the relaxation period (ratio η/µ) is important to differentiate two extreme cases of mechanical behavior. These two limit cases
are the purely rigid and the purely viscous layer [163]. The product
of the relaxation period by the frequency indicates if the adsorbed film
moves in phase (rigid) or out of phase (viscous) with the acoustically
driven surface. When the relaxation time is high, i.e. when ωη  µ, the
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Fig. 2.8 – (top part) Components of the matrix of sensitivities S and
(bottom part) components of the inverted matrix of sensitivities S−1 at
123.2 MHz vs. the SiO2 layer thickness.
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film is viscous, meaning that acoustic loss is a predominant mechanism
of energy dissipation in the film, which is also a mechanism driving an
important attenuation of the acoustic wave as it propagates along the
perturbed part. At the opposite, when the relaxation time is low and
ωη  µ, the film is considered as rigid, involving an entrapment of the
acoustic energy in the film which participates effectively in the guiding
of the acoustic wave.
For viscous films, it is known that the product of the density by the
viscosity and the film thickness play a role in the modification of the
acoustic velocity and the attenuation of the signal [138]; for rigid films,
only the density and the film thickness play a role. The mechanical behavior of the film with respect to the excitation frequency is determined
by the part, real or imaginary, of the propagation wavevector kx that
is predominant. For the operating frequencies of Love mode devices,
typically comprised between 80 MHz and 430 MHz, a film is seen as a
viscous layer till shear stiffness up to 105 Pa, as presented in Figure 2.9.
Above this threshold, the film supports the propagation of the guided
Love mode rather than its dissipation, leading to the influence of the
density of the film only rather than the product of the density by the
viscosity.
A possibility to experimentally discriminate between the two extreme
mechanical behaviors is obtained via the ratio of the attenuation shift to
the phase shift, which is a significant indicator of rigid or viscous interactions between the layer and the vibrating surface. The differentiation
of the two cases is seen by canceling alternatively the contributions dσ
√
and d ρη in (2.23). For a pure rigid loading, the ratio of the attenuation
shift to the phase shift is written
Sα,σ
dα
=
dφ
kSφ,σ

(2.38)

and, for a pure viscous loading, the ratio becomes
Sα,ρη
dα
=
.
dφ
kSφ,ρη

(2.39)

The model helps to plot this ratio as a function of the guiding layer
thickness t in Figure 2.10 or as a function of the loading layer thickness
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Fig. 2.9 – Viscoelastic transition of an adlayer (thickness 20 nm, density
1400 kg/m3 , viscosity 5 cP) at 123.2 MHz as a function of the shear
stiffness of the layer. The transition from Newtonian to Maxwellian
behavior appears for a shear stiffness equals to 3.9 MPa.
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h in Figure 2.11 for a rigid layer and in Figure 2.12 for a viscous layer
for two thicknesses of the guiding layer (t = 1.2 µm and 3.2 µm).

2.3.6

Penetration depth and film thickness

The penetration depth δ of shear waves in fluids is an indication
of the thickness probed by the acoustic method. The exact value of δ
for surface acoustic waveguides is determined by the real part of the
wavevector in the viscous layer as determined by the transmission line
equivalent model. Its value is close to the one obtained from the wellknown relation [163]
r
2ηC
δ=
(2.40)
ρC ω
from which it slightly differs due to the coupling angle ϕC in the viscous layer. Because of an usually large velocity difference between the
rigid guiding layers and the viscous layers, the real part of the coupling
angles ϕC and ϕF are almost equal to zero and, therefore, the penetration depth can be identified with the expression given by Eq. (2.40).
As example, δ is about 50 nm for water at a frequency of 123.2 MHz
(corresponding to the central frequency of our application device).
The acoustic wave “senses” the viscous layer with an exponential decay
extending to a thickness about 3δ, after which the acoustic field decays
below 10% of its initial value and is neglected. This effect has an impact on the ratio dα/dφ as seen in Figure 2.12. This effect is better
appreciated when considering separately the evolution of the viscosity
sensitivities, Sα,ρη and Sφ,ρη , as a function of the viscous layer thickness (cfr. Figure 2.13). The two sensitivities are function of the layer
thickness and present a maximum amplitude at different thicknesses:
the influence of the viscous layer on the phase is reaching its maximum
before the one caused on the amplitude. Such observations let us assume
that considering both phase and amplitude shifts could be an opportunity to obtain extra information about the thickness of a viscous film.
For a thin viscous layer (< 0.1δ), the ratio dα/dφ becomes similar to the
one that would result from a rigid layer. Consequently, a small experimental ratio is not sufficient to conclude that the probed layer behaves
as a viscous or a rigid layer. On the other hand, a high ratio is an unquestionable indicator of a viscous interaction, where the hypothesis of
a soft layer can be assumed (ωηC  µC ).
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Fig. 2.10 – Theoretical ratio of the attenuation to the phase shift as a
function of the SiO2 guiding layer for (top graph) a pure rigid loading
and (bottom graph) a pure viscous loading. The computation is done
at fixed frequency f0 = 123.2 MHz (the noise on the curves is due to
numerically propagating errors). A small ratio (< 0.15 in absolute value)
occurs for a rigid loading, indicating that the amplitude shift is small
compared to the phase shift of the signal for such loading, while a high
ratio (> 8.8 in absolute value) occurs for a viscous loading. In that
latter case, the larger amplitude shift is caused by viscous losses of the
acoustic energy along the sensing path.
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Fig. 2.11 – Theoretical ratio of the attenuation to the phase shift as
a function of the thickness of a rigid layer at fixed frequency f0 =
123.2 MHz for two thicknesses of the SiO2 guiding layer (t =1.2 and
3.2 µm). The small ratio is diminishing as the loading layer increases
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Fig. 2.12 – Theoretical ratio of the attenuation to the phase shift as
a function of the thickness of a viscous layer at fixed frequency f0 =
123.2 MHz for two thicknesses of the SiO2 guiding layer (t =1.2 and 3.2
µm). The ratio increases from 0 in the absence of loading layer till a
saturation at the high value of a bulk viscous liquid when the thickness
is above a certain threshold.
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Fig. 2.13 – Values of attenuation and phase sensitivity for a viscous layer
loading as a function of the normalized thickness of the loading layer at
fixed frequency f 0 = 123.2 MHz (ηC = 10 cP).

The viscosity sensitivities (Sφ,ρη and Sα,ρη ) given in Figure 2.8 are therefore valid only when the adsorbed layer becomes thicker than 150 nm;
which is far from real biosensing scenarios where the biomolecules layer
is hardly thicker than few tens of nanometers and even less.
In biosensing experiments, the exact behavior of the biomolecules is
function of their own mechanical and chemical interactions, their affinity for the sensing surface and their affinity between each others and
with the solvent. All these parameters influence the actual value of the
relaxation period of the biofilm and result in a complex system. As a
consequence, the system composed by the acoustic sensor and the surface adsorbed biomolecules is opened to a wide amount of possibilities
requiring further assumptions to quantify each of these parameters. In
addition, the density, the viscosity and the thickness of a viscous thin
layer can not be directly estimated from the two information (insertion
loss and phase) resulting from a single SAW measurement. Additional
information about one of the value (density, viscosity or thickness) of the
film is requested with a measurement technique compatible with surface
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acoustic waves. A first possibility is a thickness estimate by AFM [35].
A second possibility is an optical measurement of the film such as ellipsometry or surface plasmon resonance. This latter possibility has been
chosen and is described in Chapter 5 [61], however others combination
techniques are possible and still need to be investigated.
In the assumed case that the film of biomolecules acts as a viscous
layer, it appears that the Love mode biosensor performs as a rheometer. The analysis of the rheological characteristics of the adsorbed film
requires an adequate modeling to fit the values of density and viscosity
of the film as a function of its thickness. The sensitivity interpretation
in this case is schematically depicted by Figure 2.14. Finally, it must
be noticed that the best biosensor is the one for which Sφ,ρη is at its
maximum value; this optimized device will also present the worse attenuation of all while loaded by the liquid because Sα,ρη will be at a
maximum value too. A trade-off in the design must be considered to
optimize the sensor.

2.3.7

Detection levels and influence of the noise

The minimum amount that can be detected depends of the noise on
the measurement. If we denote the noise on the phase by Nφ and the one
on the signal amplitude by Nα , we notice that in the case of a rigid layer
deposition, the following relation must be followed to estimate correctly
the surface density resulting from the deposition of the rigid layer from
bulk viscosity changes:
Nα ≤

Sα,ρη
· Nφ .
kx Sφ,ρη

(2.41)

An identical relation is expressed for the corrected estimation of the bulk
mass viscosity change:
Nα ≤

Sα,σ
· Nφ .
kx Sφ,σ

(2.42)

Since the ratio of the viscosity components is high, the corrected estimation of the surface density is not linked to a stringent condition; the
estimation of the viscosity change is a problem since the ratio is below 1,
thus resulting in a stringent reduction of the amplitude noise to correlate
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Fig. 2.14 – Schematic description of the interpretation of the Love mode
biosensor when considered as a rheological sensor: the variations of amplitude and phase of the acoustic signal are caused by the adsorption
on the surface of a thin and soft (i.e. viscous) layer. The density and
the viscosity of this layer have both an influence on the signal change,
while the ratio of attenuation to phase shifts supports the conclusion
of a viscous or a rigid interaction between the adsorbed film and the
acoustic probing wave: a high ratio denotes a viscous layer while a low
ratio can signify a rigid or a viscous interaction. The values of mass
viscosity sensitivities are function of the thickness of the film and the
penetration depth unless the film gets thicker than 3 times the penetration depth. For thicker films, the sensor identifies the film to a bulk
material. Because of their thickness dependency, the sensitivities are
written Sφ,ρη (h) and Sα,ρη (h) for h ≤ 3δ.
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signal changes to actual bulk viscosity variations. The actual detection
limit is function of the value of both noises and the minimum mass on
the surface that can be detected, σmin , is given for a phase shift at least
equal to 3 times the noise on both the phase and the amplitude:
σmin =

3
(Sα,ρη Nφ − kx Sφ,ρη Nα )
kx D |S|

(2.43)

where |S| is the determinant of the matrix of sensitivities. As an example, this equation is applied with the current values of sensitivity to
estimate the detection limit of the device as a function of the noise on
the signal. The result is plotted in Figure 2.15 and it shows that the
detection limit is in the range of tens to hundreds of ng/cm2 , assuming
the deposition of a rigid uniform layer.
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Fig. 2.15 – Influence of the noise on the detection limit: evolution of the
minimum surface density detected σmin as a function of the amplitude to
phase noise ratio for the example device. A reduction of the noise results
in a reduction of the minimum surface density detected. For a phase
noise of 1 mrad, σmin is about 30 ng/cm2 , which is approximatively 10%
of the surface density of a densely packed and uniform IgG monolayer.
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For a viscous film adsorption, the analysis is easily extended but this
time by considering only one equation: the value of viscous sensitivities
as a function of the adsorbed layer thickness. The following relation
must be followed to estimate correctly the mass viscosity of the layer
from bulk viscosity changes:

Nα ≤

Sα,ρη (h)
· Nφ .
kx Sφ,ρη (h)

(2.44)

This ratio is sketched in Figure 2.12: when the thickness of the layer becomes too small, the restriction on the amplitude noise is getting smaller
and smaller. The relation is extremely important to determine which
thickness will be impossible to resolve by the measurement. As the amplitude noise Nα is too large, the determination of the mass viscosity
of the adsorbed layer can not be determined at all. This might as well
happen for a given thickness of the viscous layer, indicating that the discrimination method, between rigid and viscous layers, but also between
thick and thin viscous layers, can not be applied for film thicknesses
below a threshold thickness hmin determined by:
Sα,ρη (hmin )
Nα
.
=
kx Sφ,ρη (hmin )
Nφ

(2.45)

As application example, let assume typical values of Nα =0.01 dB and
Nφ =2 mrad; their ratio is equal to 5 dB/rad. According to Figure 2.12,
the determination of the density of viscous films thinner than 120 nm
can not be achieved. In that case, the viscosity was assumed equal to 10
cP, which is a high viscosity in comparison to water. For this high value
of viscosity, the penetration depth is about 160 nm, and therefore the
threshold film thickness is 75% of the penetration depth. If the viscosity
of the film is varied, simulations indicate that this proportionality factor
is kept constant. Therefore, for a film with a viscosity as water, for
which δ = 50 nm, the threshold value is about 38 nm. As conclusion,
for identical values of the thickness of an adsorbed viscous layer, the
identification of the density and the viscosity of the film by the Love
mode biosensor is facilitated when the viscosity of the film is low. This
is due to the fact that the penetration depth in low viscosity films is
smaller than in high viscosity films.

58

2.4

Sensitivity of the Love mode SAW biosensor

Conclusion

We conclude from our approach that Love mode SAW biosensors
must be considered and optimized as viscosity sensors firstly and an independent layer thickness measurement is needed to apply adequately the
theoretical model. The mass sensitivity of Love mode surface acoustic
wave sensors can be evaluated by different techniques based on incremental modifications of the surface density on the sensing area of the
device. The most important conclusion for acoustic biosensors is the following: the acoustic signal presents a mixed contribution of the density
and the viscosity interactions of the biomolecules in the adsorbed layers.
Modeling is needed to extract both contributions to the acoustic signal.
The calibration of the viscous sensitivity and an independent method to
measure the layer thickness are needed for an adequate application of
the model.

2.5

Additional resources

Matlab M-files to compute the dispersion relation and the sensitivity
of Love mode SAW waveguides are archived and documented on the
website http://jmfriedt.free.fr or available on simple request by
e-mail to francisl@ieee.org.

Chapter 3

Fabrication, packaging and
calibration of SAW
biosensors
Qui s’aperçoit d’avoir dit ou fait
une sottise croit toujours que ce
sera la dernière. Loin d’en
conclure qu’il en fera bien
d’autres, il conclut que celle-là
l’empêchera d’en faire.
Blaise Pascal
Pensées

In this chapter, we address in a first part the fabrication aspects of Love
mode SAW device and the influence of materials on the dispersion of the
acoustic wave for different overlayers. The dispersion in the Love mode
device is directly linked to the mechanical properties of the guiding layer
and they determine the sensing performance of the waveguide. The main
objective is to obtain a high, reproducible and stable gravimetric sensitivity with materials that do not present high acoustic losses. Three
materials are investigated: silicon dioxide obtained by plasma-enhanced
chemical vapor deposition (PECVD) in a hydrogen-rich atmosphere, zinc
oxide obtained by spray pyrolysis deposition, and amorphous silicon germanium obtained by PECVD. These materials are selected because of
a shear bulk acoustic velocity lower than the one of quartz, thus allowing their integration in Love modes supported by quartz substrates, and
59
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because of the ability to tailor the mechanical properties with their selected deposition method.
In a second part, the packaging of the Love mode sensor is addressed.
The packaging is one significant challenge facing biosensor development.
For surface acoustic wave based biosensors, packaging influences the general sensing performance. The acoustic wave is generated and received
thanks to interdigital transducers and the separation between the transducers defines the sensing area. Liquids used in biorecognition experiments lead to an attenuation of the acoustic signal while in contact with
the transducers.
We have developed a liquid cell with an original approach based on
photodefinable epoxy SU-8 that prevents the presence of liquid on the
transducers, has a small disturbance effect on the propagation of the
acoustic wave, does not interfere with the biochemical sensing event,
and leads to an integrated sensor system with reproducible properties.
The liquid cell is achieved in two steps. In a first step, the SU-8 is precisely patterned around the transducers to define 120 µm thick walls.
In a second step and after the dicing of the sensors, a glass capping is
placed manually and glued on top of the SU-8 walls. This design approach is an improvement compared to the classical solution consisting
of a pre-molded PDMS cell that must be pressed against the device in
order to avoid leaks, with negative consequences on the reproducibility
of the experimental results. We demonstrate the effectiveness of our approach by protein adsorption monitoring. The packaging materials do
not interfere with the biomolecules and have a high chemical resistance
to resist to the chemical cleaning of the sensing surface for the reusing of
the sensor. For future developments, wafer level bonding of the quartz
capping onto the SU-8 walls is suggested.
In a third part, the experimental evaluation of the mass sensitivity
of the Love mode SAW biosensor is investigated. We present techniques
that can be classified in two approaches. The first approach is a destructive technique where the dispersion relation is recorded by a chemical
wet etching procedure, which enables the continuous monitoring of the
transfer function during the etching of the entire guiding layer. The
second approach is based on a incremental variation of the surface density by adding or removing thin layers of different materials in known
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quantities. The mass sensitivity is estimated in different cases: etching
of a thin gold layer, copper electrodeposition, and surface adsorption of
an ionic surfactant. We focused our techniques to the actual operating
conditions of the sensor; that is on the diced and mounted sensor, in a
liquid environment, and with surface density variations in the same order of magnitude as the targeted biochemical sensing application (below
1 µg/cm2 ). The results obtained by these different techniques are evaluated with respect to the theoretical approach described in Chapter 2.

3.1

Love mode SAW device fabrication

This section describes the basic structure of the Love mode SAW
sensor. The fabrication techniques and the integration of specific guiding thin films are presented as well. The growth of thin films can results
in materials either amorphous or crystalline. In polycrystalline materials, grain boundaries and spatial inhomogeneities scatter the acoustic
energy and, therefore, increase the insertion loss of the waveguide. We
report here the fabrication of two amorphous materials (silicon dioxide
and silicon germanium) and one polycrystalline material (zinc oxide).
The reported techniques are intended to grow materials with mechanical characteristics as different as possible than the substrate in order
to enhance the energy concentration in it so that the sensitivity of the
acoustic structure to a surface perturbation is maximized.

3.1.1

Basic structure of the sensor

The Love mode sensor is obtained by a 500 µm thick ST-cut (42.5◦
Y-cut) quartz substrate with interdigital transducers patterned in 200
nm thick sputtered aluminum. Split fingers electrodes geometry help to
reduce the triple transit interferences. The guiding layer is a thick overlayer of silicon dioxide (description here after). This layer was deposited
by plasma enhanced chemical vapor deposition (Plasmalab 100, Oxford
Plasma Technology, England) up to 5.2 µm. Because devices with thick
guiding layers showed a large insertion loss while loaded with water, we
used for most of the experiments a 1.2 µm thick guiding layer. The fingers of the interdigital transducers are 5 µm wide and equally spaced by
5 µm (λ0 = 40 µm). The acoustic aperture W is equal to 80λ0 (3.2 mm),
the total length of each transducer is 100λ0 (4 mm) and the distance
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center to center of the IDTs is 225λ0 (L = 9 mm, D = 5 mm). The
sensing area was defined by covering the space left between the edges
of the IDTs by successive evaporation and lift-off of 10 nm of titanium
and 50 nm of gold. The resulting Love mode device is photographed in
Figure 3.1.

Fig. 3.1 – Photography of the Love mode device compared to a 1 e coin.
The device was packaged by using a method described in the rest
of this chapter [56]. The sensor mounted and wire-bonded to an epoxy
printed circuit board had its transfer function recorded by an HP4396A
Network Analyzer. A home-made program was used to log the data of
the Network Analyzer to a PC through the GPIB interface. The central
frequency f of the transfer function is 123.5 MHz.

3.1.2

Hydrogenated PECVD silicon dioxide

The deposition of silicon dioxide by the PECVD technique has several advantages. The deposition is obtained from tetraethylorthosilicate
(TEOS) and oxygen (O2 ) plasma [43] or from silane (SiH4 ) and nitrous
oxide (N2 O) mixtures [145]. Variations in the processing parameters influence strongly the chemical characteristics of the deposited film with
consequences on the mechanical and optical properties of the silicon
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dioxide [43, 145]. By adjusting the deposition parameters (i.e. substrate
temperature, gases flow, RF power, pressure, gases dilution, etc.), one
can obtain films with various characteristics but at a high cost of complicated investigations. The complexity in plasma deposition makes very
difficult to directly link processing parameters to the final result and can
be tackle by genetic algorithms [79].
In the present case, as the material is expected to be of fairly low
mechanical stiffness, in order to reduce as much as possible the sound
velocity in the guiding layer and therefore enhance the acoustic dispersion in the acoustic waveguide, silicon dioxide layers were deposited
from silane and nitrous oxide diluted with hydrogen. It was reported in
the literature that such deposition results in a modified material with
a low refractive index and a stable integration of the hydrogen in the
film [113, 187, 206]. Although it was not possible to find any reported
information about the influence of hydrogen on the mechanical characteristics of the layer, our investigation indicates that the engineering of
this material results in low mechanical stiffness and different growing
properties when compared to other deposition parameters. A noticeable
modification in the mechanical properties is seen by changing the hydrogen gas flux. The silicon dioxide obtained with a higher hydrogen
flux results in a soft layer of silicon dioxide, as indicated in Table 3.1.
Surface acoustic wave offer a useful method to determine mechanical
properties of thin films [89, 134, 215]. In the present case, the extraction
of the mechanical characteristics of the thin film, i.e. the shear stiffness
and the density, were obtained by a least-square fitting of the Love mode
dispersion of experimentally measured resonance frequencies at different
wavelengths. To that purpose, test wafers were patterned with 6 different wavelengths regularly spanned (λ =18, 22, 28, 40, 76 and 120 µm)
and the film thickness was measured with a DekTak stylus profilometer.
A more intensive investigation with adequate analytical tools was not
intended in this thesis but should be considered for future works.

3.1.3

Spray pyrolysis deposition of zinc oxide

Zinc oxide has recently been introduced has guiding material for Love
mode applications. Its mechanical properties are much more suited than
silicon dioxide and it has shown already a better sensitivity [37, 106].
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SiO2 A

SiO2 B

SiH4 [sccm]

35

35

N2 O[sccm]

1200

1200

N2 [sccm]

400

400

H2 [sccm]

400

400, 600, 800
(1/3 of time each)

Wafer

T◦ [◦ C]

300

300

RF plasma power [W]

100

100

Growth rate [nm/min]

190

135

∼2457

2615

∼22

8.3

Density ρ

[kg/m3 ]

Shear Lamé constant µ [GPa]

Table 3.1 – Fabrication parameters and mechanical properties of
PECVD SiO2 with different hydrogen concentration during deposition.

Zinc oxide is a piezoelectric semiconductor. In order to test the efficiency, we have been interested in the deposition of zinc oxide by spray
pyrolysis.
The spray pyrolysis deposition technique (SPD) of ZnO was primarily
intended for the low-cost fabrication of buffer layer for solar cells and
for capacitive gas sensors. The method consists in spraying a solution
of a salt of the material to deposit in small droplets above the heated
substrate. The technique does not need a reduced pressure. As example,
zinc oxide thin films are obtained by spraying a 0.1 to 1 M solution of
zinc nitrate or zinc acetate. The reactions occurring during deposition
and the influence of various parameters on the morphology, crystalline
orientation, conductivity and optical properties for a large variety of
pure or doped thin films of noble metals, metal oxides, spinel oxides,
chalcogenides and superconducting compounds are well described in the
literature [18, 40, 149].
However, the application of the technique to acoustic waveguides
has never been investigated although it possesses an unused potential
for the realization of highly sensitive biosensors at low production costs
and with a huge versatility for tailored applications. So far, the inte-
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gration of SPD films on acoustic waveguides has been limited to CdS
thin film gas sensor [159] and for the realization of SAW filters where
the ZnO is used for its piezoelectricity [112].
The SPD setup used presently was experimental (see Figure 3.2) and
the reproducibility of the films was difficult to obtain, presented a low
control of the growth rate and large inhomogeneities over the substrate.
Thin films were obtained by the spraying of a 0.1 M solution of zinc
acetate for different times between 10 and 45 minutes and temperatures
between 150 and 450 ◦ C. The thin films were sputtered on a quartz substrate with patterned aluminum IDTs having a wavelength of 40 µm.
The temperature and the spraying solution composition are important
during the deposition. We tested the deposited material and it presented
different morphologies according to the temperature and the time of deposition. The film thicknesses measured by Rutherford Back-Scattering
(2 MeV alpha particles,θ = 170◦ ) are reported in Figure 3.3. The growth
rate has a similar value of 5 ± 1 nm/min at 250 ◦ C and 350 ◦ C. The
growth rate decreases for higher temperatures, and is 3.6 ± 1.5 nm/min
at 450 ◦ C .
Three different types of microstructure are observed, function of the
deposition time and the temperature. The first type of microstructure
shows ZnO conglomerates randomly distributed on the substrate surface
(Figure 3.4(a)); it is typical of a low deposition time or low temperatures (below 250 ◦ C). The second type of microstructure presents a good
coverage of the substrate but a very rough surface (Figure 3.4(b)); it is
seen during the deposition for any kind of time and temperature. It
corresponds to the first ZnO crystals randomly oriented. The third type
of microstructure happens when the deposition time is long enough, or
the temperature high enough, then the C-axis orientation perpendicular
to the surface is thermodynamically favored and the growth of columnar crystal takes place (Figure 3.4(c)). In the SEM picture, one sees
the top of the columnar crystals. The diameter of the columns is about
100 nm, while their height can be estimated equals to the film thickness
(i.e. ∼ 200 nm). These observations are correlated by the X-ray diffraction measurement of the samples, where the last microstructure has the
highest peak intensity of the C-axis oriented crystal (not reported here).
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Fig. 3.2 – The spray pyrolysis deposition setup. A nozzle (top part)
sprays a solution of zinc acetate over the heated substrate (bottom part).
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Fig. 3.3 – Thickness of the ZnO grown with different temperature as
given by RBS.

68

Fabrication, packaging and calibration of SAW biosensors

(a) 150 ◦ C, 5 min.

(b) 250 ◦ C, 30 min.

(c) 450 ◦ C, 20 min.

Fig. 3.4 – Scanning Electron Microscope image of ZnO grown by Spray
Pyrolysis Deposition .
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From a mechanical point of view, the data collected were not sufficient to extract the values of density and shear modulus. The dispersion
curves are given in Figure 3.5; the dispersion is stronger for the SPD
ZnO than for silicon dioxide, e.g. 4940 m/s for a 1.2 µm thick H-rich
PECVD SiO2 . Since the density of ZnO (ρ = 5600 kg/m3 ) is higher
than SiO2 , the increased dispersion has to come from a very low shear
compliance that can be originated from the presence of voids between
the ZnO crystals.
5010
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Fig. 3.5 – First Love mode velocity as a function of the thickness recorded
for two SPD grown ZnO layers on a quartz substrate with shear wave
propagation (λ = 40 µm).

3.1.4

PECVD amorphous silicon germanium

Silicon germanium is a material of variable composition that can be
tailored during PECVD deposition. This material has initially been developed for solar cells. The actual material deposited is a-Six Ge1−x :H
and the mechanical characteristics are function of the concentration of
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silicon, germanium and hydrogen in the layer [69, 172, 204, 207]. A 1 µm
thick layer has been deposited by PECVD (Temperature 400 ◦ C, 100
sccm GeH4 diluted in 10% H2 , 30 sccm SiH4 , 40 sccm H2 , 30 W for
HF Power, pressure 2 Torr, growth rate 60 nm/min). The deposition
on a quartz wafer was accompanied by the formation of bubbles in at
the interface between the quartz substrate and the deposited SiGe layer.
The bubbles are mainly located along the aluminum electrode lines as
seen in Figure 3.6. The delamination of the film due to a poor adhesion
and stress effects was observed too.
The material deposited presented a density of 4899 kg/m3 and a
shear stiffness of 21.56 GPa as characterized by the acoustic propagation
at 6 wavelengths. The theoretical phase and frequency sensitivities are
reported in Figure 3.9.

Fig. 3.6 – Bubbles formation along an aluminum line under the amorphous SiGe layer.
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Fig. 3.7 – Transfer function for a 1 µm thick SiGe overlayer measured
with transducer of periodicity 40 µm.
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Fig. 3.9 – Theoretical phase and frequency sensitivities of the
Quartz/SiGe Love mode structure vs. the SiGe thickness for λ = 40 µm
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Liquid cell design
The packaging issue of SAW biosensors

The transfer function of the device, which relates the amplitude of
an AC electrical signal at the output transducer to its value at the input
transducer, is affected when a liquid with a high dielectric constant value
is partly or fully contacting the transducers. As example, Figure 3.10
shows the effect of deionized water in contact with any of the transducers on a quartz substrate. The attenuation observed in the amplitude
and the phase of the transfer function is mainly due to an extra capacitance loading of the transducers; more details related to this effect are
given in Appendix B. The intensity of the attenuation is function of the
value of the electromechanical coupling constant K 2 of the piezoelectric
substrate. It is more intense for low K 2 substrates such as quartz than
for high K 2 substrates such as lithium niobate or lithium tantalate. For
Love-mode sensors, it also depends of the thickness of the guiding dielectric overlayer that acts as shielding and reduces the interaction with
liquids.
In any cases, the signal attenuation affects the general performance
of the sensor from the instrumentation and the sensing aspects. It results
in a lack of correlation between surface changes caused by the biomolecules adsorption and the SAW velocity changes measured by phase shifts
in the transfer function. Therefore, one desires a method for the efficient shielding of the IDTs against liquids that serves in the same time
as liquid holder, namely a liquid cell. Numerous examples of liquid cell
are reported in the literature [24, 66, 67, 185]. Typically, they consist
in a pre-molded polydimethylsiloxane (PDMS) cell or in a mechanically
drilled Teflon cell that comes in close contact with the device. The
cell is mechanically pressed against the surface of the sensor in order to
avoid leaks. Despite the flexibility allowed by external liquid cells, these
methods miss an integration step at the device processing scale. A liquid
cell integrated during the fabrication of SAW biosensors open and enhance their application: a well designed liquid cell maximizes the sensing
surface and minimize interactions with the acoustic wave and with the
biochemical species. Beside the liquid cell itself, Jakoby and Vellekoop
suggested to circumvent the interaction issue thanks to a shielding metalization applied on the device-liquid interface [100]. They investigated
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Fig. 3.10 – Experimental record of the transfer function of a quartz
substrate SAW device showing the effect of water on the transducers.
The top graph is the amplitude and the bottom graph is the phase of the
electrical signal passing through the acoustic device as a function of the
frequency. The solid line is the transfer function in air while the dashed
line is the device loaded with water on one or on the two transducers,
either partly or totally covering the electrodes of the transducers.
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theoretically and experimentally the influence of such metalization extending on the transducers on their electrical parameters. Although the
influence of the metal layer on the transfer function was not detailed,
this method should be considered as an additional and efficient method
to further eliminate any electrical interactions between the sensed media
and the electrical transduction.
Although the fabrication of SAW biosensors is largely described in
literature, the issue of their packaging is poorly documented. Only recent efforts address this issue, in particular the group of Länge emphet
al. who developed a flow cell with a disposable polymer encapsulation
of the SAW sensor, defined by stereolithography, and the electrical instrumentation of the device by capacitive coupling of the contact pads
in order to reduce the volume of the flow cell to 60 nL while classical
methods are practically limited to 50 µL [120, 121].
In this thesis, we address the design and the fabrication of a liquid
cell that allows the packaging of SAW biosensors. The liquid cell aims
at three characteristics:
• it prevents the presence of liquids on the IDTs;
• it has a small disturbance effect on the propagation of the surface
acoustic wave;
• it does not interfere with the biochemical sensing event.
Our approach is based on the protection of the IDTs and of every area
out of the acoustic sensing area by a vertical structure above them. The
protecting structure is made of a polymer spacer defined between the
sensor surface and a rigid capping layer atop of the spacer. Microfabrication techniques are required for the fabrication of the liquid cell. They
allow to reduce the lateral dimensions of polymers that cause acoustic
attenuation while in contact with the surface. Therefore, these techniques help to minimize interactions between polymers and the acoustic
wave. In addition, they also allow the integration of the packaging at
the wafer processing level with reproducible characteristics that address
the micron-range scale of the sensor.
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Four aspects have been taken in consideration in the design of the
liquid cell: (1) the analyte solution must be correctly displayed on the
sensing area; (2) the rigid capping layer above the IDTs must not come
in contact with the electrodes to avoid a damping of the acoustic wave
and their capacitive loading; (3) polymers as spacer cause an acoustic
attenuation, consequently these materials must cover the smallest length
of the acoustic path on the sensing area; and (4) the sensing area must
be kept open for its cleaning prior to any biochemical recognition experiment, for instance with an UV-O3 cleaning treatment.
Additionally, the packaging is required to withstand the cleaning procedure without contaminating the biochemical solutions. This involves the
use of materials presenting good chemical resistance to organic solvents
and to UV-O3 surface treatment.
The SU-8 is a photodefinable epoxy selected to perform the spacer
function [97]. Its selection is based on adequate properties:
• photosensitive that allows for a precise patterning of its structure
around the IDTs by using standard photolithography techniques;
• high thicknesses attainable (up to 500 µm in one step, much thicker
than other photosensitive encapsulant materials like benzocyclobutene –BCB– and polymethylmethacrylate – PMMA) with a high
aspect ratio about 1:25;
• stiff epoxy leading to smaller absorption of the acoustic signal than
soft polymers;
• good chemical resistance to a wide range of organic solvents and
of surface treatments;
• low thermal budget and good adhesion on various materials.
The SU-8 spacer shaped as walls around the IDTs performs a continuous physical separation between the transducers and the sensing
area. Because of its position above the acoustic path, this separating
wall must be thin to minimize the acoustic damping and wide enough
to assure a continuous and rigid physical contact with the sensor. In the
present case, a compromise has been found with a 150 µm wide wall.
Outside the acoustic path, the walls are larger to increase the adhesion
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surface between the SU-8 and the sensor on one side, and with the capping layer on the other side. As capping material, quartz is selected
because of its mechanical stiffness, its optical transparency that allows
to visually check for the unwanted presence of liquids above the capped
transducers, its electrical insulation to avoid interaction with the electromagnetic field emitted by the IDTs, and finally its resistance to a
numerous amount of chemical products and surface treatments.

3.2.2

Liquid cell fabrication

We have used a two steps method to fabricate the liquid cell. The
first step is achieved at the wafer level. It consists in the patterning of
the SU-8 walls. The second step is achieved at the device level after
the dicing of the wafer. It consists in the manual placement of the
quartz capping. The fabrication methodology is schematically depicted
in Figure 3.11 and described for a particular example here after. The
fabrication method can be extended to various types of substrates and
transducers designs without requiring extra developments.
The liquid cell was fabricated on a Love-mode SAW devices made
on a 3 inches diameter and 500 µm thick ST-cut (42.5◦ Y-cut) quartz
substrate (China National Scientific Instruments and Materials Corp.,
Hangzhou, P. R. of China) covered with a 1.2 µm thick silicon dioxide layer obtained by plasma-enhanced chemical vapor deposition (Plasmalab 100 from Oxford Plasma Technology, England). The IDTs have
100 finger pairs each with L=9 mm, W =3.2 mm and D=5 mm. The
finger electrodes were made of 200 nm thick sputtered aluminum with
split-finger geometry to minimize ripples in the passband of the device;
each finger is 5 µm wide, and equally spaced such that the finger pairs
periodicity corresponds to an acoustic wavelength λ of 40 µm.
For the first step, SU-8 walls with a thickness about 120 µm were obtained by using the following recipe. Photosensitive SU-8 type 2075 (Microchem Corp., MA) was spin coated with an acceleration of 100 RPM/s
to reach 500 RPM that was held for 10 seconds, and followed by an acceleration of 300 RPM/s to reach 1500 RPM that was held during 30
seconds. After the spinning, the resist was baked for 3 hours at 95◦ C on
a hotplate after a slow temperature ramp up in order to avoid stresses
cracks in the epoxy layer. The SU-8 patterns were obtained by soft con-
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CROSS SECTION AA

(A)
A

A

SUBSTRATE

(B)

(C)

GLASS

(D )
Fig. 3.11 – Schematic of the fabrication process. On each drawing, the
left side is a top view of the device and the right side is the cross section
AA. (A) Initial SAW device is a part of the wafer. (B) SU-8 walls are
patterned partly around the transducers and the wafer is diced to release
each sensor. (C) The sensor is attached to the printed circuit board and
the contact pads are wire bonded to it (step not shown), the top part
of the SU-8 walls is manually covered with an epoxy glue, immediately
followed by the placement of the quartz glass capping and the curing
of the epoxy. (D) The left parts are filled with the same epoxy glue
to complete the protection and the packaging of the device. The liquid
cell defines a well of precise dimensions above the sensing area of the
packaged sensor.
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tact lithography on a Karl-Süss MA6 mask aligner (SUSS MicroTech
Inc., VT) for 5 cycles of 10 seconds and a rest time of 60 seconds between each exposure cycle. The exposure was followed by a baking of
15 minutes at 95◦ C on a hotplate after a slow temperature ramp up
to finish the reticulation of the SU-8. The unexposed epoxy was then
dissolved in propylene glycol monomethyl ether acetate (PGMEA) with
ultrasonication for 10 minutes. Figures 3.12 and 3.13 show the resulting SU-8 structure patterned around the IDT. Following that step, the
wafer was diced to release each sensors with the patterned SU-8 walls.
The devices were subsequently wire bonded to a printed circuit board
for electrical characterization.

Fig. 3.12 – A scanning electron microscope (SEM) image of one SU-8
wall before glass capping. The sensing area is located in the bottom-left
part of the picture.
For the second step, quartz glasses of 5 mm by 5 mm and 500 µm
thick were placed and glued above the SU-8 structures. An epoxy glue
(Epotek H54 from Epoxy Technology, MA, USA) was manually dispensed above the walls and followed by the placement of the glass. The
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Fig. 3.13 – Optical top view picture of the SU-8 walls patterned around
one interdigital transducer. The sensing area is located on the left and
is separated from the aluminum electrodes of the transducer by a 150
µm wide on acoustic path, 120 µm high SU-8 wall.
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final bonding between the SU-8 walls and the glass was obtained by a 15
minutes curing of the epoxy at 100◦ C. The flatness of the top surface of
SU-8 helped for the perfect sealing between the walls and the capping.
The same epoxy glue was used to make a 1 mm wide and 1-2 mm high
well around the rest of the device and above the contact pads. This
procedure defined an open liquid cell above the acoustic sensing surface
with dimensions 4.7 mm (= D) by 3.5 mm (> W ). Figure 3.14 shows
a scanning electron microscope (SEM) image of the cross section of the
packaged device. The fully packaged SAW biosensor itself is pictured in
Figure 3.15.

Fig. 3.14 – SEM image of the cross section of the SU-8 walls above the
transducers and the quartz capping.

3.2.3

Performances of the packaging

In this section, the performance of the SU-8 liquid cell is evaluated
and discussed. For the evaluation, we analyze the acoustic damping due
to the liquid cell in a first place and we report a biochemical recognition
experiment performed on the packaged SAW biosensor in a second place.
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Fig. 3.15 – The fully packaged SAW biosensor on the printed circuit
board.
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The liquid cell prevents the presence of liquids on the IDTs and has
a small disturbance effect on the propagation of the acoustic wave. The
influence of the SU-8 walls on the acoustic performance of the device
is shown in Figure 3.16 where the amplitude of the transfer function
was measured in different situations on an identical device before the
capping: with and without the SU-8 walls and with and without water
loading.
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Fig. 3.16 – Effect of the SU-8 walls of the liquid cell on the amplitude of
the transfer function. The figure displays the amplitude of the electrical
signal as a function of the frequency in different situations indicated by
the legend (the water loading is in addition to the SU-8 walls).
A loss of 7.7 dB is measured at the center frequency f0 =123.2 MHz,
caused by the SU-8 walls on the acoustic path between the two transducers. Although designed with a 150 µm width, each wall covers an
effective length of 160 µm caused by the aspect ratio of SU-8. Therefore,
we estimate the attenuation of the shear acoustic wave by a factor of ∼1
dB per acoustic wavelength (∼1 dB/λ). This figure helps to evaluate
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the influence of the packaging on the acoustic characteristics of the sensor and serves as guideline for the miniaturization of the device. It can
also be seen on Figure 3.16 that the SU-8 provides an efficient shielding
against the negative influence of the water loading when it spreads over
the entire sensor, including the IDTs.
In terms of the critical dimensions to attribute to the walls and to the
acoustic wavelength, one is interested in smaller wavelengths to achieve
SAW biosensors with higher operating frequencies. The attributed dimensions of the liquid cell is determined by the figure of 1 dB/λ. Different factors are involved in the design of the SU-8 liquid cell for the
miniaturization of the device. Because of the precise patterning allowed
with the photosensitive epoxy, minimum dimensions are mainly limited
by the aspect ratio of the SU-8 and in our case by the manual alignment
step of the glass capping that requires a relatively wide top surface. The
height of the SU-8 walls must exceed one acoustic wavelength to avoid
interactions between the electromagnetic field of the IDTs and the capping material. In the present case the SU-8 was three λ high; a carefully
addressed investigation of the dimensions of the SU-8 walls would help
to determine the impact of the liquid cell geometry on the performance
of the SAW biosensor.
To illustrate the effectiveness of the SU-8 liquid cell, we report the
monitoring of protein adsorption by the fully packaged Love-mode SAW
biosensor described in section 3.2.2. The sensing area was covered by
a 50 nm gold layer on a 10 nm titanium adhesion layer to interface
the sensor with an hydrophobic self-assembled monolayer (SAM). The
device was cleaned for 15 minutes in a UV-O3 chamber, immediately
followed by the coating of the sensing area with a drop of a 1mM stearyl
mercaptan (Sigma-Aldrich) solution in ethanol. The deposition of the
hydrophobic SAM took place during 3 hours after which the device was
rinsed with ethanol and dried with a stream of nitrogen. As protein,
type I fibrinogen from human plasma (Sigma-Aldrich) was diluted in
PBS buffer (137 mM NaCl, 6.44 mM KH2 PO4 , 2.7 mM KCl and 8 mM
Na2 HPO4 ) to a concentration of 46 µg/ml. The adsorption of the protein on the sensing surface was monitored by the delay phase of the SAW
biosensor at the central frequency f0 =123.2 MHz on a HP4396A Network Analyzer. The fibrinogen adsorption was preceded and followed
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by a rinsing step with PBS buffer and water. Figure 3.17 reports the
monitoring of the sensor as a function of time.
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Fig. 3.17 – Fibrinogen adsorption experiment that shows no interference because of the presence of the liquid cell. The delay phase of a
Love-mode SAW biosensor is monitored as a function of time. The fibrinogen adsorption on the sensing surface modifies the SAW velocity.
This change appears as a delay phase shift because of the electrical
transduction.
The packaging is not preventing the correct operation of the device
and is apparently not interfering with the biochemical experiment. The
adsorption of the protein on the sensing area causes a SAW velocity
shift that appears as a delay phase shift through the IDTs. The adsorbed
protein mass per surface unit ∆σ is related to the phase difference ∆φ (in
degrees) between starting and stopping points of the experience by [99]
∆σ =

λ∆φ
360DS

(3.1)

where D=4.7 mm is the effective sensing length, λ=40 µm and S the
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mass sensitivity of this specific Love-mode SAW biosensor. The mass
sensitivity has been calibrated to a value of 280 cm2 /g via copper electrodeposition [60]. In the present case, the observed phase shift of 8◦
in Figure 3.17 corresponds to a surface density of 675 ng/cm2 that is a
likely value for fibrinogen surface coverage. Based on this observation,
we conclude to the absence of interaction between the liquid cell and the
sensing performances.
A detailed comparison of our approach with other types of liquid
cell is difficult to give because of a lack of data and studies with regards
to its influence on the general performance of the SAW biosensor and
partly because of the innovative aspect of the SU-8 liquid cell. One of
the most difficult aspect related to a pre-molded liquid cell is the necessity to manually adjust its position above the sensing surface and to
mechanically press the cell against the SAW device till a perfect sealing is reached so that no leaks can occur during the whole biochemical
experiment. The position of the cell and the pressure are inevitably
varying from experiments to experiments and may result in a lack of
experimental reproducibility. In comparison, we claim that the precise
patterning of the SU-8 associated to the rigidity and the stability of our
whole packaging solution is an improvement that assures the experimental reproducibility of SAW biosensors.

3.3
3.3.1

Experimental calibration techniques
Experimental measurement of the dispersion curve

The dispersion curve is the relation between the Love mode velocity
and the guiding layer thickness t normalized by the wavelength λ. Measuring the dispersion curve is a method to obtain an evaluation of the
sensing properties of the device because the velocity variation caused by
a modification of the guiding layer is interpreted as a surface density
change. The entire dispersion curve can be obtained experimentally by
recording the transfer function while depositing or removing the guiding layer. Since most deposition techniques of the guiding layers are
not compatible with an in situ instrumentation of the device (e.g. spin
coating, sputtering, chemical vapor deposition, . . . ), the acquisition of
the dispersion curve is only allowed after deposition of the guiding layer
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and with the help of one of the following possibilities:
• probing at different wavelengths with a constant guiding layer
thickness (different periodicity of the interdigitated electrodes),
which is a space consuming solution on the wafer and it requires
an optimized IDT design;
• probing at constant wavelength different layer thicknesses, that
solution dramatically increases the amount of tests that must be
achieved before obtaining the entire dispersion curve;
• a combination of the two precedent possibilities to optimize processing and measurement times;
• in some specific cases when the deposition techniques allow it, the
dispersion curve can be measured continuously during the guiding
layer deposition [16].
The continuous monitoring of the transfer function during the etching of the guiding layer is an alternative possibility to establish the Love
mode dispersion curve. For the present case of a silicon dioxide guiding
layer, the device was immersed in fluorhydric acid while recording the
transfer function thanks to a network analyzer connected to the packaged device. The solution was temperature controlled and mixed at a
constant rate to ensure an homogeneous etching rate of the silicon dioxide. The result is displayed in Figure 3.18. This chemical wet etching
can be extended to other types of guiding layer as long as an etching
solution can be found. The conversion of the etching time to guiding
layer thickness requires a pre-calibration of the material etching rate or
an in-line optical measurement method.
Once obtained, the dispersion curve is interpolated by a polynomial
expression. The derivation of the polynomial expression with regards to
the silicon dioxide thickness gives the values of sensitivity as plotted in
Figure 3.19 (we assumed a value of ρ = 2200 kg/m3 for SiO2 ).

3.3.2

Modification of the surface density

The technique described in the precedent section has the drawback
to be destructive and to lack precision. It is generally more convenient to
calibrate the mass sensitivity of a given SAW device by non-destructive
means, with reproducible methods and in conditions close or similar
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Fig. 3.18 – Record of the Love mode dispersion curve during the etching
of the silicon dioxide guiding layer in a solution of fluorhydric acid: the
dots are the experimental data while the solid line is the closest theoretical Love mode dispersion curve obtained by a fit of the experimental
data.
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Fig. 3.19 – Sensitivity estimated by derivation for a 3rd polynomial interpolation of the Love mode dispersion curve as a function of the guiding
layer thickness.
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to the actual operating conditions of the SAW device. In a second
approach, we present three techniques to calibrate the mass sensitivity according to these criteria by modifying the surface density on the
sensing area. Each techniques are presented by decreasing values of surface density modification: the etching of a gold thin film (5 µg/cm2 to
100 µg/cm2 ), the electrodeposition of copper (1 µg/cm2 to 5 µg/cm2 ),
and the adsorption of a surfactant monolayer (0.14 µg/cm2 ).
Metal thin film etching
The 50 nm gold layer deposited on the sensing area during the device
fabrication is etched by a solution of KI/I2 (4 g and 1 g respectively
in 160 ml of water [196]). The phase angle was recorded during the
etching of a 200 nm thick gold layer. The modification of the phase is
plotted in Figure 3.20 vs. the gold thickness. Because of its electrical
conductivity, the gold layer enhances the electromagnetic feedthrough
between the transducers and results in interferences in the phase as the
gold layer becomes thicker. This interference effect is described in details
in Chapter 4.
To estimate the mass sensitivity, the phase variation based on the
etching of 50 nm of gold served to plot the mass sensitivity versus the
frequency in Figure 3.21. The interferences have an impact on this
estimation by modifying the sensitivity with ripples that depends upon
the measurement frequency. The mean value corresponds to the mass
sensitivity of the sensor and is equal to −9.6 m2 /kg.
Metal electrochemical deposition
Electrochemical deposition, or electrodeposition, of thin metal films
from electrolytic solutions has been proposed as a novel method to calibrate the mass sensitivity of SAW sensors. The methodology is employed
to deposit and remove copper by electrodeposition [60]. The principle
is based on a system of three electrodes dipped in a 0.01 M aqueous
solution of CuSO4 . Copper is electrodeposited on a working electrode
by applying a potential between this working electrode and a counter
electrode while monitoring the current between the counter electrode
and a reference electrode. In the present case, the working electrode is
the gold coated sensing area of the SAW device, the counter electrode
is a platinum wire and the reference electrode a copper wire, as seen
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Fig. 3.20 – Relative phase at two frequencies (solid line 123.2 MHz and
dashed line 123.6725 MHz) as a function of the gold layer thickness. The
selected frequencies are in the designed passband of the SAW filter to
indicate that a slight modification of the monitoring frequency results
in variations of the measured electrical signal. Such difference results in
different estimated values of the gravimetric sensitivity as a function of
the frequency.
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Fig. 3.21 – Sensitivity estimated by etching of 50 nm of gold as a function
of the frequency.
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in Figure 3.22. The tension between the working and the counter electrodes and the current between the counter and the reference electrodes
are measured thanks to a potentiostat. An example of potentiostat is
sketched in Figure 3.23. The electrodeposited mass is deduced from the
current measurement I with a sampling period δt:
P
j Ij δt M
∆m =
(3.2)
F
ne
where F = 96485 C is the Faraday constant, M the molar weight of
the electrodeposited metal and ne the number of electrons exchanged
for each metallic atom reduced.

CE Pt

RE Cu
SAW DEVICE
WE Au

Fig. 3.22 – Picture of the setup for the electrodeposition of copper on
the SAW gold sensing surface.
The electrodeposition of copper on the gold coated surface is forming a rough surface that traps the water and has an hydrodynamic drag
effect on the acoustic measurement. The influence of surface roughening is a well-known effect observed initially in quartz crystal microbalance [188, 210]. The surface roughening has been observed by combined
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Fig. 3.23 – Electrical circuit of a potentiostat to measure the voltage and
the current related to metal electrodeposition (RE: reference electrode,
CE: counter electrode, WE: working electrode).
in situ measurement of surface roughness by atomic force microscopy
(AFM) and electrochemical quartz crystal microbalance (EQCM) during a similar copper electrodeposition [27]. Considering the similarities
of the operating principle of QCM and SAW, these effects are extended
to our work by assuming that they influence the SAW measurement in
a similar manner and result in an overestimation of the sensitivity. The
consequence of the hydrodynamic drag effect is a high attenuation of the
acoustic wave. To confirm this influence, Table 3.2 gives the measured
phase and attenuation shifts recorded during the copper electrodeposition and Table 3.3 gives the calculated sensitivities Sσ,φ and Sσ,α . As
conclusion, one should notice that electrodeposition of a rough metal
layer results in the overestimation of the sensitivity. We limit our contribution to the field to these measurements, no further correlation or
modeling work have been attempted so far.
Organic layers adsorption
The etching of a metal film or the electrodeposition of metal are in
situ characterization methods that are far from the biosensor application where biomaterials forming thin films are recognized by the sensing
area. For instance, the surface density of a monolayer of IgG antibodies
is about 400 ng/cm2 [81] and is much lower than the surface density
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∆m

∆φ

∆α

∆α/∆φ

(ng)

(mrad)

(dB)

(dB/rad)

332.4 ± 19.5

−255.8 ± 16.6

0.562 ± 0.083

−2.20 ± 0.47

913.6 ± 13.8

−737.6 ± 5.5

1.303 ± 0.035

−1.77 ± 0.06

1015 ± 27.6

−785.8 ± 15.2

1.403 ± 0.066

−1.79 ± 0.12

Table 3.2 – Phase and attenuation changes as a function of the mass of
copper electrodeposited

∆σ
ng/cm2

Sφ,σ


m2 /kg

Sα,σ


106 dB · m/kg

1286 ± 75

−26.95 ± 3.33

9.299 ± 1.919

3534 ± 53

−28.27 ± 0.64

7.844 ± 0.329

3928 ± 107

−27.09 ± 1.26

7.599 ± 0.564

Mean value

−27.43 ± 1.74

8.247 ± 0.937

Theoretical value

-17.9

0.378



Table 3.3 – Sensitivities of the device as a function of the amount of
copper electrodeposited
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changes resulting from metal thin film etching or electrodeposition. For
the deposition of an organic thin film, we adsorbed a surfactant agent
(CTAB, hexadecyltrimethylammonium bromide, Sigma-Aldrich) on the
gold sensing area made hydrophobic by a self-assembled monolayer (octadecanethiol, Sigma-Aldrich). If we assume a densely packed monolayer, the CTAB induces a surface density shift of 137 ng/cm2 [114].
The sensitivity obtained via the phase change recorded after adsorption is given in Figure 3.24. The presence of the gold induces interferences that modify the mass sensitivity that has a mean value about
−14.9 m2 /kg.
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Fig. 3.24 – Mass sensitivity calculated from the CTAB adsorption as a
function of the frequency.

3.3.3

Viscosity calibration

The modification of the surface density is related to the gravimetric
sensitivity. The calibration of the viscosity must also be calibrated in
order to extract the influence of viscosity changes in the bulk solution
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during the biorecognition experiment. The attenuation shift to phase
shift ratio evaluates the bulk viscosity sensitivity, corresponding to the
use of the Love mode sensor as liquid sensor. For the calibration, a
known technique is the display of different concentrations of glycerolwater solutions on the sensing area. The slope of the curves presented
in Figure 3.25 is 11.6 dB/rad, 10.8 dB/rad, 12.2 dB/rad and 15.0 dB/rad
for 0%, 20%, 40% and 60% of glycerol, respectively. The slope is more or
less constant and corresponds to the theoretical value indicated in Figure 2.12 although discrepencies are observed for very viscous solutions.
The water loading can be used as a rough estimation of the viscous sensitivity because its loading corresponds to approximately 1 kg/m2 /s1/2 ;
the phase shift is −290 mrad corresponding to
Sφ,ρη = −3.9 · 10−4 m2 · s1/2 /kg,

(3.3)

and the attenuation shift is 3.2 dB corresponding to
Sα,ρη = 680 dB · m · s1/2 /kg.

(3.4)

These values are relatively close to the theoretical estimates given in
(2.31) and (2.33).
Adsorbed biomolecules layers have a finite thickness that is much below the acoustic penetration depth (δ), which rises an issue about their
mechanical behavior. The issue is related to the rigid or viscous behavior
of adsorbed organic materials and, mainly, if a discrimination between
the two extreme behavior is possible during the calibration with biomolecules. Thanks to the viscosity calibration, Table 3.4 gives a theoretical
estimation of the phase and attenuation shifts expected if we consider
the CTAB as pure rigid or pure viscous layer, and in the hypothetical
case where the layer is thicker than 3 times the penetration depth. It
can be seen that the difference between the two extreme cases (rigid and
viscous) is not clearly differentiated by the experimental measurements,
at least with our experimental device.

3.4

Conclusion

The fabrication of Love mode SAW device with H-rich silicon dioxide guiding layer is a stable and reproducible fabrication process. The
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Fig. 3.25 – Experimental attenuation and phase shifts for solutions
water-glycerol with varying proportion of glycerol.

Rigid

Viscous

Viscous

h = 1.5nm

h > 3δ

∆φ (mrad)

−17

−20

−254

∆α (dB)

0.01

0.005

2.35

Table 3.4 – Phase and attenuation shift calculated if CTAB is considered
as a rigid or as a viscous layer.
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enhancement of sensitivity due to a low density and a low is advantageous from the sensitivity point of view. The obtention of other guiding
layers, zinc oxide and silicon germanium, is not entirely convincing from
the fabrication aspect although the spray pyrolysis deposition of porous
materials is possible, in order to obtain lower shear stiffness and higher
mass sensitivity.
The packaging of surface acoustic wave biosensors is solved by the
realization of a SU-8 based liquid cell. We have shown that the SU-8
assures the sealing of a capping layer above the transducers and prevents liquids to contact the electrodes of the transducers. The design of
the liquid cell results in an attenuation factor about 1 dB per acoustic
wavelength of SU-8 on the acoustic sensing path. The materials selected
for the fabrication of the liquid cell have a good chemical resistance and
are apparently not interfering with the biochemical sensing event. The
presented SU-8 liquid cell is a basic step in the integration of the packaging of SAW biosensors at the wafer processing level but the influence
of design parameters on the instrumentation and the sensing characteristics of the SAW biosensor is part of future developments.
For future developments, improvements are required to increase the
integration of IC fabrication techniques in the realization of the packaging solution.
A first improvement to the presented solution resides in a microfluidic
system for liquid flow above the sensing surface, an aspect that is missing in the developed liquid cell and although a static fluid display does
not prevent the correct operation of the biosensor. An hybrid approach
is based on the advantage provided by the SU-8 walls in term of integration, low acoustic attenuation and reproducibility, and by the flexibility
of a pre-molded external cell. The SU-8 plays the role of a microfabricated O-ring precisely defining the sensing area; above this O-ring, the
glass capping could be advantageously replaced by a removable PDMS
molded microfluidic. This solution has the disadvantage of requiring a
mechanical setup to apply a pressure for the sealing of the SU-8/PDMS
interface. In terms of volume, the open air liquid cell can be filled with
180 to 200 µl of solution. This volume is reduced in to 2 µl, in a nondemonstrated flow cell arrangement, by the entire capping of the SU-8
O-ring.
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A second improvement at the wafer level is the wafer bonding of the
capping. The identification of two steps in the fabrication methodology let appear a clear break between batch and manual processes in
the packaging of the SAW biosensor. The wafer bonding of a full glass
wafer requires a glass with holed structures above the sensing area, for
instance with sand blasted openings. The advantage is that SU-8 can
be used as bonding material. This solution is an opportunity to have a
full batch processing of the packaging, unless other packaging methods
are developed.
The calibration of the gravimetric and the viscosity sensitivities of
the Love mode device by different techniques is indicating differences
in the estimated values of sensitivity. The etching of the guiding layer
is a first destructive method which can give a rough estimation of the
gravimetric sensitivity and is probably adapted to the prototyping of
guiding layers.
The etching of a metal layer can be accompanied by electromagnetic
interferences which modifies periodically the actual value of sensitivity.
The electrodeposition of rough copper results in an overestimation of the
mass sensitivity due to water trapping. Deposition or removal of metal
layers is a large surface density change with respect to the adsorption of
organic materials but the calibration with organic materials forming selfassembled layers of well defined surface density is not sufficient because
of the viscous behavior of organic materials.
The experimental values for the mass sensitivity Sφ,σ are close to the
theoretical value. Discrepancies are attributed to varying properties in
the mechanical values of the materials and to the specificity of each
experimental technique used for the determination of the sensitivity.

Chapter 4

Effect of interferences on
the sensitivity
As far as the laws of
mathematics refer to reality,
they are not certain; and as far
as they are certain, they do not
refer to reality.
Albert Einstein

The acoustic signal launched and detected in surface acoustic waveguides by electrical transducers is accompanied by an electromagnetic
wave; the interaction of the acoustic and the electromagnetic signals,
easily enhanced by the open structure of the sensor, creates interference
patterns in the transfer function of the sensor. In this chapter, we use
the interference peaks to determine the sensitivity of the acoustic device.
We show that electromagnetic interferences generate a distortion in the
experimental value of the sensitivity. This distortion is not identical for
the two classical instrumentation of the sensor that are the open and the
closed loop configurations. A formalized approach is completed by the
experimentation of an actual Love mode sensor operated in open loop
configuration under liquid conditions. The experiment indicates that
the interaction depends on frequency and mass modifications.
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4.1

Effect of interferences on the sensitivity

Introduction

Acoustic waves guided by the surface of solid structures form waveguides used as delay lines and filters in telecommunications [29]. Waveguides support different modes with specific strain and stress fields [4].
The acoustic velocity of each mode depends on different intrinsic and
extrinsic parameters such as the mechanical properties of the materials,
the temperature or the applied pressure. Waveguides are used as sensors
when the velocity change is linked to environmental changes. For gravimetric sensors, the outer surface of the waveguide is exposed to mass
changes. Due to the confinement of the acoustic wave energy close to the
surface, these sensors are well suited for (bio)chemical sensors operating
in gas or liquid media. Among a wide variety of waveguides used for
that purpose, Love mode sensors have attracted an increasing interest
during the last decade as described in the previous chapter [63, 82].
A Love mode is guided by a solid overlayer deposited on top of a
substrate material. The usual substrates are piezoelectric materials like
quartz, lithium tantalate and lithium niobate [88]. Associated to specific
crystal cut of these substrates, the Love mode presents a shear-horizontal
polarization that makes it suitable for sensing in liquid media.
Current research in Love mode sensors concerns the guiding materials
in order to optimize the sensitivity, that is the variation of the acoustic
signal under surface modifications. Typical materials under investigations are dielectrics like silicon dioxide and polymers, and more recently
semiconductors with piezoelectric properties like zinc oxide [81,107,156].
Although the dispersion relation for Love mode is well set and the dependence of the sensitivity of the liquid loaded sensor to the overlayer
thickness has been thoroughly investigated [99, 137, 197], little has been
devoted to study the role played by the structure of the sensor and their
transducers.
In this chapter, we investigate the role played by the structure of the
sensor and by the interferences between the acoustic and the electromagnetic waves on the sensitivity. In the first part, we present a general
model of the transfer function including the influence of electromagnetic
interferences. In the second part, we show how these interferences modify the sensitivity in open and closed loop configurations of the sensor.
Finally, these effects are illustrated experimentally on a Love mode sensor.

4.2 Modeling
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Modeling

Waveguide sensors consist of a transducing part and a sensing part.
The transducing part includes the generation and the reception of acoustic
signals and their interfacing to an electrical instrumentation. The most
common transducers are the widespread interdigital transducers (IDTs)
on piezoelectric substrates introduced by White and Voltmer in 1965
[202]. Although the transducing part can be involved in the sensing
part, practical sensing is confined to the spacing between the transducers. This confinement takes especially place when liquids are involved
since these produce large and unwanted capacitive coupling between
input and output electrical transducers. This coupling dramatically deteriorates the transfer function and is an important issue for the instrumentation and the packaging of the sensors [128].

GUIDING LAYER(S)

PIEZOELECTRIC SUBSTRATE

INPUT IDT

OUTPUT IDT

SENSING
AREA

W

SUBSTRATE

l

D
L

Fig. 4.1 – Structure of the acoustic device.
The sensor itself is configured as a delay line formed by two transducers separated by a certain distance. The sensor can also be configured as
a resonator but we will restrict our approach to the delay line configu-
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ration because the operation principle in these two configurations is not
similar. The Love mode sensor is sketched in Figure 4.1. Transducers
with a constant apodization are identified to their midpoint; the distance between the midpoints is L and the interdigitated electrodes have
a periodicity λT . The sensing part is located between the transducers
and covers a total length D so that D ≤ L. The guided mode propagates
with a phase velocity V = ω/k, where ω = 2πf is the angular frequency
and k = 2π/λ is the wavenumber. The waveguide is dispersive when the
group velocity (Vg = dω/dk) differs from the phase velocity.
The velocity is a function of the frequency and of the surface density
σ = M/A for a rigidly bound and non viscous mass M per surface area
A. For an uniformly distributed mass, the surface density is rewritten
in terms of material density ρ and thickness d by σ = ρd. The phase
velocity for an initial and constant mass σ0 is denoted V0 , and the group
velocity Vg0 . In the sensing part, the phase velocity is V and the group
velocity Vg . According to this model, the transit time τ on the delay
line is given by
D L−D
τ=
+
.
(4.1)
V
V0
At the output transducer, the two kinds of waves interact with an amplitude ratio, denoted by α, that creates interference patterns in the
transfer function H(ω) of the delay line. The transfer function itself
is given by the ratio of the output to the input voltages. A general
expression of the interferences is given by:




H(ω) = HT (ω) exp(−iωτ ) 1 + α(ω) exp(−iωτD )
|
{z
}
|
{z
}
delay line

(4.2)

interference

where τD is the delayed signal that causes interference by its interaction
with the main delay line signal. By developing the expression, the interferences are known to create ripples in the passband of the acoustic
signal; if we rewrite the transfer function as
H(ω) = kH(ω)k exp (iφ)
where expressions for the amplitude kH(ω)k and the phase φ are given
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by:
p

1 + 2α cos(ωτD ) + α2 ;
(4.3)


sin(ωτ ) + α sin(ω [τ + τD ])
φ = φ0 − arctan
. (4.4)
cos(ωτ ) + α cos (ω [τ + τD ])

kH(ω)k = kHT (ω)k

Two main kind of interferences arise in surface acoustic waves: the
triple transit echo (TTE) and the electromagnetic feedthrough (EM).
The TTE is due to the regeneration of the incoming acoustic wave by the
output transducer, that get reflected once again by the input transducer
before being finally detected at the output transducer. The triple transit
echo has a delay time twice the main transit time, i.e. τD = 2τ . The
amplitude of the TTE depends of the geometry of the fingers and the
mechanical loading they provide through the mechanical and electrical
mismatch at their edges. The amplitude of the TTE is strongly reduced
by using split-fingers geometry [29].
Electromagnetic interferences are due to the cross-talk between the IDTs
[53]. The electromagnetic wave (EM) emitted by the input transducer
travels much faster than the acoustic wave and therefore is detected at
the output transducer without noticeable delay, i.e. τD = −τ . The EM
is modeled by an additional shunt capacitance between the input and
the output IDTs of value CEM .

4.3

Electromagnetic interferences

The transfer function with electromagnetic interferences is modeled
by the following equation:
H(ω) = HT (ω) exp(−iωτ ) + αHT (ω) .
|
{z
}
| {z }
delay line

(4.5)

EM coupling

The transfer function HT (ω) is associated to the design of the transducers. The total transfer function can be rewritten as H(ω) = kH(ω)k exp (iφ)
where expressions for the amplitude kH(ω)k and the phase φ are obtained with help of complex algebra:
p

1 + 2α cos(ωτ ) + α2 ;


sin(ωτ )
φ = φ0 − arctan
.
α + cos(ωτ )

kH(ω)k = kHT (ω)k

(4.6)
(4.7)
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The phase φ0 corresponds to the packaging of the sensor and is due to
different aspects linked to the instrumentation. It will be assumed independent of the frequency and of the sensing event. The synchronous
frequency ωT = 2πfT is determined by the design of the IDTs and is
generally equal to the maximum amplitude of kHT (ω)k when the wavelength of the acoustic wave λ0 matches the transducers periodicity λT .
The relations (4.6) and (4.7) are the sources of ripples in the transfer function at the ripple frequency ∆ω ' 2π/τ , its exact expression
depends also of the dispersion on the line. Interference peaks corresponding to the maximum effect are observed at quantified frequencies
fn when cos(2πfn τ ) = −1, that is for frequencies such that
fn =

2n + 1
2τ

(4.8)

where n ∈ N is the interference mode number. A direct relation to the
velocity in the sensing area is obtained from this latter equation as seen
by replacing the transit time τ by its definition:
V =

2DV0 fn
(2n+1)V0 +2(D−L)fn .

(4.9)

The interference mode numbers are determined by considering the uncovered delay line; in such case V = V0 and D = L, and n for the interference peak located below the synchronous frequency (i.e. for fn ≤ fT )
is given by


1
L
−
(4.10)
n=
λT
2
while the other peaks are labeled subsequently to their position with
respect to the peak referenced by Eq. (4.10).
The relative amplitude peak to peak of the perturbation on the amplitude has a maximum effect (in dB) equals to 40 log[(1 + α)/(1 − α)].
The amplitude (in dB and normalized to have kHT (ω)k = 1) and the
phase (in radians) as a function of the frequency are simulated in Figures 4.2(a) to 4.2(d) for different values of α.
Under the influence of the interferences, the phase has different behaviors function of α:
1. when α = 0 (no interferences), the phase is linear with the frequency and has a periodicity equal to 2π (Figure 4.2(a));
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2. when α < 1, the phase is deformed but has still a periodicity equal
to 2π (Figure 4.2(b));
3. when α = 1, the phase has a periodicity equal to π (Figure 4.2(c));
4. when α > 1, the periodicity is lower than π (Figure 4.2(d));
5. when α → ∞, the phase is not periodic anymore and its value
tends to φ0 .
This specific behavior of the phase under the influence of the electromagnetic interferences has to be considered while evaluating the sensitivity.
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Fig. 4.2 – Relative insertion loss and phase of the transfer function for
different values of the interaction parameter α. When α ≥ 1, the phase
spans at maximum between −π and π.
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Sensitivity

Changes in the boundary condition of the waveguide due to the sensing event modify phase and group velocities. As consequence, the transit
time of the delay line and the phase of the transfer function are modified. The sensing event is quantified by recording the phase shift at
a fixed frequency (open loop configuration) or the frequency shift at a
fixed phase (closed loop configuration). This quantification gives rise
to the concept of sensitivity. The sensitivity is not an unique concept
for acoustic sensors because various parameters influence the acoustic
velocity. As example of such parameters, there is the density and the
viscosity of liquid solutions and adsorbed biomolecules film when the
device is used as biosensor, as discussed in the previous chapter. The
sensitivity is the most important parameter in design, calibration and
applications of acoustic waveguide sensors. Its measurement must be
carefully addressed in order to extract the intrinsic properties of the
sensor.

4.4.1

Definitions of the sensitivity

The velocity sensitivity SV is defined by the change of phase velocity
as a function of the surface density change at a constant frequency. Its
mathematical expression is given by Ref. [99]:
SV =

1 ∂V
V ∂σ

.

(4.11)

ω

The definition reflects the velocity change in the sensing area only while
outside this area the velocity remains unmodified. The expression is
general because the initial velocity V of the sensing part does not need
to be equal to V0 ; this situation occurs in practical situations where the
sensing part has a selective coating with its own mechanical properties,
leading to an initial difference between V and V0 .
To link the sensitivity (caused by the unknown velocity shift) to the
experimental values of phase and frequency shifts, we introduce two additional definitions related to the open and the close loop configurations,
respectively. The phase sensitivity Sφ is defined by
Sφ =

1 dφ
,
kD dσ

(4.12)
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and the frequency sensitivity Sω is defined by
Sω =

4.4.2

1 dω
.
ω dσ

(4.13)

Phase differentials without interferences

In order to point clearly the effects of the electromagnetic interferences on the different sensitivities presented in the previous section, we
calculate the phase differentials in the ideal case of no interferences. For
that case, the phase of the transfer function is a function of the frequency
and of the velocities in the different parts of the sensor, themselves function of the frequency and of the surface density:
φ(ω, V (ω, σ), V0 (ω)) = −ωτ


D L−D
+
.
= −ω
V
V0

(4.14)
(4.15)

Therefore, the total differential of the phase is

dφ =

∂φ
∂ω
∂φ
+
∂V

=

∂φ
∂ω

V,V0

∂φ
+
∂V

ω,V0

dω +
σ

∂V
∂σ
∂φ
∂σ

ω,V0

∂V
∂ω

∂φ
+
∂V
0
σ

ω,V

dV0
dω

!
dω
(4.16)

dσ
ω

dσ.

(4.17)

ω

The derivative of the phase velocity as a function of the frequency
comes from the definitions of phase and group velocities; at constant
surface density we have from Ref. [137]:

∂V
−1
=k
1−
∂ω σ

dV0
−1
= k0
1−
dω


V
;
Vg

V0
.
Vg0

(4.18)
(4.19)
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The other partial differentials are obtained by differentiation of Eq. (4.14):
∂φ
∂ω

= −τ ;

∂φ
∂ω
∂φ
∂V
∂φ
∂V0

(4.20)

V,V0

= −τ − ω
σ

τ
ω

(4.21)
σ

= −τg ;

(4.22)

=

ωD
;
V2

(4.23)

=

ω(L − D)
.
V02

(4.24)

ω,V0

ω,V

The time of flight (or group delay) τg introduced in Eq. (4.22) is calculated as
D
L−D
τg =
+
.
(4.25)
Vg
Vg0

4.4.3

Open loop configuration

In the open loop configuration, the input transducer is excited at
a given frequency while the phase difference between output and input
transducers is recorded. This configuration with a constant frequency
has dω = 0 in Eq. (4.16); related phase variations caused by surface
density variations are obtained by
dφ
∂φ
=
dσ
∂V

ω,V0

∂φ
∂V

ω,V0

=

∂V
∂σ

(4.26)
ω

V SV .

(4.27)

In the absence of interferences, phase variations obtained experimentally are directly linked to velocity changes by the product kD involving
the geometry of the sensor as seen by replacing Eq. (4.23) in Eq. (4.27):
dφ
dσ

= kDSV .

(4.28)

In other words: Sφ = SV when there are no interferences. In a first
approximation k is assumed equal to kT , an assumption valid as long as
the phase shift is evaluated close to the synchronous frequency and for
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waveguides with low dispersion. The wavelength is only known when
the sensing part extends over the transducers (D = L). In that case,
the transfer function of the IDTs is modified accordingly to the velocity
changes. In practice, the value of the sensitivity is slightly underestimated to its exact value since k ≤ kT , the error being less than 5%.
In the case where interferences occur, the partial differential of φ
with respect to the velocity is obtained by differentiation of Eq. (4.7):
∂φ
∂V


=
ω,V0

1 + α cos(ωτ )
1 + 2α cos(ωτ ) + α2



ωD
,
V2

(4.29)

and the phase sensitivity is obtained by combining the latter equation
with Eq. (4.27):


1+α cos(ωτ )
Sφ = 1+2α
(4.30)
SV .
2
cos(ωτ )+α

The influence of electromagnetic interferences on the phase sensitivity is simulated in Figure 4.3 versus the relative frequency for different
values of α. The phase sensitivity is always different compared to the
velocity sensitivity. For the threshold value α = 1, the phase sensitivity
present a singularity and is undefined; for higher values of α, the phase
sensitivity is always underestimated to the velocity sensitivity.
The interference peaks permit a direct evaluation of α because at
these points cos(ωτ ) = −1 and Eq. (4.30) becomes linear with α:
α=1−
=1−

4.4.4

V 2 ∂φ
ωD ∂V
SV
.
Sφ

(4.31)
ω,V0

(4.32)

Closed loop configuration

In the closed loop configuration, the frequency is recorded while a
feedback loop keeps the phase difference between output and input transducers constant. The configuration at constant phase has dφ = 0, the
variation of the frequency as a function of the mass change is given by
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Fig. 4.3 – Phase sensitivity at constant frequency as a function of the
relative frequency for different values of simulated interferences obtained
by Eq. (4.30).
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introducing this condition in Eq. (4.17):
dω
=−
dσ



∂φ
∂σ


ω

∂φ
∂ω

−1
.

(4.33)

σ

The upper term is replaced by Eq. (4.27). The phase slope as a function of the frequency at constant mass is obtained by differentiation of
Eq. (4.7):


∂φ
1 + α cos(ωτ )
=−
τg .
(4.34)
∂ω σ
1 + 2α cos(ωτ ) + α2

We can establish a finalized equation taking into account the electromagnetic interferences by combining Eqs. (4.27),(4.29) and (4.34) in
Eq. (4.33):
Sω =

DSV
V τg

.

(4.35)

If the waveguide is not dispersive and V = V0 , frequency variations
obtained experimentally are directly linked to the velocity sensitivity by
the ratio D/L as seen by replacing the transit time in Eq. (4.35):
Sω =

D
SV .
L

(4.36)

If the waveguide is dispersive, the transit time τ contains the combined
information of the group velocities in the transducing and sensing part
and the phase velocity in the sensing part. If the sensing part extends
to the entire delay line (D = L), we obtain an expression corresponding
to a well-known result, for instance [99]:
Sω =

Vg
SV .
V

(4.37)

At the opposite of the open loop configuration, the frequency sensitivity is not influenced by the interferences. However, as indicated by
Eq. (4.35), the frequency sensitivity is strongly dependent of the structure of the sensor and the dispersion characteristics of the delay line.
As result, the link between the frequency sensitivity and the velocity
sensitivity is difficult to exploit although it can be noticed that Sω ≤ SV
since Vg ≤ V for Love mode devices.
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Experimental results

For the practical consideration of the described and modeled behavior, we investigated a Love mode sensor. It was fabricated and tested
under liquid condition in the open loop configuration to evaluate the
influence of the electromagnetic interferences. In a first part, the sensor fabrication and instrumentation is described, followed in a second
part by the application of the model to these results to demonstrate the
influence of the interferences on the sensitivity of the sensor.

4.5.1

Sensor fabrication and instrumentation

The Love mode was obtained by conversion of a surface skimming
bulk wave (SSBW) launched in the direction perpendicular to the crystalline X axis of a 500 µm thick ST-cut (42.5◦ Y-cut) quartz substrate.
The conversion was achieved by a 1.2 µm thick overlayer of silicon dioxide deposited on the top side of the substrate by plasma enhanced chemical vapor deposition (Plasmalab 100 from Oxford Plasma Technology,
England). Via were etched in the silicon dioxide layer using a standard
SF6 /O2 plasma etch recipe. This process stopped automatically on the
aluminum contact pads of the transducers.
The transducers consist of split fingers electrodes etched in 200 nm
thick sputtered aluminum. The fingers are 5 µm wide and equally spaced
by 5 µm. This defines a periodicity λT of 40 µm. The acoustic aperture
defined by the overlap of the fingers is equal to 80λT (= 3.2 mm), the
total length of each IDT is 100λT (= 4 mm) and the distance center to
center of the IDTs is 225λT (L= 9 mm, D= 5 mm).
The sensing area was defined by covering the space left between
the edges of the IDTs by successive evaporation and lift-off of 10 nm
of titanium and 50 nm of gold in a first experiment, and 200 nm of
gold in a second experiment. The fingers were protected against liquid
by patterning photosensitive epoxy SU-8 2075 (Microchem Corp., MA)
defining 120 µm thick and 80 µm wide walls around the IDTs. Quartz
glasses of 5 by 5 mm2 were glued on top of the walls to finalize the
protection of the IDTs [56].
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Insertion loss [dB]

The device was mounted and wire-bonded to an epoxy printed circuit board and its transfer function was recorded on a HP4396A Network Analyzer. This setup corresponds to the open loop configuration.
Epoxy around the device covered and protected it and defined a leakfree liquid cell. The sensing area was immersed in a solution of KI/I2
(4 g and 1 g respectively in 160 ml of water) that etched the gold away
of the surface [196]. The transfer function of the device was recorded
every 4 seconds (limited by the GPIB transfer speed) during the etching of the gold with a resolution of 801 points over a span of 2 MHz
centered around 123.5 MHz. The initial transfer function of the device
is presented in Figure 4.4 with and without gold. The transfer function
during etching of the 200 nm is shown at two moments (44 seconds and
356 seconds after etching start) in Figure 4.5. The total time for this
etching was approximately 620 seconds.

−30
−40
−50
−60
122.5

123

123.5
Frequency [MHz]

124

124.5

123

123.5

124

124.5

Phase [rad]

π

0

−π

122.5

Fig. 4.4 – Initial aspect of the experimentally recorded transfer function
of the Love mode sensor with (dashed line) and without (solid line) an
overlayer of 200 nm of gold. This device presents an initial phase φ0 = π,
leading to a vertical offset by π compared to the simulated phase curve
represented in Figure 4.2(b).
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Fig. 4.5 – Aspect of the experimentally recorded transfer function at two
different moments of the etching of 200 nm of gold (solid line after 44
seconds and dashed line after 356 seconds). The solid line shows a value
of α close to 1 around 123.5 MHz.

4.5.2

Correlation of the results with the model

The correlation of the experimental results with the model is presented in two steps. In the first step, we show the calculation of the
phase velocity from the interference peaks; and in the second step, we
evaluate the mass sensitivity in the open loop configuration by the delay
phase angle and the phase velocity variations recorded during the gold
etching .
The record of the interference peaks frequency fn during a sensing
event permits to follow the evolution of the phase velocity in the sensing area either for constant and integer values of the interference mode
numbers n as given by Eq. (4.9), either by sampling the mode numbers
at a constant frequency.
Figure 4.6 plots the interference peaks versus time and frequency for the
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etching of the 200 nm thick gold layer; the interference mode numbers n
were attributed according to Eqs. (4.9) and (4.10) with V0 = 4940 m/s
(given by the synchronous frequency of fT =123.5 MHz times the transducers periodicity λT ).
The evolution of the velocity in the sensing area with time is representative of the etching rate of the gold layer and is plotted for three different
frequencies (123.5 MHz, 123.75 MHz and 124 MHz) in Figure 4.7. At
three different frequencies, the values of velocity should differ as a function of the group velocity. This effect is seen better when the probing
frequencies are taken far away from each others and for a strongly dispersive delay line, which is not the case for the experimental device
presently used.
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Fig. 4.6 – Interference modes in the amplitude of the transfer function
as a function of time and frequency recorded during the etching of 200
nm of gold. The modes are labeled in the figure; at a given frequency,
the mode numbers are decreasing as the mass decreases in the sensing
area, reflecting the acoustic velocity increase.
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Fig. 4.7 – Evaluation of the acoustic velocity on the sensing area during the etching of the gold as a function of time for different values of
frequency.
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At constant frequency, the peaks are spaced by an unit variation
of n, therefore the velocity difference measured between two peaks is
obtained by differentiation of Eq. (4.9) with respect to n:
∂V
∂n fn ,V0

4DV02 fn
2
0 +2(D−L)fn ]

= − [(2n+1)V

(4.38)

which gives a variation roughly equals to -40 m/s between two peaks
at the three sampling frequencies. From the acoustic velocity variation
(4610 m/s for 200 nm gold to 4940 m/s when all the gold is etched)
and by assuming that gold has a density of ρ = 19.3 g/cm3 , we have
an evaluation of SV equals to −173 cm2 /g. Because the phase loses its
periodicity for the thick gold layer, we were not able to determine a value
for the phase variation and consequently we have no value for Sφ . The
Eq. (4.31) was employed to estimate the value of α at the interference
peak; the result is displayed in Figure 4.8 that demonstrates a variation
of α with the frequency. Around the synchronous frequency, α equals
0.33 and the phase has a periodicity of 2π; but as the frequency is
far from the synchronous frequency, α clearly change above the critical
value of 1 (in the present case α = 5.7). The consequence is seen in the
phase that presents at this point of calculation a positive slope and a
periodicity below π.
We applied the same procedure to the thinner gold layer of 50 nm.
Figure 4.9 shows the transfer function recorded before and after the gold
etching; the interference mode number 225 has been followed and give
a velocity varying from 4876.5 m/s to 4940 m/s. The resulting velocity
sensitivity is SV = −96 cm2 /g. This value is lower than the one obtained by etching of the thick gold layer since a thicker layer enhances
the sensitivity due to a better entrapment of the acoustic energy in the
top guiding layer.
The phase sensitivity Sφ could be calculated for frequencies where α
remained inferior to the critical value of 1, that is close to the synchronous frequency. The result is plotted versus the frequency in Figure 4.10
and compared with the estimated value of SV while the values of α indicated on the graph have been estimated at the interference peaks thanks
to Eq. (4.32). The graphs shows that the interferences modify the value
of the sensitivity as given by Eq. (4.30). A comparison of the Figures 4.3
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Fig. 4.8 – Evaluation of α at the position of the interference peak.

4.6 Discussion

121

Insertion loss [dB]

and 4.10 shows the correlation between the theoretical modeling of the
effects of electromagnetic interferences on the sensitivity of the surface
acoustic waveguide sensor and the experimental results.
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Fig. 4.9 – Transfer function before and after the etching of 50 nm of gold.
The arrows indicate the interference mode 225 followed to estimate the
velocity sensitivity.
Figure 4.11 shows a simulation of the frequency sensitivity Sω obtained by interpolating the data recorded in the open loop to obtain an
equal span of the points before and after the etching. The frequency
sensitivity varies around a mean value of −52.8 cm2 /g (measured at a
phase of 0 radian) and this variation is attributed to the variation of
α with the frequency while the model assumes a constant value for the
interaction parameter.

4.6

Discussion

Electromagnetic interferences have a clear effect on the transfer function of the acoustic device because of the ripples they cause. The interaction modeled as a constant factor α is specific to each device and must
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Fig. 4.10 – Phase sensitivity relative to the velocity sensitivity as a
function of the frequency and computed from the experimental data
obtained by etching 50 nm of gold. Oscillations are attributed to the
electromagnetic interferences.
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Fig. 4.11 – Simulated closed loop frequency sensitivity.
be identified by a careful inspection of the transfer function. The amplitude of the transfer function peak to peak is supposed to be the product
between the transfer function of the transducers and the interference,
and therefore an evaluation of α is possible if the transfer function of
the transducers only is known. However, the experiment shows that α
is a function of the frequency and the surface density, indicating that
finding its exact value is not straightforward. Only the phase indicates
whether α is higher or lower than one.

4.6.1

Expression of the EM interaction term

A simple evaluation of the EM interaction term α is obtained by
considering Eq. (4.5):
α=

H(ω) − HT (ω)
kHT (ω)k

(4.39)

where HT (ω) is assumed to be given by its expression given in Appendix B (Eq. (B.3)) while neglecting the triple transit term (e.g. the term
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YIDT R at the denominator):
iωCEM R

α=

(1 + YIDT R)2

YDL R
(1+YIDT R)2

(4.40)

with expressions of the admittances YIDT and YDL given by Eqs. (B.1)
and (B.4), respectively. The expression can be simplified further when
the radiation conductance of the IDT is small with respect to the static
capacitance (Ga (ω) < ωCT ), then we obtain a term with a phase almost
equal to zero:
α'

ωCEM
Ga (ω)

(4.41)

or, equivalently, in a finalized form:
α'

ωCEM
8K 2 f0 N CT sinc2 (N π(f −f0 )/f0 )

(4.42)

The latter expression can be used advantageously in the design of
SAW sensor to determine rules to decrease as much as possible the influence of the interaction parameter. The term α is made the smallest
by:
decreasing the operating frequency ω operation at low frequencies
is reducing the magnitude of the parasitic capacitance;
decreasing the electromagnetic capacitance CEM obtained by separating electrically input and output transducers, by a grounded
metal pad between both transducers and by avoiding liquids (in
general) or highly ionic liquids;
increasing the electromechanical coupling coefficient K 2 piezoelectric substrates with a high coupling coefficient should be preferred, such as lithium compounds instead of quartz;
increasing the amount of fingers N which might result however in
a larger value of CEM and is also negatively increasing the sine
cardinal term, a trade-off must be calculated from that aspect;
increasing the acoustic aperture W with an increasing size of the
sensing area;
increasing the static capacitance of the IDTs CT = N W C0 which
require to use materials with a high dielectric constant such as
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lithium compounds; for layer coated devices, with the thickest
coating possible; and by increasing the amount of finger pairs in
the IDTs.

4.6.2

Sensitivity gain bandwidth

As indicated by Eq. (4.30), the factor of proportionality between
the velocity sensitivity and the open loop sensitivity can be higher than
unity for given values of α and frequencies, thus resulting in a type of
amplification. We suggest to use this mechanism to enhance the detection limit of the mass sensor; the maximum effect occurs at interference
peaks and is effectively enhancing the sensitivity when α is lying between
0 and 2. A major enhancement is reached for values of the interference
parameter the closest possible to 1. Since the position of an interference
peak is modified by the change in acoustic velocity, this gain exists only
on a frequency interval centered around an interference peak. We introduce the sensitivity gain bandwidth SGBW defined by this interval such
that the phase sensitivity is higher than the velocity sensitivity. This
bandwidth is given by:
SGBW =

1
τ



1−

arccos (−α/2)
π



(4.43)

which has sense for α ∈ [0, 1]. The SGBW is comprised in the interval
[1/3τ ,1/2τ ] as α decreases from 1 to 0. As example, in Figure 4.10, the
three values of α are 0.19, 0.06 and 0.14. The maximum enhancement
is given by 1/(1 − α) and is therefore equals to 24%, 6% and 16%,
respectively. For these values of α, the SGBW is theoretically equal to
258, 270 and 262 kHz, respectively. These results are correlated by the
figure although they differ in reason of the variation of α: the measured
values are 198 kHz and 173 kHz for α equals to 0.06 and 0.14 (which
give τ =2.48 and 2.76 µs, respectively). The theoretical evolution of
the SGBW as a function of the parasitic electromagnetic capacitance is
obtained after replacement of the estimation of α, given by Eq. 4.42,
in Eq. 4.43 and sketched in Figure 4.12. It can be deduced from the
graph that, as the value of α is kept constant, and thus a constant gain
is achieved, variations of the electromagnetic capacitance CEM can be
compensated by varying the frequency while keeping a constant SGBW.
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Fig. 4.12 – Theoretical evolution of the sensitivity gain bandwidth as a
function of the electromagnetic capacitance CEM for different frequencies.
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Periodicity

In term of sensitivity, when α ≥ 1 the phase has a periodicity P in
the range 0 to π. We suggest the following correction to the experimental
phase sensitivity:
2π 1 dφ
Sφ =
.
(4.44)
P kD dσ
This modification gives a better evaluation of the velocity sensitivity by
stretching the phase of the transfer function to 2π. Only the extraction
of P is not immediate since it depends upon α. From a physical point
of view, α indicates the strength of the electromagnetic wave in comparison with the acoustic wave. For a constant amplitude of the EM
wave, a higher α stands for a larger attenuation of the acoustic wave; its
precise value is an indication of the actual attenuation of the acoustic
wave along the delay line.
The observation of the interference peaks in the experimental part was
facilitated by the large velocity change induced by the gold coating. Indeed, 50 nm of gold corresponds to a surface density of 96.5 µg/cm2 , a
relatively large shift in comparison to the targeted (bio)chemical recognition application where molecules films surface density are in the order
of hundreds of ng/cm2 and even lower. The calibration of the sensitivity is best recorded by adding or etching thin layers of materials and
that under the operating conditions of the sensor, especially if liquids
are involved [60]. In (bio)chemical measurements, the precision on the
velocity measurement depends upon the assessments on the initial conditions (i.e. V0 and n) but also on the induced variation of velocity, which
is function of the velocity sensitivity of the waveguide. The evaluation of
the mass sensitivity by the frequency variation of an interference peak is
identical to a closed loop measurement locked on the interference peak
instead on a constant value of the phase. For the detection of a minimum
value of the surface density ∆σ, the frequency shift of an interference
peak must be measured with a precision estimated from Eq. (4.35):
∆fn =

DSV fn
V τg ∆σ

(4.45)

that gives ∆fn /∆σ ' −6.5 cm2 Hz/ng in the present case. The detection of a monolayer of proteins, about 400 ng/cm2 , requires to detect a
frequency variation of 2.6 kHz, which is compatible with the instrumentation of surface acoustic waveguide sensors.
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One benefit of our calculation method resides in the possibility to
still measure the acoustic velocity in the sensing area even when the
electromagnetic and the acoustic waves are strongly interfering, in particular for α greater than one. Strong interferences are unwanted in an
experimental setup because they prevent the correct electrical measurement of the sensor. It must be noticed that for these high values of
interference, the electromagnetic wave amplifies the acoustic signal as
seen in Figure 4.2(d), which could be of interest for the operation of
the device even in conditions where the acoustic signal is weak. Finally,
the presented method operates directly on the raw signal of the acoustic
device thus avoiding a lost or a modification of the physical information
it carries.

4.7

Conclusion

We have proposed a model for surface acoustic waveguides used as
sensors. The model shows the influence of electromagnetic interferences
caused by interdigital transducers on the velocity sensitivity in open and
closed loop configurations. In both cases, the dimensions of the delay
line and the sensing part influence the experimental value of phase or
frequency shifts.
The interference peaks in the transfer function offer an unique possibility to access the information about the acoustic phase velocity in the
sensing area. The velocity sensitivity was calculated directly from these
peaks.
In an open loop configuration and with interferences, the phase shift
is disturbed and the sensitivity is over- or under-estimated to the value
of the velocity sensitivity. For strong interferences, the phase has a periodicity lower than 2π that must be considered when normalizing the
phase shift to obtain a correct figure of the sensitivity.
In a closed loop configuration and with interferences, the frequency
shift is not disturbed. The frequency shift is proportional to the sensitivity by the ratio between the length of the sensing area and the distance
separating the transducers. In addition, the frequency shift is influenced
by the dispersive properties of the waveguide.
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The influence of the electromagnetic interferences on the transfer
function of a Love mode sensor operating in liquid conditions was presented for a comparison. From the experiment it appears that the interferences are function of both the frequency and the surface density.
An analytical expression of the electromagnetic-acoustic interaction
and the parameters acting on it have been identified in order to reduce
the influence or, on the opposite, to enhance the velocity sensitivity
of surface acoustic waveguides. This analysis introduced the concept
of Sensitivity Gain Bandwidth (SGBW). The SGBW corresponds to
a frequency interval in which the phase shift is higher than the phase
velocity shift according to the importance of the interaction between the
electromagnetic and the acoustic waves, and resulting in a mechanism
that can be used at profit to enhance the sensitivity of the device.
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Chapter 5

Combining acoustic and
optical biosensors
Menschen des Zufalls. – Das
Wesentliche an jeder Erfindung
thut der Zufall, aber den
meisten Menschen begegnet
dieser Zufall nicht.
Friedrich Nietzsche
Morgenröthe

We present results from a novel instrument combining a Love mode SAW
sensor with surface plasmon resonance (SPR) measurements. This is a
new technique with the objective to use two independent methods, the
former based on adsorbed mass or viscosity change measurements and
the latter on surface dielectric properties variations, to identify physical
properties of viscoelastic layers such as proteins, and more specifically
their water content. Methodologies are presented for the extraction of
quantitative information related to the thickness and the density of rigid
layers and to the thickness, the density and the viscosity of viscous layers.
For rigid layers, the methodology is applied to the electrodeposition of
copper and to extract the thickness and the water content of S-layer
proteins, where we obtained 4.7±0.7 nm and 75±15%; while for viscous
layers, the methodology is applied to study the thermal behavior of
physisorbed PNIPAAm, a polymer whose conformation is sensitive to
temperature, under a cycling variation of temperature between 20 and
40 ◦ C. Under the assumption of the bulk density and the bulk refractive
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index of PNIPAAm, thickness and viscosity of the film are obtained
from simulations; the viscosity is correlated to the solvent content of the
physisorbed layer.

5.1

Introduction

Sorption processes at the solid/liquid interface by which (bio)molecules bound to material surfaces are of interest for biosensors, biomaterials, materials characterization and surface science. Understanding the three-dimensional organization (including density, water content
and thickness) of the resulting sorbed film and its evolution during the
process is crucial for many applications in these domains. For biosensors,
more specifically, there is a need to monitor the response in real-time
and to be able to distinguish contributions coming from the dry sorbed
mass, which is the physical criterion for estimating sensitivity, and those
that should be attributed to effects intimately associated to the film organization, like sorbent-bound water and viscosity for example. While a
wide variety of methods can qualitatively detect the formation of sorbed
films, almost none of them, alone, is quantitative and able to reveal the
film organization. Furthermore, only a few techniques can monitor the
sorption process in real-time. Scanning probe microscopies might fulfill all these requirements, mainly for submonolayers sorbed on ultra
smooth surfaces [110]. Neutron reflectivity [132], XPS [152], mass spectroscopy [80] and radiolabeling [50] are quantitative techniques able to
directly measure the dry sorbed amount, nevertheless compatible to very
different film organizations. Of all the direct detection (i.e. label-less)
techniques, we have identified acoustic and optical methods as being the
only ones fulfilling two fundamental criteria of our measurements: time
resolved and in situ (liquid phase) measurement of the physical properties of the adsorbed layer.
Various methods of direct detection of biochemical layers have been
developed, either based on the disturbance of an acoustic wave [34]
(quartz crystal microbalance [158] – QCM – and surface acoustic wave
devices [65] – SAW) or of an evanescent electromagnetic wave (optical
waveguide sensors [39, 195] and surface plasmon resonance [96, 130] –
SPR). While each one of these transducers provides reliable qualitative
curves during the adsorption of a soft layer on their functionalized sur-
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face, such as proteins for example, extraction of quantitative physical
parameters such as optical index, density, viscosity or water content
requires modeling of the adsorbed layers [91]. The modeling includes
multiple parameters which must be identified simultaneously: hence the
need for the combination of acoustic and optical detection methods in a
single instrument [7, 26, 122, 153].
We here use a combination of Love mode surface acoustic wave
(SAW) device and surface plasmon resonance (SPR) and present a methodology to extract out of experimental data and simulations a quantitative
value for the density and for the thickness of rigid layers and a quantitative value for the density, for the viscosity and for the thickness of
adsorbed soft layers from a liquid phase. The viscosity and the density
are correlated further to the water content in the adsorbed layer.

5.2

Operation principle of surface plasmon resonance

Surface plasmon resonance (SPR) is a well accepted direct detection
technique for monitoring biological processes [90, 96, 130]. Surface plasmon resonance is based on the modification of the resonance of plasmon
surface polaritons (PSP) upon a modification of the thickness and/or of
the dielectric constant of a dielectric slab contacting a thin film metal.

5.2.1

Plasmon surface polaritons

Plasmon surface polaritons are the collective electromagnetic resonance modes of the interface between a metal and a dielectric [183]. PSP
are obtained by the coupling of photons with the free electric charges
at the surface of the metal. The surface modes are p−polarized, also
named transverse magnetic (TM), which means that the electric field
vector is contained in the plane defined by the normal to the surface
and the wavevector k~p of the PSP. The wavevector k~p is contained in
the surface. The PSP modes are allowed at resonance frequencies ω
where the real part of the dielectric function of the metal <εm (ω) is less
than −εd , where εd is the dielectric constant of the dielectric material.
Because of its confinement at the interface, the field amplitude decays
exponentially in directions perpendicular to the surface with a decay
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length of the order of the wavelength of freely propagating light at the
same frequency ω.
At the metal-dielectric interface, the relation of dispersion is given
by
s
ω = ckp

1
1
+
εm (ω) εd

(5.1)

where c is the speed of light in vacuum. The dielectric function of the
metal is based on the free electron gas model that states
εm (ω) = 1 −

 ω 2
p

ω

(5.2)

where ωp is the plasma frequency defined by ωp2 = 4πe2 ρ/me (with e
the charge of the electron, ρ the conduction electron number density
and me the mass of the electron). The plasma frequency corresponds to
the vibration mode of bulk plasmons. The PSP dispersion relation fol√
lows the asymptotic value ω = ck/ εd for small wavenumbers kp and,
for high wavenumbers, to the surface plasmon cut-off frequency given
√
by ωsp = ωp / 1 + εd . Due to this aspect of the dispersion relation,
PSP can not be directly excited from photons propagating in the dielectric since the wavenumber and the frequency of such photons will
never correspond to a point of the PSP dispersion relation. Therefore,
the excitation of the surface polaritons is obtained thanks to a coupling
prism in the so-called Kretschmann configuration.
In the Kretschmann configuration, the metal film is placed in close
contact with a prism such that a coupling of an incident beam of light
with the PSP occurs. The wavenumber of the light in the prism is
given by kprism = nprism ω/c, where nprism is the refractive index of
√
the prism material. If the relation nprism > εd is observed then the
asymptotic relation for small wavenumbers of the PSP is rotated and
therefore crosses the PSP dispersion relation. Actually, the wavevector
of the light in the prism has a component parallel to the surface kk that
must correspond to kp for an effective coupling of the incident photons
with the surface polaritons:
kk =

nprism ω sin θ
c

(5.3)
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where θ is the incidence angle in the prism. Therefore, the coupling
wavevector is comprised between 0 and nprism ω/c by swapping the incidence angle θ on the prism at constant wavelength. At the coupling
angle, a part of the energy of the incident light is transfered to and results in a dip observed in the intensity of the reflected light beam as the
angle θ is varied.

ω
ωp
ωsp

√
ω = ck/ εd
ω = ck/nprism sin θ

Plasmon
Surface Polariton

k
Fig. 5.1 – Relation of dispersion for plasmon surface polaritons (frequency ω vs. wavenumber k) and the coupling of energy obtained with
a prism of refractive index nprism with an incident light beam at an
angle θ.

5.2.2

Surface plasmon resonance biosensor

The operation principle of an SPR biosensor (sketched in Figure 5.2)
is based on the monitoring of the position of the dip angle as a function of
the amount of biomolecules adsorbed on the surface (see Figure 5.3). For
simulations the adsorbed layer is modeled by a thin, flat and infinitely
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extended dielectric slab above the metal surface. In practical application
with UV-Vis and IR light sources, the choice of metal is restricted to
gold, silver, copper and aluminum [155]. Because of its chemical stability
and the allowed formation of engineered surface based on alkanethiols
self-assembled monolayers, gold is the most commonly used metal in
SPR biosensors. Nevertheless, gold has a broad PSP resonance, is mechanically soft and is restricted to wavelengths in the red and infra-red,
those drawbacks can be eliminated through the use of photonic bandgap materials as recently suggested by Shinn and Robertson [173].
Flow cell
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Fig. 5.2 – Surface plasmon resonance (SPR) biosensor in the
Kretschmann configuration. A change of the refractive index at the
top surface of the metal is monitored through a shift of θ at which the
SPR signal presents a minimum.
While ellipsometry is another well known method for analyzing thin
film properties [91], its use in liquid medium for monitoring biochemical
reactions is made difficult by the varying environment through which
the probing light beam has to propagate. In the Kretschmann configuration, the laser generating the SPR evanescent wave is only propagating
through the substrate, leading to a better control over the influence of
the various buffer solutions used during biomolecules adsorption experiment. The SPR biosensor is conventionally limited to a mass detection
of 0.1 ng/cm2 ; recently, it has been demonstrated that a coating of the
sensing surface with gold nanoclusters embedded in a dielectric film,
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Fig. 5.3 – Reflectivity curve of the SPR biosensor during a biorecognition
experiment. The dip angle θsp is observed at an incidence angle where
surface plasmon polaritons are excited. The induced change of resonance
due to the adsorption of biomolecules results in a shift of the dip angle
(solid line to dashed line). At the left, the break in the curve is the onset
of the total internal reflection inside the prism, at the critical angle θC .
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such as SiO2 , results in a 10-fold increase of the mass sensitivity [93].
The enhancement is linked to the dielectric constant εe of the compound
layer with metal nanoclusters embedded in a dielectric layer, which is
given by [93]:
εi (1 + 2ϕ) + 2εm (1 − ϕ)
εe = εm
(5.4)
εi (1 − ϕ) + εm (2 + ϕ)
where ϕ is the concentration of metal nanoclusters, εi the dielectric constant of the dielectric and εm the one of the metal. The formula applies
for nanocluster concentration lower than 1/3. Finally, the coupling of
the surface plasmon with multimode optical waveguides has been recently introduced [180], thus eliminates the need of a coupling prism.

5.2.3

Combining SPR and SAW methods

In the present study, Love mode SAW devices were chosen for a high
mass sensitivity and a compatibility with measurements in liquid media [49,63,137,197]. Being based on the propagation of a shear-horizontal
acoustic wave, their interaction with the surrounding liquid is minimal
although the bulk properties of the solvent influence the acoustic wave
propagation and must be considered in the analysis of the sensing device [87, 98] and a model for the analysis of the structure, including the
adsorbed layer and the liquid, is presented in the theoretical developments about Love mode devices (see Chapter 2). While both SAW and
SPR sensors display theoretically similar sensitivities and detection limits, acoustic sensors are typically sensitive to temperature fluctuations
unless optimized to achieve a zero temperature coefficient of frequency
(TCF) by finding an appropriate crystal cut of the substrate and an adequate thickness of the PECVD silicon dioxide guiding layer, although
this latter may present a non-linear thermal behavior complicating the
experimental determination of the optimum parameters [86, 101]. To
avoid this issue, care must be taken to properly control the environment
around the instrument to keep a stable temperature.
We take advantage of the unique geometrical setup of the surface
acoustic wave (SAW) device which leaves the backside of the quartz
wafer free of electrodes to inject a laser in order to generate an evanescent surface plasmon on the gold coated sensing area. Such a setup
enables simultaneous estimates of the bound mass and dielectric surface
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properties changes during electrochemical and biochemical reactions occurring on the sensing electrode [7, 122].

5.3

Experimental method

We use a modified commercial SPR instrument (IBIS II, IBIS Technologies BV, The Netherlands) to detect the surface plasmon resonance
angle after replacing the gold coated glass slide by a Love mode SAW
device (Figure 5.4). The excitation laser in this instrument has a wavelength of 670 nm. All reflected intensity vs. angle curves (6 ◦ angle span
recorded on a 200 pixels CCD array) were recorded and later fitted by a
polynomial to extract with high accuracy the position of the resonance
dip. The acoustic wave device is made of a 500 µm thick ST-cut quartz
wafer on which 200 nm thick sputtered Al interdigitated electrodes are
patterned. The surface is coated by a 1.2 µm PECVD silicon dioxide
layer acting as a guiding layer, and the 4.9×5.4 mm2 sensing area is
coated with 10 nm Ti and 50 nm Au. This area acts both as a working
electrode for electrochemistry or a grounded electrode during biochemical experiments, as well as a supporting layer for the surface plasmon
resonance generation.
The combination of two instruments rise the issue of their interaction
and their mutual influence on experimental results. On one hand, Sun
et al. have studied the interaction of surface plasmons with surface
acoustic wave devices [182], where the SAW was used as a dynamic
grating. They concluded for low frequencies and small amplitude of the
acoustic wave to a negligible interchange of energy between the surface
plasmon and the acoustic wave. On the other hand, the influence of
the SAW device substrate over the detection of the SPR is seen in our
experiments through interference patterns due to the birefringence of the
quartz and to the optical index mismatch between the quartz and the
deposited silicon dioxide layer. The former effect is reduced by orienting
the optical axis of quartz so that it is in the plane defined by the normal
to the sensing surface and the wavevector of the laser, thus minimizing
the optical index difference between the ordinary and the extraordinary
axis. The remaining interference patterns lead to fringes with a contrast
low enough so that the surface plasmon peak is easily identified and
tracked during the experiments.
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T-cut quartz substrate
2 µm H-rich SiO2
0 nm Ti/ 50 nm Au

SPR

avelength 40 µm

EC cell

modified IBIS II SPR
(IBIS Technologies BV)

U8/glass IDT capping

u-calibrated mass
ensitivity of –260 cm2/g

SAW

670 nm laser light
Kretschmann configuration
Laurent FRANCIS – PCPM Day June 2004

SPR

Laurent FRANCIS – PCPM Day June 2004

Fig. 5.4 – Experimental setup including, from bottom to top: the cylindrical glass prism for injecting the laser, the quartz wafer patterned with
interdigital transducers for generating the acoustic waves and coated
with a thin (1.2 µm) SiO2 layer, and the SU-8 walls supporting the glass
slides capping preventing the contact of the liquid over the transducers
area.
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Data mining for rigid layers

This section presents the methodology to extract the thickness and
the density of a rigid layer. The methodology is applied to identify the
amount of solvent dissolved in an organic self-assembled monolayer of
S-layer after calibration of the SAW device by copper electrodeposition.

5.4.1

Methodology

The parameters required for analyzing the SAW data resulting from
the surface adsorption of the rigid layer are its thickness h and its density
ρC . The parameters required for analyzing the SPR data are the common layer thickness h and the optical index nC of the adsorbed layer.
We have three free parameters and only two measurements, namely the
adsorbed mass per unit area and an SPR resonance angle shift which is
a function of both the refractive index nC and the film thickness h.
Two options are possible to resolve the missing link: the first one is
to add one more measurement parameter, such as an SPR dip position
as a function of wavelength which would lead to a unique identification
of h and nC [142]; the second one is to reduce the number of variables
by adding the assumption that the layer is made of a homogeneous
mixture of a proportion x of proteins and (1 − x) of solvent. Under this
assumption, the layer density ρC is given by
ρC = xρL + (1 − x)ρF

(5.5)

where ρL is the bulk density of the material deposited in the composite
layer. Similarly, we use then the optical index of the layer
nC = xnL + (1 − x)nF .

(5.6)

The remaining unknown parameters are then the layer thickness h and
the proportion of solvent content (1−x). By simulating a stack of planar
multilayers for the angle shift as a function of water content and layer
thickness, one obtains a set of pairs of values for these two parameters
compatible with the observed angle shift .
Then, by calculating the mass per unit area ∆σ = ρh, a comparison with the experimentally observed adsorbed mass as seen from the
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phase shift of the SAW device leads to a unique set of parameters both
compatible with the optical index change and the adsorbed mass. The
methodology to extract the thickness and composition of the rigid composite layer is summarized in Figure 5.5.

x 100%

x 50%

∆θ

x 10%

∆θ
∆θexp

h

h

(a)

(b)
x 50%

∆θ

∆θ

∆φexp

h

h

(c)

(d)

Fig. 5.5 – Graphical method to retrieve information of film thickness and
composition from SAW and SPR data. A graph of the SPR shift ∆θ is
set vs. film thickness h. (a) Abacus of SPR shifts for isoconcentrations x
are computed and plotted from SPR simulations. (b) The experimental
SPR shift, ∆θexp is reported in the abacus. (c) The points of intersection
between the abacus and the experimental shift have an unique value of
film thickness and composition that is translated into possible values of
SAW shifts. (d) The experimental SAW shift gives an unique thickness
and composition of the film probed by both techniques.
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Application to S-layers

As seen in Figure 5.6, the electrodeposition of copper for the calibration of the mass sensitivity is followed simultaneously by the acoustic
and the optical methods. Optical measurement displayed resonance angle shifts due to the varying potential [118]. When the voltage applied
by the potentiostat is above 0.2 V with respect to the Cu pseudo reference electrode, the SPR angle slightly shifts due to the electroreflectance
effect described by Kötz et al. [118]. Below 0.2 V, underpotential deposition starts depositing a monolayer of Cu atoms on the gold surface as
visible both in the phase shift of the SAW device and as a reversal of
the trend of the angle shift of the SPR. Below 0 V, a rough Cu layer
is deposited, leading to a loss of the SPR peak and a large phase shift
of the SAW device due to the large added mass. The rough, discontinuous film of copper clusters a few tens to hundreds of nanometers
high was observed by in situ AFM imaging. Simulating the influence of
sub-wavelength metallic structures on the surface plasmon resonance is
a difficult task [51, 78] which we have not attempted to solve.
Once the mass sensitivity of the SAW is calibrated, we adsorbed on
the same device a crystalline monolayer of S-layer proteins (100 µg/ml
of the protein SbpA of Bacillus sphaericus CCM 2177 in 0.5 mM tris,
10 mM CaCl2 , pH=9 buffer) [77, 166] while monitoring simultaneously
with the SAW device the mass variation and with SPR the surface dielectric change. The adsorption and desorption steps, the latter being
possible with the use of 2 % NaOCl, was repeated several times (Figure 5.7). A property of this protein which makes it suitable for calibration of a new instrument is that it only forms a monolayer and will not
stack to multiple layers even at high concentrations.
For the simulation, ρL is assumed to be equal in the 1.2 g/cm3 to
1.4 g/cm3 range [32, 91, 92, 135], and ρF = 1 g/cm3 is the density of the
water solvent. For the optical data, the optical index of the protein layer
assumed to be in the nL = 1.45 to 1.465 range [92, 130, 135], and that
of water nF = 1.33. The SPR simulation of the stack has been done
with the following parameters: glass nglass = 1.518, 1200 nm silicon
dioxide nSiO2 = 1.45, 2 nm titanium nT i = 2.76 + i3.84 [147], 50 nm
gold nAu = 0.14 + i3.697 [147], proteins, water n = 1.33.

144

Combining acoustic and optical biosensors

φ (o)

60
40
20

Δf (kHz)

0

76.0

76.6

80.1

200

400

600

200

400

600

SPR angle (mo)

2500

time (s)

84.5

90.1

800

1000

1200

1400

800

1000

1200

1400

CH1

2400
2300

CH2

2200
2100

time (s)

0.6
E (V)

0.4
0.2
0
−0.2
5

0 −4
x 10

I (A)

2
S (cm /g)

1000

2000

3000

150

148

142

4000

5000

6000
155

154

0

−5

Δm (ng)
0

1105
1000

1072
2000

1102
3000

4000

1137
5000

1204
6000

Fig. 5.6 – SAW sensitivity calibration curves using copper electrodeposition. From bottom to top: potentiostat current and potential vs. a
copper wire acting as a pseudo reference electrode with the Cu2+ ions
in solution ; SPR angle shift (channel 1 and 2 are separated by about
2 mm) ; and surface acoustic wave phase monitored at a fixed frequency
(123.2 MHz) and converted to a frequency shift thanks to the linear
phase to frequency relationship (data not shown). We indicate for clarity on the top graph the equivalent frequency shift (in kHz) and on the
bottom graph the equivalent mass and calculated sensitivity.
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Fig. 5.8 – Top graph: simulation of the SAW frequency shift for varying
protein layer thickness (abscissa) and proportion of proteins in the layer
(from x = 10% to x = 100% from right to left), and varying the density of the protein layer within the values found in the literature (from
1.2 g/cm3 as solid lines to 1.4 g/cm3 as dots). Bottom graph: simulation
of the SPR angle shift for varying protein layer thickness (abscissa) and
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the values found in the literature (from 1.45 as solid lines to 1.465 as
dots). The mass density of the points lying in the region of experimentally observed angle shift have been indicated for added clarity.
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The calculation result is explained in Figure 5.8. In the case under
consideration here, an observed angle shift of 380 to 400 m◦ and an
adsorbed mass of 540 to 580 ng/cm2 is only compatible with x = 0.75 ±
0.15 and h = 4.7 ± 0.7 nm. The thickness result is compatible with
atomic force microscope (AFM) measurements in liquid [77] while the
mass per unit area is compatible with morphological data obtained by
electronic microscopy [166]. While the main source of uncertainty is due
to the wide possible values of the density and optical index reported in
the literature, the experimental results display good reproducibility. The
water content is lower than that observed by other authors for different
kinds of proteins [91,135] but compatible with the 30 to 78% value cited
in Ref. [178]. The dense packing of protein is explained by the regular
arrangement of identical S-layer subunits in the p4 lattice [199, 200].

5.5

Data mining for soft layers

In this section, we show the theoretical and experimental combination of acoustic and optical methods for the in situ quantitative evaluation of the density, the viscosity and the thickness of soft layers adsorbed
on chemically tailored metal surfaces. For the highest sensitivity and an
operation in liquids, a Love mode surface acoustic wave (SAW) sensor
with a hydrophobized gold coated sensing area is the acoustic method
while surface plasmon resonance (SPR) on the same gold surface as the
optical method is monitored simultaneously in a single setup for the
real-time and label-free measurement of the parameters of adsorbed soft
layers, which means for layers with a predominant viscous behavior. A
methodology is presented to identify from SAW and SPR simulations
the parameters representatives of the soft layer. During the absorption
of a soft layer, thickness or viscosity changes are observed in the experimental ratio of the SAW signal attenuation to the SAW signal phase
and are correlated with the theoretical model.

5.5.1

PNIPAAm and notation conventions

As a showcase of the analysis of soft layers, the detection of the physisorption of poly(N-isopropyl acrylamide) – PNIPAAm – is presented.
PNIPAAm is a thermally sensitive polymer with a conformal transition
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investigated previously by SPR and QCM techniques [9, 153]. Our approach is presented as a sequel to the study by Plunkett et al. [153]
where the properties of PNIPAAm physisorbtion to a hydrophobic surface was monitored by a combination of SPR and QCM, and the subsequent temperature-dependent conformation transition was monitored by
QCM alone by measuring both the resonance frequency and the quality
factor of the resonator.
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Fig. 5.9 – Schematic of the PNIPAAm structure for a degree of polymerization n.
In general, acoustic sensors display an unwanted thermal drift. However, in the present case, the temperature will be voluntary modified and
monitored to modify the characteristics of the adsorbed PNIPAAm thus
requiring a preliminary calibration curve of the acoustic response as a
function of the temperature. The analysis of the layer will assume that
a certain amount of the solvent – water in the present case – is contained
in the layer. A schematic representation of the experimental combined
setup used for this study is given in Figure 5.10.

In the combined SAW/SPR technique, the SPR signal is a measurement
of the coupling plasmon angle as a function of variations in refractive
index n and thickness h of the adsorbed layer. A single SPR measurement is therefore not sufficient to determine independently these two
parameters. Our previous analysis applied to rigid layers, therefore the
SAW shift was assumed to be proportional to the density and thickness
of the layer with respect to a mass sensitivity calibration of the SAW
device by copper electrodeposition. In the rigid layer assumption, the
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Fig. 5.10 – Schematic cross-section of the combined SAW/SPR setup: a
SAW device is attached with optical index matching oil to a prism for the
coupling of a LASER light with the gold coated surface of the acoustic
device to generate the surface plasmon resonance. The arrows indicate
the propagation of the acoustic wave (dashed line) and the collimated
LASER beam (dot-dashed line).
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acoustic phase difference combined to the SPR signal is sufficient to estimate independently the density and the thickness of the layer under the
assumption of a linear relationship between the variation of the density
of the layer and its refractive index variation. Generally, for any added
layer on the sensing surface, four parameters must be evaluated from the
measurement (density, shear stiffness, viscosity and thickness) while the
SAW device gives only two independent measurements linked to the real
and the imaginary part of the acoustic wavevector measured electrically
by the transducers (insertion loss and phase); therefore, an assumption
must be made to solve some complexity of the analysis to evaluate the
unknown parameters. To that purpose, we assume in this section that
the composite layer and the surrounding liquid are Newtonian fluids,
meaning that the shear stiffness in both layers, µC and µF , is discarded
in regard to the viscous components ωηC and ωηF . This working hypothesis has been previously described in the literature [163] through
the relaxation time τ = η/µ, and a comparison of the relaxation time to
the excitation frequency ω driving the mechanical motion of the waveguide surface. The SAW and SPR data are linked by a similar relation
than the one established in the case of a rigid layer which will still be
assumed to hold under the form:
ρC − ρF
nC − nF
=
ρL − ρ F
nL − nF

(5.7)

where ρ is the density and n the refractive index while the subscript F
refers to the semi-infinite fluid layer, C to the composite surface adsorbed
layer, and L to the bulk characteristics of the component segregating
from the fluid on the sensing surface.

5.5.2

Methodology

The methodology to obtain an estimate of the density, viscosity and
thickness of the soft layer is based on the principle described here after.
For a possible value of the film thickness, the acoustic attenuation ∆A
and the acoustic phase shift ∆φ correspond, each of them, to a set of
values for the density and the viscosity as obtained from the model
described in Chapter 2. Considered together, the two sets present a
common point, thus resulting in a couple values [ρC (h), ηC (h)] as shown
in Figure 5.11 where the lines of expected amplitude and phase shifts
are plotted at a given thickness for a given value of the amplitude and
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phase shifts versus density and viscosity.

Δφ Constant
ΔA Constant

0.5

Normalized density



ρC −ρF
ρL −ρF

=

nC −nF
nL −nF



1

[ρC (h), ηC (h)]

0

−0.5

−1
−1

0

1

2

3

4

5

Normalized viscosity



6
η
ηF

−1

7

8

9

Fig. 5.11 – Plot for a given film thickness of the values of normalized
density and normalized viscosity for a given and constant value of the
SAW phase shift ∆φ (solid line) and a constant value of the SAW insertion loss shift ∆A (dashed line). The values of density are normalized
to obtain the direct correlation with SPR data. The intersection point
of the two curves gives for that thickness the density and viscosity of
the film. The procedure must be repeated for all possible values of the
film thickness.

For a set of values for the thickness, a curve of possible values of viscosity
and density are obtained. An unique solution [h, ρC , ηC ] is obtained
thanks to the SPR data: for each value of thickness at a given SPR
angle shift ∆θ corresponds an unique value of the refractive index [73]
that is further related to the density of the layer thanks to Eq. 5.7, which
assumes an identical evolution of the refractive index and of the density
of the composite layer. The methodology is schematically depicted in
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the following diagram:
)
∆φ
→ [ρC (h), ηC (h)]
∆A
∆θ





Eq.5.7

→ [h, ρC , ηC ]




Our method has the unique characteristics to provide the thickness, the
density and the viscosity of the adsorbed layer out of three independent
experimental measurements (phase and insertion loss of the SAW and
coupling angle of the SPR), under assumed values for the density ρL
and the refractive index nL of the component and under the further assumption of an entirely viscous interaction between the composite layer
and the acoustic wave (i.e. ωηC  µC ). At this stage, it is reminded
that the ratio ∆A/∆φ can be used to determine the viscous behavior
of the composite layer as a function of its thickness with respect to the
penetration depth δ (cfr. Figure 5.12), as discussed in Chapter 2.

5.5.3

Materials and Methods

Acoustic waveguide sensor. We used a Love mode SAW sensor obtained by coating a 0.5 mm thick ST-cut quartz substrate with a
1.2 µm thick layer of silicon dioxide by plasma enhanced chemical vapor deposition (Plasmalab 100, Oxford Plasma Technology, UK). The
interdigital transducers (IDTs) were etched in a 200 nm thick aluminum
layer sputtered on the substrate consisting of 100 pairs of split fingers
with a periodicity of 40 µm and an acoustic aperture of 3.2 mm. The
acoustic filter had its central frequency at 123.5 MHz. The sensing area
between the transducers was covered with a 10 nm titanium, 50 nm gold
coating that was electrically grounded to shield the acoustic waveguide.
The sensor was packaged using a technique described elsewhere [56] that
defined a 180 to 200 µl open well above the sensing area of D = 4.7 mm
length and isolated the sensing area from the electrode area in order
to reduce electrical interactions between the IDTs and the liquid. The
open well formed a static liquid cell in which the solution was manually
injected using a micropipette. The SAW phase and insertion loss were
continuously monitored in an open loop configuration with an HP4396A
Network Analyzer and logged on a PC through the GPIB interface.
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Fig. 5.12 – Simulated values for the ratio of the SAW attenuation shift to
the SAW phase shift ∆A/∆φ as a function of the composite film thickp
ness normalized to the penetration depth in this film δ = 2ηC / (ρC ω).
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Combined SAW/SPR setup. The setup has been described elsewhere [61]. Briefly, a commercial IBIS II SPR instrument (IBIS Technologies BV, Hengelo, The Netherlands) based on a 670 nm laser diode
has been modified in order to replace the usual gold-coated glass slide
with the packaged Love mode SAW sensor.

Temperature monitoring. A type K thermocouple (ChromelAlumel) junction was made by wire-bonding two 100 µm-diameter wires
(Filotex, France) and was monitored by an AD595AD chip connected to
an HP3478A multimeter. The temperature of the solution right above
the sensing area was continuously monitored during the experiment and
synchronously with the SAW and SPR measurements.

Surface preparation. The device was cleaned in UV-O3 for 30
minutes and followed by a 3 hours contact coating with octadecanethiol
hydrophobic self-assembled monolayer obtained from Sigma-Aldrich.

poly(N-isopropyl acrylamide) (PNIPAAm) from Polysciences Inc.
(Warrington, PA, USA) was obtained with an average molecular weight
Mw = 40 kD and a polydispersity index (Mw /Mn ) of 2 as characterized
by the manufacturer. A solution of 500 ppm polymer in deionized (DI)
water (clean room grade, 18 MΩ.cm) was prepared, dialyzed to cut-off
molecular weight of 12-14 kD (dialysis tubing DTV1200 from Medicell
International Ltd, UK) over night and stored at 4 ◦ C.

Experimental method. The temperature dependence of the thiol
coated SAW sensor was first calibrated in DI water by cycling from 20 ◦ C
to 40 ◦ C (rising temperature rate: 85 ± 2 K/h, decreasing rate: 49 ±
2 K/h). After calibration, the 500 ppm polymer solution was injected
while the temperature was set at 29 ± 1 ◦ C. Following the procedure
described by Plunkett et al. [153], the sensing area was washed with
twice the volume of DI water after 3 hours at a constant temperature
of 29 ± 1 ◦ C. A third volume of DI water was then injected for the
measurement. The temperature was then cycled several times from ∼
20 ◦ C to ∼ 40 ◦ C to monitor the influence of the temperature induced
conformation changes of the polymer on the acoustic and optical signals.
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Results

The experimental results of SAW and SPR data are given after subtraction of the temperature calibration in Figure 5.13 that provides the
thermal cycle for the SAW insertion loss I.L., the SAW phase variation ∆φ and the SPR coupling angle variation ∆θ for the thermal cycling during the calibration step and after the polymer adsorption. The
temperature calibrations were fitted by polynomial interpolations and
subtracted from the raw data with expressions as a function of the temperature T , in ◦ C, as following:
• SAW insertion loss I.L. (dB) = 1.27 · 10−4 T 3 − 1.29 · 10−2 T 2 +
0.422T − 25.8;
• SAW phase φ (◦ ) = 2.57T + 45.1 (corresponding to a temperature
coefficient of frequency - TCF - of 32 ppm/◦ C);
• SPR angle shift ∆θ (m◦ ) = −22.7T + 1797.

The observed average shift with temperature is compatible with the
tabulated variation of bulk water refraction index [1] while the average
shifts of the SAW data are following more complicated patterns that
involve the effect of the transducers and the thermal shift of the acoustic
propagation, not linearly correlated with temperature as in the SPR
case. The mechanical and optical constants used for the SAW and SPR
models are given in Table 5.1 [1, 25, 147].
Material

ρ
g/cm3

µ
GPa

Quartz
SiO2
Ti
Au
Water
PNIPAAm

2.648
2.61
4.51
19.3
1
1.4

66.3
8.31
46.7
28.5

η
cP

1

n
1.518
1.5
2.76 + 3.84i
0.14 + 3.697i
1.33
1.47

Table 5.1 – Mechanical and optical constants used for SAW and SPR
simulations
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Fig. 5.13 – Raw SAW and SPR data temperature calibration and temperature cycling effect as a function of the temperature for 5 cycles after
removal of the temperature effect. The arrows indicate the direction of
the temperature cycling. Top graph: SAW insertion loss, middle graph:
SAW phase, and bottom graph: SPR angle.
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temperature cycles.
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The evolution of the acoustic and optical data per thermal cycle
is given in Figure 5.14. One temperature cycle starts for the lowest
temperature and ends at the next temperature minimum. It shows the
evolution of the ratio of the SAW attenuation to the SAW phase ∆A/∆φ
(left axis) and the SPR angle ∆θ (right axis) for the first 4 cycles. The
SAW/SPR data measured at 5 different points on each cycle (25.0 ◦ C
and 35.1 ◦ C during heating up, and 34.9 ◦ C, 30.8 ◦ C and 25.0 ◦ C during cooling down) are reported in Table 5.2; the point of 30.8 ◦ C with
decreasing temperature corresponds to the peak value of ∆A/∆φ. The
simulated values obtained with the methodology presented in the theoretical section are reported in Table 5.3. The evolution of the polymer
weight concentration and the viscosity of the PNIPAAm-water layer is
plotted in Figure 5.15, respectively, as a function of the layer thickness.
Thermocouple

SAW

SPR

Temp. (◦ C)

∆A (dB)

∆φ (◦ )

∆θ (m◦ )

25.0 ± 0.1 &

−0.17 ± 0.04

−3.60 ± 0.38

146 ± 17

25.0 ± 0.1 %

−0.14 ± 0.02

−2.72 ± 0.74

142 ± 13

30.8 ± 0.3 &

−1.05 ± 0.43

−10.0 ± 2.4

501 ± 21

34.9 ± 0.3 &

−1.35 ± 0.22

−24.0 ± 5.2

902 ± 52

35.1 ± 0.1 %

−0.66 ± 0.45

−13.2 ± 5.4

681 ± 127

Table 5.2 – Experimental mean values observed during the 4 first temperature cycles probed at 5 different points for the thermocouple, the
SAW and the SPR. The arrows indicate the direction of the temperature
cycle.

5.5.5

Discussion

The ratio of the SAW attenuation shift to the phase angle shift is
a good indicator of the variation of viscosity or thickness of the film
and of conformational changes that occur in the film, this analysis can
be extended to films evolving at constant temperature such as during
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are the measured SPR angle shifts.
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Temp.

ρC

ηC

h

δ

h/δ

∆A/∆φ

(◦ C)

(g/cm3 )

(cP)

(nm)

(nm)

25.0 &

1.016

1.36

20.5

59

0.35

2.6 ± 0.6

25.0 %

1.015

1.25

21

56

0.37

3.0 ± 0.5

30.8 &

1.022

1.83

59

68

0.87

5.9 ± 1.3

34.9 &

1.045

3.81

50

97

0.51

3.2 ± 0.3

35.1 %

1.048

2.46

33

78

0.42

2.8 ± 0.9

(dB/rad)

Table 5.3 – Evaluation of the density ρ, viscosity η, thickness h, penetration depth in the film δ simulated with the results indicated in Table 5.2.
The simulated thickness to penetration depth ratio h/δ and the experimental SAW amplitude shift to SAW phase shift ∆A/∆φ are given for
a comparison with Figure 5.12.

immunoassay reactions. Taken separately, the increase of the amplitude
∆A and the phase ∆φ indicate that the film is getting more viscous
and thicker, while their ratio determines which factor is predominant.
As given in Figure 5.12, a proportionality exists between this ratio and
√
√
h ρC / ηC ; consequently, if density variations are small in comparison
to fluctuations of the film thickness and viscosity, an increasing ratio
denotes a decrease of the viscosity or a thickening of the layer while a
decreasing ratio indicates the opposite, i.e. an increasing viscosity or a
thinning layer.
As the film thickness gets over the penetration depth, the SAW signal ratio saturates and the acoustic wave sees the deposited film as a
semi-infinite bulk fluid. In such case, viscosity variations are probed
through the individual variation of phase or insertion loss of the device.
Hence, measuring the SAW signal ratio for viscous fluids is meaningless
since its value is constant and equals a saturation value specific to each
particular SAW sensor. In the same order of idea, a direct comparison
of the SAW phase shift with the one obtained from a standard calibration of the sensor with a bulk viscous solution is not adequately fitted
to the actual event that takes place on the sensing surface during the
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segregation of a soft layer: at each time that the film is smaller than the
penetration depth, the film thickness plays a crucial role and must be
determined independently to estimate correctly the relevant characteristics of the adsorbed film, as presently for the PNIPAAm case.
PNIPAAm presents a conformational transition temperature, also
called Lower Critical Solution Temperature (LCST), that identifies a
clear separation of the physical characteristics of the polymer as seen
qualitatively by acoustic and optical techniques. The transition corresponds to a switch from hydrophilic to hydrophobic because of the
unshielded isopropyl group [109, 131, 167]. The LCST noticed by the
abrupt change of SAW and SPR signals as seen in Figure 5.14 is located
at 30.8 ± 0.3 ◦ C for both rising up and cooling down. The transition
is accompanied by a modification of the solubility of the polymer in solution and therefore by a gradient of concentration from the surface to
the volume. Through this thesis, it is assumed that the composite layer
is PNIPAAm with water as solvent and a step gradient in concentrations defines a clear interface between the adsorbed layer and the bulk
fluid. Practically, it is more likely that the layer-fluid interface displays
a smoother gradient due to dangling polymer strands and polymer diffusion. According to the same principle, surface roughness effects known
to influence the acoustic signal are disregarded at the moment as the
surface roughness has been measured with a value in the order of 3-5
nmpp [60], which is much smaller than the acoustic penetration depth
and the film thickness. These specific effects, gradient of concentration
and surface roughness, were not considered since the presented methodology is not complete enough to address such interfaces yet. To that
end, further assumptions on the concentration distribution as a function of the depth are needed and must be implemented in the model
as, for instance, a multilayered composite layer with varying mechanical
characteristics following a diffusion law. This type of implementation
requires additional theoretical and experimental work to establish and
measure concentration gradients and surface roughness in order to determine their exact incidence on the quantitative results presented here.
Such developments are far beyond the scope of this thesis.
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Fig. 5.16 – Pictorial representation of the mechanisms probed by the
SAW/SPR for the investigation of PNIPAAm. Below LCST, the layer
contains a large amount of water and because of the solubility of the physisorbed PNIPAAm, there is an equilibrium between surface and bulk
concentrations. As the temperature increases above LCST, the conformation changes and results in an hydrophobic material collapsing on the
surface, in addition to a segregation: as a result, a denser and thicker
layer builds above the surface. As diffusion drives part of the material
away from the surface, SAW and SPR signals are getting different as
the number of thermal cycles increases.
Qualitatively and quantitatively, several variations are detected for
each thermal cycle, with consistency from cycle to cycle. Variations occur in all observed parameters - density, viscosity and film thickness through the cycle. The discussion is facilitated by distinguishing 3 regions per thermal cycle: (I) from 25 ◦ C to the LCST; (II) from LCST
with temperature increasing to LCST with temperature decreasing; (III)
from LCST to 25 ◦ C. Figure 5.16 is a pictorial representation of the assumed mechanisms probed by the combined SAW/SPR technique and
discussed here after.
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In region (I), a 4 wt % PNIPAAm hydrophilic layer absorbed on the surface is at equilibrium with the bulk solution. As the LCST is reached,
the conformational transition of the polymer results, in region (II), in a
radical and direct modification of the concentration that jumps almost
immediately to a denser layer (12 wt % ), thus a high viscosity resulting
from stronger chains interactions. During the same time, the polymer in
solution has a lower solubility and is segregating to the layer that continuously grows till a novel equilibrium is reached between surface and
bulk concentrations. Meanwhile and as seen in the bottom graph of Figure 5.15, the viscosity increases as more chains interactions are taking
place. This explanation is correlated with the SPR signal that presents
a sudden variation after the LCST is reached, reflecting the conformational change of the layer. On the other hand, the abrupt transition is
seen in the SAW ratio that presents a slow ramp up in region (I) followed
by a slight decrease in region (II). As mentionned before, a decreasing
ratio ∆A/∆φ indicates that the viscosity increases or the thickness decreases, the situation that prevails here is an increasing viscosity.
The situation that occurs during cooling is different as observed at
the transition between regions (II) and (III). As the temperature reaches
again the LCST, the polymer is back to a hydrophilic behavior and
start to swell in water. Because of the swelling, the layer thickness
slightly increases but the PNIPAAm concentration and the viscosity are
dropping fast. The effect is seen in the SAW signal ratio that is ramping
up since a decrease of viscosity increases the ratio. Immediately after,
in the early stage of region (III), the layer is effectively swelling and
gets thinner while the viscosity remains constant, therefore the ratio is
coming back to the initial value it presented in region (I). The estimation
of the viscosity of organic monolayers is a specific feature displayed by
the combined technique while few methods are able to tackle this type of
measurement [11], so an exact comparison of our results with literature
values is not directly possible although the estimated values determined
by simulations are reasonable and of the same order of magnitude as the
ones reported by Milewska et al. [139] for bulk solutions of PNIPAAm
although they characterized PNIPAAm solutions with a larger molecular
weight of 525 kD.
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The asymmetry seen in the intensity of the SAW signal ratio peaks
at LCST is possibly linked to the large difference in rising and decreasing temperature rates. It has been reported by Boutris et al. [23] from
optical density measurements that the scanning rate influences the temperature transition because the system is not at equilibrium for large
scanning rates; in our measurement, the scanning rate is moderate and
the LCST is seen at the same temperature for both directions of the
thermal cycling, indicating that the system is at equilibrium at any moment of the cycle otherwise we would observe a shift in the location
of the LCST as a function of the temperature direction. Boutris et.
al equally reported that the dissolution of the PNIPAAm during cooling is a much slower process for an identical temperature scanning rate
than the abrupt transition noticed during the heating up, which might
account for the intensity difference of the SAW signal ratio seen upon
heating up and cooling down. Finally, as the number of cycles increases,
a part of the polymer is diffusing away from the surface and will not
re-enter the surface-volume equilibrium process of the following thermal
cycle, explaining for the cycle degradation.
The temperature change might also cause modification to the interpretation of the data and are important for the calibration. The SPR
sees the refractive index modification quite clearly and is linearly dependent upon the change with a given slope. The SAW situation differs
from the SPR: with temperature, the water viscosity drops from '1 cP
to 0.6 cP from 20 ◦ C to 35 ◦ C as tabulated [1], corresponding theoretically to lower value of the insertion loss and a phase shift but in the same
time the propagation characteristics of the Love mode device are modified by the temperature shift, the net result is the 3rd order polynomial
expression for the temperature on the insertion loss of the device while
it is included in a linear relation for the phase. The effects compensate
for each other.
Our observations are in agreement with the results reported by Plunkett et al. of a dense wetting layer that grows in thickness above the
LCST. Our method provides an additional quantitative evaluation of the
layer viscosity below and above the transition temperature, and quantitative information determining the amount of solvent and the thickness
of the adsorbed soft layer.

5.6 Conclusion
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Conclusion

We have shown here how the combination of Love mode SAW device with SPR provides advantageous combinations of information on
the bound mass as well as on the dielectric changes when monitoring
protein adsorption. The resulting protein layer thickness and protein
content percentage, respectively h = 4.7 ± 0.7 nm and x = 75 ± 15 %
for S-layer presently measured, is in agreement with independent AFM
estimates.
The combination of surface acoustic wave and surface plasmon resonance measurements delivers useful information to estimate the in situ
properties of surface adsorbed layers. A general method of data extraction has been presented that can be applied to layers adsorbed from
liquid environments, such as in biosensors. The experimental ratio of
amplitude shift to phase shift of the SAW signal correlated to simulations is an indicator of a rigid or a viscous interaction between the layer
and the acoustic wave. A soft layer is characterized by a viscous behavior that results in a high damping of the acoustic wave, thus to a high
ratio of the attenuation to the phase shift. The ratio is not a sufficient
criterion to discriminate between soft and rigid layers since for very thin
adsorbed layers, the two possible behaviors have a similar effect on the
acoustic signal. Without data analysis, the experimental ratio is an indicator of the evolution of the thickness or of the viscosity of the layer:
an increasing ratio is related to a growing film or to a viscosity decrease,
while a decreasing ratio is related to a thinning film or to a viscosity
increase.
With simulations of an equivalent viscoelastic transmission lines model, SAW and SPR data are used to assess quantitatively the density, the
viscosity and the thickness of soft layers. The potential of the method
has been demonstrated with the example of PNIPAAm, a thermally sensitive polymer. The record of SAW and SPR data during a thermal cycle
clearly shows a conformational transition at the LCST point measured
at 30.8 ◦ C. The LCST transition is seen in the SAW signal ratio by
a peak value and in the same time by an abrupt variation of the SPR
signal. Graphs showing the evolution of the PNIPAAm weight concentration and viscosity versus the layer thickness were built that indicate
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first a thickening of the layer followed by an increase of viscosity then
the collapse of the layer. We also conclude from this study that the
analysis of the adsorbed layer of PNIPAAm can be considered under
the assumption of a soft layer as determined by the high value of the experimental SAW signal ratio ∆A/∆φ ratio which is in agreement with a
viscous interaction between the layer and the acoustic wave. Simulation
results validate the soft layer hypothesis as seen by a high water content
in the layer (between 88 wt % and 96 wt %).

5.7

Additional resources

Matlab M-files for the quantitative analysis of combined measurements from surface acoustic wave device and surface plasmon resonance
are archived and documented on the website http://jmfriedt.free.fr
or available on simple request by e-mail to francisl@ieee.org.

Part II

Thin Film Nanocrystalline
Diamond Membranes
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Chapter 6

Characterization method
with flexural plate waves
Toutefois il se peut faire que je
me trompe, et ce n’est peut-être
qu’un peu de cuivre et de verre
que je prends pour de l’or et des
diamants.
René Descartes
Discours de la Méthode

Nanocrystalline diamond (NCD) is a promising material for the fabrication of highly sensitive flexural plate wave (FPW) sensors. The design of
FPW sensors requires the determination of the mechanical properties of
a vibrating thin film membrane. In this thesis, we present a method to
investigate the mechanical resonance of NCD membranes. Membranes
with lateral dimensions in the millimeter range and 1.2 µm thick were
excited in air by a loudspeaker and the resonance mode shapes were
recorded optically with a stroboscopic interferometer. The resonance
frequencies helped to determine directly the mechanical parameter of
interest for the design of diamond-based FPW devices and the residual
stress in the NCD layer. Our method allows the rapid investigation of
prototype materials without requiring an integrated transduction system
and can be applied to analyze structures with the actual dimensions of
FPW sensors. The experimental results are used to assess the sensing
properties of FPW devices with NCD membranes, which are enhanced
with respect to classical materials such as silicon-based materials.
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Fig. 6.1 – Phase velocity of the first symmetric (S0 ) and anti-symmetric
(A0 ) Lamb mode for diamond as a function of the normalized thickness
kd for a film of thickness d and a wavenumber k.

6.1

Introduction

Flexural plate wave (FPW) devices have found various applications
as sensors and actuators: gas chromatography detector, (bio)chemical
or mechanical sensors, fluid pumping, and particles filtering [10, 21,
28, 33, 126, 143]. The FPW is formed by a suspended thin film membrane vibrating on the lowest-order antisymmetric Lamb mode for which
a wide variety of actuation and sensing methods have been reported
(piezoelectric, capacitive, optical, magnetic, . . . ) [205]. For gas and
liquid (bio)chemical sensing, the lowest mass detection is obtained for
the thinnest membrane and the best quality factor, a condition requiring membrane materials with high mechanical qualities. To this end,
nanocrystalline diamond (NCD) is a promising material from mechanical and chemical points of view [151, 203]. From a mechanical aspect,
its high Young’s modulus allows high operating frequencies with an expected high quality factor and its high tensile strength allows less fragile and thinner membranes than any other materials. Thanks to these
unique mechanical properties, nanocrystalline diamond based FPW sen-
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sors are expected to achieve mass sensitivities several times higher than
silicon-based ones reported so far. From a chemical aspect, its high
chemical resistance makes it attractive for devices operating in harsh
environments while its surface functionalization for biosensor applications has been recently demonstrated [84].
Since the mechanical properties of diamond can be tuned by varying the deposition parameters, the design of optimized diamond-based
FPW devices requires the investigation of NCD thin film membranes.
For the mechanical characterization of diamond, non-destructive probing techniques have been reported such as Brillouin light scattering [105]
or laser ultrasonics [55, 189, 203]. For the characterization of micromachined membranes, other specific methods like Resonant Ultrasound
Spectroscopy (RUS) [75] or load-deflection [184] have been suggested.
However, none of these methods are directly aimed at measuring the
dynamic parameters required for the design of FPW devices. Therefore,
in complement to these various approaches, we report in this thesis a
fast and non-destructive method for the experimental measurement of
the mechanical properties of nanocrystalline diamond membranes. The
method is directly aimed at flexural plate wave applications [57].
Our analytical method is based on the contactless excitation in the
low frequencies regime, with a mid-range loudspeaker, of the flexural
resonance frequencies of nanocrystalline diamond membranes. The resonance frequencies and their mode shapes are optically recorded with a
stroboscopic interferometer. Out of the experimental data, the mechanical parameter of interest for the design of FPW sensors and the biaxial
stress in the thin film are extracted.

6.2

Modeling

In this section, we address the theoretical aspects necessitated for
the analysis of the flexural resonance of stressed membranes. Based on
these aspects, a mathematical method is given to extract the mechanical
information from vibrating thin films.
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Characterization method with flexural plate waves

Flexural frequencies and mode shapes

From a theoretical point of view, a membrane clamped to a supporting and rigid frame is modeled by a fixed edges plate (length a, width b,
thickness h) with natural flexural vibration frequencies fij described by
mode numbers i and j, respectively along the length and the width of
the membrane. The single layer of the membrane is made of a material
with a Young’s modulus E, a density ρ, a Poisson’s ratio ν and a biaxial
stress σ.
For a plate with pinned ends and without axial tension (i.e. σ = 0),
the frequencies are approximated by the product of two terms, a material
constant α = α(E, ρ, ν) and a structural term βij = βij (a, b, h), such
that [22, 44, 198]:
fij = αβij
s
π
E
α=
4 3ρ (1 − ν 2 )
s
G4j
G4i
2Ji Jj
βij = h
+
+ 2 2
4
4
a
b
a b
with



 1.506
Gn =
n + 12

 n

for n = 1
for n > 1
for n  1

(6.1)
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(6.3)

(6.4)
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1.248



 for n = 1


2
Jn =
n + 12
1 − n+21 π
for n > 1
( 2)


 2
n
for n  1

(6.5)

The mode shapes are given by
zij (x, y) = sin

iπx
jπy
sin
a
b

(6.6)

with x ∈ [0, a] and y ∈ [0, b]. For square membranes, fij = fji and the
corresponding shape results from a linear combination of the modes ij
and ji:
zij (x, y) = sin

iπx
jπy
jπx
iπy
sin
+ sin
sin
cos φ
a
a
a
a

(6.7)
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with (x, y) ∈ [0, a] and where φ ∈ [0, 2π] is a phase difference that depends of the exact boundary conditions applied to the membrane and
the excitation method.
A biaxial stress σ in the thin film modifies the resonance frequencies,
written f˜ij , as given by the following expression (derived from Ref. [22]):


Jj
σ Ji
2
2
˜
(6.8)
fij = fij +
+ 2
4ρ a2
b
A tensile stress (σ > 0) increases the resonance frequencies while a
compressive stress (σ < 0) reduces them. The mode shapes are almost
unaffected by the residual stress.

6.2.2

Extraction of the material constant and the stress

The material constant α and the residual stress σ are extracted from
experimental measurements of membranes with given dimensions that
are excited on different resonance frequencies. For each observed resonance frequency f˜ij , if one captures the shape of the dynamic deformation then the mode numbers i and j are attributed. Hence, the geometry
dependent parameters Gn , Jn , and βij are determined.
For stress-free membranes, f˜ij = fij and α is directly obtained by a
linear fit of the frequencies as a function of the values of the structural
parameter βij . However, a residual stress is unavoidable in thin film materials, resulting in the offset of the experimental resonance frequencies.
This offset is function of the stress and the resonance modes. Therefore,
a linear regression applied like for stress-free membranes is not providing
the intrinsic value of α.
For stressed membranes, the material constant is obtained by a linear regression applied on values calculated by combining Eq. (6.1) with
Eq. (6.8):
r


Jj
Ji
1
σ
α = βij f˜ij2 − 4ρ
+
(6.9)
2
2
a
b
If the density is assumed, the only unknown variable left is the residual
stress. The stress is resolved by finding its value that gives a zero slope
to the linear regression of the material constant calculated by Eq. (6.9)
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as a function of the structural parameter βij . By applying this method,
the material constant α (equals to the intercept of the linear fit) and
the residual stress σ are extracted from experimental measurements,
under the assumption of the density, and without requiring sophisticated
calculations.

6.3

Experimental methodology

The experimental methodology required for the application of the
theoretical principle is described in this section. In a first part, the
fabrication of nanocrystalline diamond membranes is given, followed in
a second part by the experimental setup used to excite and detect the
vibration of these membranes. The flexural resonances are acoustically
driven with a loudspeaker and optically detected with a stroboscopic
interferometer.

6.3.1

Fabrication of nanocrystalline diamond membranes

Nanocrystalline diamond thin films are grown on silicon substrates
by hot-wire chemical vapor deposition from a CH4 (1-5%)/H2 (99-95%)
mixture (films deposited by ρ–BeSt coating GmbH, Austria). Prior to
deposition, the silicon wafers are cleaned by wet chemistry and nucleated
by ultrasonic seeding technique using a nano-sized diamond powder. On
the basis of X-ray photoelectron spectroscopy (XPS) we estimated the
contribution from sp2–hybridized carbon atoms to less than 5 at.%. In
addition, Raman spectroscopy has been used to assess the quality of
the nanocrystalline diamond films obtained with this technique. The
Raman analysis confirmed that our NCD films have comparable quality
to that of state-of-the-art NCD films deposited on silicon [20]. In this
experiment, the thickness of the diamond film measured by SEM imaging of the cross-section is about 1.2 ± 0.1 µm, with an average grain size
about 20 nm evaluated from X-ray diffraction measurements.
Square and rectangular NCD membranes with dimensions comprised
between 800 µm and 6 mm were fabricated with the process schematically described in Figure 6.2. The membranes are micromachined by
subsequent back-side deposition of a masking layer (200 nm Al) with
photo-defined patterns of the membranes followed by a silicon deep re-
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Nanocrystalline diamond (1.2 µm)
Silicon substrate (380 µm)
Aluminum or chromium (200 nm)
(a)

(b)

(c)

(d)

DRIE
Fig. 6.2 – Membrane fabrication: (a) nanocrystalline diamond deposition on a silicon substrate; (b) backside deposition and patterning of
a masking layer; (c) silicon DRIE; (d) final result: diamond membrane
supported by a silicon frame.
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active ion etching (DRIE, Bosch Process). Diamond is an automatic
etch stop material for this process. The resulting membranes are photographed in Figure 6.3.

Fig. 6.3 – Nanocrystalline diamond membranes of various dimensions
supported by a 3 inches silicon substrate. Although the membranes
are not optically transparent, probably because of the presence of
sp2−hybridized forms of carbon in the film, the neon light tube in the
back is partly visible through them.

6.3.2

Actuation and detection methods

For the excitation of the membranes, the sample is clamped between
two 5 mm-thick PVC plates with a 2 cm diameter hole in the middle.
The plates are then rigidly attached to the outer frame of a mid-range
loudspeaker (model PS 100M, Conrad Electronic, Germany) to actuate
the membranes in air. At resonance, the coupling of energy between the
air pressure and a membrane results in a small amplitude (nanometer
range) vibration on a mode that must be identified.
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For the detection and the analysis of the resonance mode, nondestructive optical imagery of vibrating structures based on interferometric principles have been demonstrated previously [31, 70, 71]. Most
of these methods are based on point analysis and require to scan the
probing point on the entire vibrating area to obtain an image of the dynamic deformation. To scan at once the largest part of the membrane,
we used a stroboscopic interferometer to record the motion of the NCD
membranes with a nanometer resolution [83, 150, 190].

The experimental data were recorded with a dedicated interferometer (Optonor MicroMap 5000 laser TV holography system, Norway).
Its operation principle, schematically depicted in Figure 6.4, is based
on the projection of an interferometric image on the CCD camera obtained by combining in the beam splitter a sample beam and a reference
beam. Only significant out-of-plane deformations, associated to flexural
modes, modify the fringes interferences and are recorded. An heterodyne measurement of the pattern deformation under the excitation of
the membranes is obtained by a reference beam modulated at a slightly
different frequency than the sample beam, resulting in a low frequency
beating of the image recorded by the CCD. A software post-treatment
of the fringes intensity allows for the determination of the displacement.
As example, Figure 6.5 shows a part of the 4 by 4 mm2 membrane vibrating at f21 . For practical reasons, only a quarter of the membrane is
visible since the aperture of the microscope lens covers an approximate
2 by 2 mm2 area.

The flexural resonance frequencies are mapped by the maximum in
the displacement amplitude while sweeping the loudspeaker excitation
frequency between 500 Hz and 20 kHz with a resolution of 100 Hz.
The shape of a vibrating membrane is associated to a resonance mode
ij according to Eqs. (6.6) and (6.7). This method allows the rapid
and non-destructive investigation of the material without requiring an
integrated transduction system and can be applied to structures with
the large dimensions of FPW devices.
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CCD

LASER

Reference beam
modulation at f0

PS

LOUDSP.
.

Sample excitation
at f0 – 1 Hz

Fig. 6.4 – Schematic of the experimental setup. The operating principle
is based on an interferometer with beat frequency imaging (LASER: laser
source, PS: piezoelectric stage, CCD: camera), the sample is actuated
by a loudspeaker (LOUDSP.).

6.4

Results

This section reports the measured frequencies and the calculation results. The material constant obtained by the dynamic characterization
is compared with a theoretical estimate. The influence of the biaxial
stress is discussed and correlated with static measurements of the residual stress in the diamond film.

6.4.1

Dynamic characterization

In the dynamic mode of the interferometer, the measured vibrating
membranes presented resonance frequencies reported in Table 6.1. A
linear fit on the raw data gives the relation f˜ij = 8392βij − 41 with a
coefficient of determination R2 = 0.98, indicating a nearly perfect fit.
The procedure of regression applied for different values of the residual
stress, assuming that NCD has a density ρ of 3500 kg/m3 , leads to a
zeroed regression slope for σ = −120 kPa as shown in Figure 6.6. At this
point, the intercept of the linear fit gives α = 8.67 km/s, and R2 = 1.
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Vertical
displacement
[nm]

CCD
Pixel
CCD
Pixel

Fig. 6.5 – Capture of the deformation shape during the dynamic characterization of a 4 by 4 mm2 diamond membrane (the image displayed
is 2 by 2 mm2 ). The membrane resonates on the mode (2,1).

a×b
(mm × mm)

4 × 2

4 × 4
6 × 6

mode

βij

f˜ij

fij

i

j

(1/m)

(kHz)

(kHz)

1

1

0.75

4.6

6.5

2

1

0.97

5.7

8.4

3

1

1.4

12.8

11.8

2

2

2.2

17.8

18.8

2

1

0.56

4.6

4.9

4

1

1.6

12.6

13.9

1

1

0.12

0.67

1.1

Table 6.1 – Modes of resonance along the length (i) and the width (j),
structural parameter βij , recorded (f˜ij ) and corrected (fij ) resonance
frequencies of the 1.2 µm nanocrystalline diamond membranes with different lateral dimensions (length a, width b).
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Slope of the linear regression (103 m2/s)

Material constant α (km/s)

For a comparison, the experimental frequencies f˜ij and their corrected values fij are plotted in Figure 6.7. Without the appropriated
correction brought by the regression technique, a compressive (respectively tensile) stress in the film results in a under– (respectively over–)
estimation of the material constant α. In the initial fit done on the
uncorrected frequencies, α differs by 3% from its corrected value. This
small error is due to a low stress in the tested film. Higher stresses would
result in a larger error on the uncorrected estimation of α.

−2
500

Fig. 6.6 – Evolution of the fitting parameters (solid line: intercept,
dashed line: slope) versus the residual stress in the diamond membrane.
The slope is equal to 0 for a stress value of −120 kPa, giving a value of
the material constant α of 8.67 km/s as indicated by the arrow.
The experimental value of the material constant is comparable with a
theoretical estimation of α = 8.10 km/s calculated with E = 1100 GPa,
ρ = 3500 kg/m3 and ν = 0.12 (literature data [151]). Whatsoever,
the density and the Poisson’s ratio are likely to vary; for instance, the
density of different varieties of diamond are reported between 3150 and
3530 kg/m3 . With the regression technique, the difference between as-
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20

Resonance frequency fij (kHz)

3
fij = 8.67 ⋅ 10 βij

15

10

5
f experimental
ij
fij corrected
linear fit
0

0

0.5

1
1.5
Structural factor βij (1/m)

2

2.5

Fig. 6.7 – Recorded and corrected flexural resonance frequencies fij for
different membrane sizes versus the structural parameter βij .
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sumed and actual material density influences the estimation of the residual stress but has a negligible impact on the evaluation of the material
constant provided that the amount of experimental data is sufficiently
large as explained here after: a variation of the assumed density shifts
laterally the regression parameters plotted in Figure 6.6 while the shape
of the curves is unchanged. Consequently, the position of the zeroed
value of the regression slope (determining σ) is modified while the value
of the intercept (determining α) stays the same.
The relative error on the estimation of the residual stress is equal to
the one on the density while the relative error on the material constant is
independent of this variation but is linked to the experimental measurement error and is reduced by a larger amount of experimental data. For
example, a NCD density of 3500 kg/m3 was assumed for the regression,
a variation of the density by 10% to ρ = 3150 kg/m3 results in a 10%
change of the estimated residual stress, from −120 kPa to −109 kPa,
while α keeps an identical value of 8.67 km/s. It can be concluded that
a lower (respectively higher) assumed density of the film material than
the actual one results in an under– (respectively over–) estimation of
the actual residual stress σ.

6.4.2

Correlation with static measurements of the residual stress

In the semi-static deflection mode of the interferometer, the deformed
fringes pattern indicates an initial buckling of the NCD membranes as
seen in Figure 6.8. The bulge of a square membrane due to a compressive
stress is derived from a formula cited in Ref. [148]:
σ=

4C2 f (ν)Ed2
C1 a2 (ν − 1)

(6.10)

with C1 = 3.04, C2 = 1.37, f (ν) = 1.075 − 0.292ν and d the center
deflection.
The static bulge of the smallest square membrane (side length a =
800 µm) was measured with an optical 3D profiling system (Veeco Wyko
NT3000). The deflection, measured along the diagonal, is plotted in
Figure 6.9. The center deflection is roughly equal to 100 nm, a small
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Fig. 6.8 – CCD capture of the circular fringes pattern projected on a
800 by 800 µm2 membrane. The deformed pattern on the membrane is
due to a small compressive stress that buckles the membrane.
deformation caused by a low compressive stress in this sample. According to Eq. (6.10), σ = −37 kPa. The static measurement of the residual
stress in this membrane is in the same range as the one obtained by the
dynamic characterization (σ = −120 kPa).
In any cases, the stress is a variable factor that depends of the material deposition conditions. The wafer bow curvature of silicon substrates
was measured with a contactless wafer geometry gauge (MX203 from
Eichhorn-Hausmann GmbH, Germany) before and after the deposition
of NCD layers 700 nm to 2.3 µm thick grown in different conditions
than the sample presently used, and given in Figure 6.10. The results
indicated residual stresses varying from −60 to 60 MPa at increasing
thickness. At this stage, an in-depth understanding of the mechanisms
resulting in this evolution of the stress is ongoing and likely explanations
to resolve are
• a faster relaxation of the stress in NCD films due to more area at
the grain surface with increasing thickness,
• more hydrogen incorporated in the grain boundaries with increasing thickness,
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0

Vertical deformation (μm)

−0.02

−0.04

−0.06

−0.08

−0.1

−0.12

−0.5

0

0.5

Position across membrane (mm)

Fig. 6.9 – Static bulge measured with an optical profiling system across
the diagonal of the membrane pictured in Figure 6.8 (dots: experimental
measurement, solid line: parabolic fitting curve). The maximum deflection of 100 nm reveals a compressive residual stress in the diamond film.
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• more non-sp3 phases of carbon incorporated in the film during its
growth.
Optimization and reproducibility of the residual stress form an important challenge in the development of NCD membranes for FPW applications, whereas our method advantageously dissociates the material
characteristics from the mean value of the residual stress.
150
σ = h (67 h − 123)

Residual stress σ (MPa)

100

50

0

−50
data fit
exp. data
−100
0

0.5

1
1.5
Film thickness h (μm)

2

2.5

Fig. 6.10 – Static stress extracted from bow curvature measurements
of nanocrystalline diamond thin films deposited on Si substrates (dots:
measured values, solid line: parabolic fitting curve).

6.5

Discussion

This part applies the results of the characterization method to assess the theoretical operating frequency and mass sensitivity of diamondbased FPW devices. The mass sensitivity in NCD membranes is theoretically compared with silicon-based membranes at identical film thickness
and acoustic wavelength. In a final point, the drawbacks of the dynamic
characterization technique are discussed.
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Critical stress and FPW frequencies

Flexural plate wave devices are described by flexural modes (n, 1)
with n  1. For convenience and comparison with conventional notations, the material constant α is linked to the flexural rigidity of the
plate D = Eh3 /12(1 − ν 2 ) by the relation
D=

4ρh3 α2
π2

(6.11)

and the stress-free acoustic phase velocity is approximated by [10]
s
2π D
vp =
(6.12)
λ ρh
=

4hα
λ

(6.13)

where λ = 2a/n is the acoustic wavelength.
Under these considerations and from Eq. (6.9), the stressed resonance
frequencies are approximated by
s

2
2hα 2
σ
˜
fn1 =
+ .
(6.14)
λ
λ
4ρ
The residual stress can be ignored if it satisfies the relation |σ|  σC
where the critical stress σC is given by
σC = ρvp2 .

(6.15)

By then, the stress-free FPW frequencies are expressed by
fn1 =

6.5.2

vp
.
λ

(6.16)

Minimum mass per area detection of diamond FPW
sensors

Because FPW devices find several sensing application, we will consider only the gravimetric sensor applications. Expressions of the mass
sensitivity in gas or fluid loading conditions (e.g. biosensors) are found
in Ref. [10].
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For a FPW sensor placed in an oscillation loop, the minimum detected mass per area ∆m depends of the noise on the frequency measurement ∆f . In practice, it is considered that the frequency shift must
exceed by three times the noise frequency to be significant.
For mass sensing in air, the minimum detected mass per area is given
by
∆m =

−ρλ2
2α

(3∆f ) .

(6.17)

For mass sensing in fluids (sound velocity vF , density ρF ), the minimum
detected mass per area is given by
∆mF = ∆m +

δ
h

h

−ρF λ2
2α

i
(3∆f )

(6.18)

where δ is the penetration depth of an evanescent wave in the fluid,
which is given by
"
 2 #−1/2
vp
λ
δ=
1−
.
(6.19)
2π
vF
When vp  vF , δ → λ/2π. Eq. (6.19) imposes the energy trapping
condition vp < vF that involves λ > λF , with the minimum wavelength
for fluids λF given by
λF = 4hα
(6.20)
vF .

All the expressions are summarized in Table 6.2 and used to compare
the expected characteristics of FPW sensors comprising silicon-based
(SiO2 , Si and Si3 N4 ) or NCD membranes. For numerical values, we took
the most likely values such that h = 1 µm, λ = 100 µm, σ = −50 MPa
and a noise frequency ∆f of 1 Hz. The influence of the residual stress is
clearly visible on the frequency: when the condition |σ|  σC is not met,
stressed and stress-free frequencies are clearly diverging. For the mass
sensitivity, the influence of the stress has not been considered and the
minimum detected mass per area in the Table is calculated for stress-free
conditions.

constant

density

∆mF

in a fluid

∆m +

λ
2π
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λ

λ



+

σ
4ρ
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1 − vFp

λ

(6.18)

(6.17)

(6.19)

(6.20)

(6.16)
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4hα
λ

105

13

16

8

1.04

−−

24

104

1.18
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2200

kg/m3
km/s

SiO2
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(6.2)
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9

16

12

1.55

0.50

56

155

1.66

3.87

2330

Si

56

9

16

16

2.06

1.62

131

206

1.66

5.15

3100

Si3 N4

34

6

16.5

27

3.47

3.26

421

347

2.48

8.67

3500

NCD

Table 6.2 – Summary of the theoretical properties of flexural plate wave sensors with a thickness h = 1 µm, a wavelength
λ = 100 µm, a residual stress σ = −50 MPa (compressive), and a noise frequency of ∆f = −1 Hz. In water, the acoustic
speed is vF = 1300 m/s and ρF = 1000 kg/m3 .
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The results of Table 6.2 indicate that, for same thickness and same
acoustic wavelength, the NCD sensor has a greater mass sensitivity
than silicon-based devices for both gases and fluids loading. As seen
in Eq. (6.17), the highest mass sensitivity is achieved for materials that
have the highest ratio of the material constant to the density α/ρ, which
is linked to a high Young’s modulus and a low density. With a fluid
loading, a high material constant results in a lower detection limit by
trapping the acoustic energy closer to the solid-fluid interface, as given
by the right-hand term of Eq. (6.18). Despite a high density, NCD is a
material of choice for the achievement of sensors with a low limit of detection since its Young’s modulus increases faster than its density when
compared to silicon-based materials. An additional advantage of NCD is
a high tensile strength; therefore the sensitivity can be enhanced further
by decreasing the film thickness while keeping the same membrane size.
Experimental investigations of the lowest limit of detection are in the
scope of future developments.

6.5.3

Drawbacks of the method

Although convenient and attractive because of its simplicity of use,
the actuation helped by a loudspeaker introduces two main limitations
in the measurement. A first limitation is a complex analysis of the motion when the mode numbers become greater than 5, leading to potential
errors in the attribution of the mode numbers.
A second limitation is the range of frequency limited to 20 kHz, that
might be sufficient in most cases because materials present a low value of
α and thus low first-orders modes frequencies. For higher frequencies or
smaller membranes, a direct piezoelectric excitation of the membranes is
required in a method similar to Resonant Ultrasound Spectroscopy [75],
where the excitation is done by a broadband piezoelectric transducer,
while the vibration modes could be determined optically.
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Conclusion

The analysis of nanocrystalline diamond vibrating thin films provides a rapid and non-destructive dynamic characterization of mechanical properties used to assess the characteristics of diamond-based flexural
plate wave sensors.
The membranes are excited in air with a loudspeaker while the
flexural resonance frequencies and the corresponding mode shapes are
recorded optically with a stroboscopic interferometer. Under the simple assumption of the material density, the theoretical and experimental
method dissociates the intrinsic mechanical characteristics of the material from the residual stress without requiring sophisticated calculations
or modeling work.
Experimental results were used to theoretically assume the mass sensitivity of diamond-based FPW devices. At equivalent thickness and
acoustic wavelength, nanocrystalline diamond FPW sensors present a
lower detection limit in gases and fluids than silicon-based sensors and
have significant potential for the development of highly sensitive gravimetric biosensors.

Chapter 7

Composite thin film bulk
acoustic resonators
No problem is too small or too
trivial if we can really do
something about it.
Richard Feynman

Nanocrystalline diamond (NCD) is an emerging material with unique
mechanical and chemical properties that can be used for the development
of thin film micromachined sensors. This study comes as a preliminary
step towards the integration of NCD thin film membranes in gravimetric
sensors with low detection limits. We investigate theoretically the mass
sensing characteristics of composite thin Film Bulk Acoustic Resonator
(FBAR) as a function of the side exposed to a mass perturbation. For
NCD, the resonance frequency is increased while the electromechanical
coupling coefficient remains high. At equivalent thickness, an enhancement of the mass sensitivity is reported for mass adsorption taking place
on the piezoelectric actuation side of the composite device.

7.1

Introduction

The main challenge in the development of acoustic sensors for the
detection of surface adsorbed mass in gaseous and liquid environments
is to reach the smallest detection limit possible. Most of the time, this
challenge is tackled by a selection of materials and structures for which
191
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the acoustic energy is closely trapped at the sensing surface. In this
case, a small perturbation due to the adsorption of a given mass causes
a dramatic change in the acoustic field distribution in the entire vibrating structure and is detected through a given transduction mechanism.
The thin film bulk acoustic resonator (FBAR) is a promising structure
for highly mass sensitive miniature acoustic devices with application to
gas and (bio)chemical detection as described in recent theoretical and
experimental works corresponding to solidly mounted or membrane supported acoustic resonators [17, 62, 157, 164, 211]. In the latter case, little
has been devoted to theoretically investigate the influence of the supporting membrane material on the mass sensitivity of a FBAR sensor
although it forms a part of the resonator. By its presence, the supporting membrane traps a part of the acoustic energy, which physical effect
is a key factor to understand the gravimetric sensitivity of the acoustic
structure.
In this chapter, we assess the mass sensitivity of a membrane supported FBAR, referred in the present context as the composite FBAR,
with an approach dedicated to provide an insight in the sensing mechanisms of this acoustic structure via the perturbation theory. We investigate theoretically the impact of introducing nanocrystalline diamond [151] (NCD) as a functional part of the device. NCD is an emerging material with high mechanical qualities and a chemical surface of
interest for its application to biochemical and implanted sensors. The
properties of a composite FBAR with NCD are presented and compared
to AlN and SiO2 within the frame of a systematic approach of composite
FBAR.

7.2

Composite FBAR sensor

For its definition, a composite FBAR results from the electrical transduction of a longitudinal bulk acoustic wave in a piezoelectric layer mechanically supported by a second layer, referred to as the ”loading layer”,
and air-backed ends as depicted in Figure 7.1. While the loading layer
assures the mechanical stability of the structure, by its finite thickness
it also influences acoustic and sensing properties of the resonator.
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Piezoelectric layer
Electrode
tP

Loading layer

tLL
Silicon substrate
Backside hard mask
Fig. 7.1 – Schematic structure of the composite FBAR: a piezoelectric
layer of thickness tP is sandwiched between two metal electrodes to electrically excite a longitudinal wave resonance mode in the stack formed
by the piezoelectric and a ”loading layer” of thickness tLL .

7.3

Theory

Since the composite FBAR presents two possible sensing surfaces,
the mass adsorption can occur either on the piezoelectric side or on the
loading layer side. In both cases, the properties of a given composite
structure are theoretically assessed with the following generic approach:
1. Calculation of the relation of dispersion for the fundamental resonance mode;
2. Expression of the acoustic energy along the entire resonating structure;
3. Evaluation of the mass sensitivity by an analytical expression obtained from the perturbation theory.
For practical considerations, a composite FBAR with aluminum nitride
- as a widely used piezoelectric material in FBAR - supported by a NCD
loading layer (AlN/NCD) is investigated and compared to AlN/AlN and
AlN/SiO2 cases.

7.3.1

Relation of dispersion

The angular resonance frequency ωC = 2πfC is obtained via the mechanical model depicted in Figure 7.2, which consists in transmission
lines of acoustic impedance Z = ρV (material of density ρ and acoustic
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velocity V ) and wavenumber k = ωC /V . In this model, the piezoelectricity and the electrodes are ignored at first. The relation of dispersion
solves the equation of opposite impedances at the interface between the
two layers:
Z2 tan k2 t2 = −Z1 tan k1 t1 .
(7.1)

Air

Layer 1

Layer 2

k1 , Z1

k2 , Z2

t1

t2

Air

Fig. 7.2 – Equivalent transmission line model of the composite FBAR:
a longitudinal acoustic wave with wavenumber ki propagates in the two
layers of acoustic impedance Zi and thickness ti . The air -backed ends
are mechanically represented by shorted ends.
The particle velocity at a position x along the thickness of the structure,
for an initial velocity v0 at the sensing surface (i.e. x = 0), is:
v1 (x) = v0 cos k1 x;


Z1
v2 (x) = v0 cos k1 t1 cos k2 x −
sin k1 t1 sin k2 x .
Z2

(7.2)
(7.3)

The resonance frequency fC is found by taking t1 = tP and t2 = tLL ,
where the subscripts P and LL refer to the piezoelectric and the loading
layer, respectively. The material data used for the model are given in
Table 7.1.
The frequency fC is normalized to the resonance frequency of the
AlN layer taken alone:
fP =

VP
2tP

Figure 7.3 shows the relative frequency
Rf =

fC
fP

.

(7.4)
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Density ρ

Ac. Velocity V

Ac. Impedance Z

kg/m3

m/s

MRayl.

AlN

3260

10400

34

NCD

3500

17700

62

SiO2

2200

6400

14

Al

2700

5100

14

Table 7.1 – Material data used for simulations
as a function of the normalized thickness tLL /tP for AlN/NCD, AlN/AlN
and AlN/SiO2 . Thanks to the normalization, the study of the composite
FBAR is made independent of the actual thickness attributed to the
piezoelectric layer.
A first advantage of NCD as loading layer is linked to the high
acoustic velocity of the diamond material: at equivalent total thickness, the operating frequency of the AlN/NCD FBAR is the highest as
the NCD gets thicker. A thick loading layer is also advantageous for a
better mechanical stability. However, because the loading layer is only a
mechanical loading a part of the acoustic energy in the structure is not
effectively participating to the electromechanical transduction.

7.3.2

Energy distribution and coupling coefficient

The distribution of the acoustic energy in the structure is given in
Figure 7.4 for an identical value of v0 at the top surface of the piezoelectric. A second advantage of NCD is a larger trapping of the acoustic
energy in the piezoelectric layer. From an electrical point of view, the
electrical admittance of the device Y presents a maximum value at the
resonance frequency, also called series resonance and denoted fs , and a
minimum value at the antiresonance frequency, also called parallel resonance and denoted fp . The separation between both frequencies is called
the effective electromechanical coupling coefficient Ke2 and is linked to the
electromechanical coupling constant of the piezoelectric material [119].
The relation between series and resonance frequency and the effective
electromechanical coupling coefficient k 2 is given by the approximated

196

Composite thin film bulk acoustic resonators

Fig. 7.3 – Relative frequency of composite FBAR as a function of the normalized thickness (solid line: AlN/NCD, dotted line: AlN/AlN, dashed
line: AlN/SiO2 ).
expression
Ke2 '

π 2 fp2 − fs2
.
8
fp2

(7.5)

If the device is constituted only of a piezoelectric layer, its Ke2 is close to
k 2 . The simulation of the composite structure indicates a high effective
electromechanical coupling coefficient for AlN/NCD, close to pure AlN
(k 2 = 5.66%) as seen in Figure 7.5.

7.3.3

Mass sensitivity

The mass sensitivity S of the acoustic resonator is defined by the
relative change of frequency for a perturbing mass of density ρ and ∆h
thickness :
∆ω
S = lim
.
(7.6)
∆h→0 ωρ∆h
According to the perturbation theory, the sensitivity can be written as
a function of the total energy stored in the resonator Uv and the particle
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Fig. 7.4 – Part of the total acoustic energy trapped in the piezoelectric
layer as a function of the normalized thickness (solid line: AlN/NCD,
dotted line: AlN/AlN, dashed line: AlN/SiO2 ).
velocity at the sensing surface of area A (e.g. Eq. 12.99 in [4]):
Z
∆ω
1
=−
|v|2 dA.
ωρ∆h
4Uv A

(7.7)

By assuming an infinite lateral extension of the acoustic field and no
acoustic losses, the combination of Eqs. (3) and (4) gives:
|v0 |2
S = − Rt
.
2 0 ρ(x) |v(x)|2 dx

(7.8)

We obtain the following analytical expression after replacement of Eqs.
(1) and (2) in Eq. (5):
2Z2 ωC
2
1 +Z2 A2 +Z1 Z2 A12

SC = − Z 2 A
1

(7.9)

where:
A1 = (2k2 t2 − sin 2k2 t2 ) sin2 (k1 t1 ) ;

(7.10)

A2 = (2k2 t2 + sin 2k2 t2 ) cos2 (k1 t1 ) ;

(7.11)

A12 = 2k1 t1 + sin (2k1 t1 ) cos (2k2 t2 ) .

(7.12)
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Fig. 7.5 – Effective eletromechanical coupling coefficient Ke2 for a 1 µm
thick piezoelectric AlN layer as a function of the loading layer thickness
(solid line: AlN/NCD, dotted line: AlN/AlN, dashed line: AlN/SiO2 ).
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The composite device presents therefore two mass sensitivities: SC,P
for (t1 = tP , t2 = tLL ) and SC,LL for (t1 = tLL , t2 = tP ), while the
subscript P or LL mentions the sensing side. For a single layer, the
mass sensitivity reduces to
SP = − ρP1tP .

(7.13)

Figure 7.6 shows the evolution of the relative mass sensitivities
RS =

SC
SP

for low and high acoustic impedance loading layers and Table 7.2 summarizes the properties of a 2 µm thick composite FBAR.

fC

SC,P

SC,LL

Ke2

[GHz]

[cm2 /g]

[cm2 /g]

[%]

AlN/AlN

2.6

−1500

−1500

2.98

AlN/SiO2

1.8

−700

−3800

0.85

AlN/NCD

3.1

−2200

−800

4.83

FBAR

Table 7.2 – Summary of the properties of a 2 µm total thickness FBAR
with tP = tLL = 1 µm
A third advantage of NCD is noticed in Figure 7.6: for a normalized
thickness between 1 and 2, the SC,P of AlN/NCD varies by 10% while
it varies by more than 50% for SC,LL in AlN/SiO2 . Therefore, the
mass sensitivity of AlN/NCD is less influenced by thickness variations
resulting from the fabrication process.

7.3.4

Ground detection limit

Although operating at high frequency results in an increased sensitivity, it often goes along with an increased noise. The minimum surface
density detected σmin is determined by the frequency noise fn , it is considered that a signal at least three times higher than the frequency noise
should be observed to unambiguously identify the frequency shift due to
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Fig. 7.6 – Relative mass sensitivity as a function of the normalized thickness for AlN/NCD (solid line), AlN/AlN (dotted line) and AlN/SiO2
(dashed line) for a mass perturbation on the piezoelectric side (top
graph) or on the loading layer side (bottom graph).
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a sensing event. This is written
σmin =

3fn
.
fC SC

(7.14)

Because fC = Rf fP and SC = RS SP , it is also written as:
σmin =

3fn
.
Rf RS fP SP

(7.15)

By replacing fP and SP by their expression from Eqs. (7.4) and (7.13),
we have the ground detection limit:
σmin =

6fn
Rf RS

·

ρP t2P
VP

.

(7.16)

The latter equation indicates that the detection limit is decreased with
respect to a single piezoelectric FBAR at the condition that the product
Rf RS is maximized. The value of σmin for fn = 1 Hz and tP = 1 µm is
reported for the best sensitivity of the three materials combinations in
Figure 7.7.
According to this specific example, several conclusions can be drawn:
• the best detection limit is achieved with the sensing surface placed
on the low acoustic impedance side of the composite device;
• for a loading layer thinner than the piezoelectric layer (tLL < tP ),
the best detection limit is achieved with AlN/SiO2 ;
• for a loading layer thicker than the piezoelectric layer (tLL > tP ),
the best detection limit is achieved with AlN/NCD;
• in any cases and for the same total thickness, the detection limit
of composite devices is always enhanced with respect to a single
piezoelectric FBAR;
• a detection limit lower than 1 ng/cm2 is possible for a noise level
below 1 kHz.
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Fig. 7.7 – Ground detection limit as a function of the loading layer thickness for AlN/NCD (solid line), AlN/AlN (dotted line) and AlN/SiO2
(dashed line) for the optimum sensitivity and a 1 µm thick piezoelectric
layer.
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Experimental results

An NCD/AlN FBAR has been fabricated as a demonstrator but, at
this stage, the mass sensitivity has not been measured. In this section,
we address the influence of the electrodes, as a first investigation.

7.4.1

Device fabrication

The composite FBARs were obtained by deposition of a nanocrystalline diamond thin film (tLL =2.3 µm thick) on a clean 4 inches silicon
substrate (film deposited by ρ-BeSt coating GmbH, Austria). The piezoelectric layer and its electrodes were obtained by the reactive sputtering
of a Al/AlN/Al stack above the diamond surface (Nimbus310, Nexx Systems, MA). The aluminum layers are 200 nm thick and the aluminum
nitride layer is tP =800 nm thick. The top aluminum was patterned to
form electrodes for the electrical RF measurement of the device. The
composite structure was micromachined by subsequent back-side deposition of a masking layer (200 nm Al) with photo-defined patterns of the
membranes followed by a silicon deep reactive ion etching (DRIE, Bosch
Process). Diamond is an automatic etch stop material for this process.
To avoid a degradation of the front side by the plasma of the DRIE, the
entire wafer edge was protected with a Kapton tape that served equally
to maintain the wafer on a 8 inches carrier wafer covered with aluminum.

7.4.2

Electrical performances

The electrical admittance Y of the composite AlN/NCD FBAR was
measured with an HP85107B Network Analyzer. The values of the series and parallel resonances were measured on 8 different devices with
electrodes shaped as squares of 200 and 300 µm edge size. The measured
values are reported in Table 7.3 and plotted for the fundamental mode
of resonance in Figure 7.8. The effective coupling coefficient Ke2 and
the quality factor Q of the resonators are calculated in Table 7.4. The
quality factor is obtained using the following formula [119]:
Qs,p =

f
∂B
·
2G ∂f

(7.17)
fs,p

where G is the conductance (real part) and B is the susceptance (imaginary part) of the electrical admittance Y = G + jB.
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Fig. 7.8 – Electrical admittance Y of AlN/NCD composite FBAR with
electrodes of edge size 200 and 300 µm as a function of the excitation
frequency (top graph: magnitude of Y , bottom graph: phase angle of
Y ).
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117

118

119

112

120

112

116

96.5

Qp

9.20

5.91

2.53

2.60

2.48

1.82

1.83

1.83

1.38

1.53

1.30

1.46

1.61

(%)

Ke2

Table 7.3 – Measured electrical performances of the three first modes of resonance of the AlN/NCD composite FBAR.
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Electrode

fs

size (µm)

(GHz)

200
1st

300
all

2nd

all

3rd

all

Qs

fp

Qp

(GHz)

Ke2
(%)

Mean

1.594

118

1.604

111

1.48

Std. dev.

0.005

17

0.004

10

0.13

Mean

1.599

83

1.611

116

1.72

Std. dev.

0.005

11

0.006

3

0.22

Mean

1.597

100

1.607

114

1.60

Std. dev.

0.005

23

0.006

8

0.21

Mean

3.27

62

3.30

165

2.54

Std. dev.

0.04

14

0.04

41

0.06

Mean

4.99

17

5.15

19

7.6

Std. dev.

0.04

6

0.02

5

2.3

Table 7.4 – Mean values and standard deviations of the measured electrical performances given in Table 7.3 for the three first modes of resonance
of the AlN/NCD composite FBAR.

7.4.3

Influence of the electrodes

The theoretical dispersion curves of the experimental structure for
the 3 first modes is plotted in Figure 7.9 and the effective coupling
coefficient for the first mode is plotted in Figure 7.10. The aluminum
electrodes can not be neglected from the calculation since their thickness
has a grand total equals to half the thickness of the piezoelectric layer.
Their presence modifies the dispersion relation of the actual composite
structure with respect to the modeled two-layered structure analyzed
in the theoretical section. The aluminum has an acoustic impedance
similar to silicon dioxide and, therefore, its presence as a low impedance
material has an influence on the gravimetric sensitivity of the structure.
To analyze this effect, the perturbation theory was used to assess the
sensitivities of the actual structure, including the electrodes and the
calculation is reported in Figure 7.11.
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Fig. 7.9 – Theoretical dispersion curves of the 3 first modes of resonance
as a function of the NCD layer thickness for the structure NCD/AlN
including the presence of the Al electrodes. The experimental points
at the NCD thickness of 2.3 µm – see Table 7.4 – are reported in the
graph to indicate the correlation between theoretical calculations and
measurement results. The 1st and 3rd modes are closely placed to the
theoretical estimation while the 2nd mode is below the expected value.
The difference is most likely caused by the difference between the assumed and the actual mechanical values of the materials, and the error
on their actual thickness.
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Fig. 7.10 – Theoretical evolution of the effective coupling coefficient K2e
vs. the NCD film thickness for the fundamental mode of resonance
(mode 1). The experimental point at the NCD thickness of 2.3 µm – see
Table 7.4 – is reported in the graph to indicate the correlation between
the theoretical calculation and the measurement result.
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Evolution of the sensitivity

The first overtone has not the same mass sensitivity as the fundamental mode due to a different distribution of the energy in the structure.
Deducing an optimum sensitivity of the composite structure is complicated by schemes that strongly depends of the mechanical parameters
of each material layers, their thicknesses and the mode of resonance.
The experimental measurement of the mass sensitivity is left to future
investigations.
Finally, the stress in the multilayered stack of the membranes causes
a buckling as seen in the optical mapping (Veeco Wyko NT3000) images
in Figures 7.12 and 7.13. The influence of the stress on the electrical
and sensing performances has not been investigated presently.

7.5
7.5.1

Discussion
AlN/NCD FBAR mass sensor

The best composite FBAR sensor is obtained for the following conditions:
• a large acoustic impedance mismatch between piezoelectric and
loading layers;
• a piezoelectric material with a low acoustic impedance and a high
electromechanical coupling coefficient;
• a perturbation occurring on the lowest acoustic impedance side of
the sensor.
The integration of NCD is advantageous as partial replacement of
the AlN and for a sensing event taking place on the AlN side. The
sensitivity enhancement is explained by the fact that a high acoustic
impedance material has a low wavenumber and the AlN ”sees” through
NCD the impedance of the air backside, thus behave more like a single
and thin AlN FBAR.
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Fig. 7.11 – Theoretical mass sensitivities of the two first modes of the
composite AlN/NCD FBAR including the presence of the Al electrodes
(top graph: perturbation on the NCD side, bottom graph: perturbation
on the top Al electrode side).
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Fig. 7.12 – Optical mapping of the surface height of the 200 × 200 µm2
electrode (top graph: top electrodes, bottom graph: backside).
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Fig. 7.13 – Optical mapping of the surface height of the 300 × 300 µm2
electrode (top graph: top electrodes, bottom graph: backside).

7.6 Conclusion

7.5.2
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FBAR-FPW sensor concept

The structure of the FBAR is compliant with the structure of Flexural Plate Wave (FPW) sensors [203]. We discussed in the last chapter
of the opportunity to introduce nanocrystalline diamond in the fabrication of enhanced sensitivity FPW sensors. The identical fabrication
process of FPW and FBAR devices allows the monolithic integration
arrays of both acoustic sensors (FBAR-FPW).
The main interest of this combination will result from devices operating at very different frequencies: 1 to 10 MHz for FPW, and 1 to 10
GHz for FBAR. Consequently, FBAR-FPW provides additional information related to the mechanical properties of surface adsorbed layers,
such as for instance in biosensors. Ongoing experimental work is directed
towards the realization of this type of combined sensors.

7.6

Conclusion

The integration of nanocrystalline diamond in composite FBAR results in acoustic resonators with increased qualities: high resonance frequency, high electromechanical coupling coefficient, and better mechanical stability. A mass sensitivity enhancement occurs if the sensing event
takes place on the piezoelectric side of the NCD-based structure but is
comparable to other materials. However, NCD makes the characteristics of the structure less sensitive to thickness variations resulting from
the fabrication process and more attractive for the achievement of real
biosensor application where the mechanical robustness of the membrane
structure is of crucial importance.
In comparison to other acoustic structures, in particular with respect
to Love mode and Flexural Plate Waves sensors, a sensitivity enhancement is reached at the condition that the level of the frequency noise
can be kept at an identical level; in such case, the detection limit reaches
1 pg/cm2 instead of the typical 1 ng/cm2 reported for Love mode devices. However, as the frequency of FBAR is a factor 10 higher, the
frequency noise is expected to be higher as well, thus increasing the
minimum mass amount detected. Finally, the sensing area of FBAR is
one hundred times smaller than the one of the Love mode waveguide
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or of the FPW resonator, an increased miniaturization of the acoustic
sensor going along with its eventual integration with array technologies.
Altogether, these features open a bright future to the FBAR gravimetric
sensor.

Chapter 8

Final conclusions and
outlook
On a toujours tort d’essayer
d’avoir raison devant des gens
qui ont toutes les bonnes raisons
de croire qu’ils n’ont pas tort !
Raymond Devos

A biosensor is a variety of chemical sensor that performs a qualitative or a quantitative detection of specific biomolecules present in low
concentration in an analyte solution. The detection of biomolecules can
be achieved by several types of transducers, the acoustic method being
one of them. In this thesis, we addressed acoustic structures in which
the harmonic propagation of elastic deformations at frequencies comprised between 100 MHz to a few GHz is guided by a thin solid film,
i.e. for film thicknesses lower or equal to the acoustic wavelength. Since
the acoustic velocity in solid materials is comprised between 1 and 20
km/s, films with thicknesses in the range of hundreds of nanometers to
a few micrometers were used. Thin films are more efficient to guide and
to focus the acoustic energy at the surface where a specific adsorption
of biomolecules takes place, thus leading to high sensitivities.
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For an operation in liquid environments, the acoustic wave must
present one of the two following conditions: 1) to be entirely shearhorizontally polarized (SH wave), or 2) to propagate at a phase velocity
lower than the pressure wave velocity in the surrounding liquid. Under
such condition, the acoustic energy is trapped in an evanescent wave at
the surface-liquid interface and can therefore not dissipate in the liquid,
which would result in a strong attenuation of the acoustic signal as it
propagates in the guiding structure thus making it useless for most of
the practical biosensor applications. The selection of one of the two
conditions results in a given acoustic structure that guides the acoustic
wave, namely an acoustic waveguide.
The first case is implemented by the Love mode acoustic waveguide,
where a shear-horizontal wave is guided by the thin film deposited on a
supporting substrate. The substrate, usually being piezoelectric, is also
required to generate and to detect the acoustic wave that can be electrically excited thanks to interdigitated electrodes patterned on it. For
better sensing characteristics, the Love mode device is fashioned with
multilayered guiding thin films, some of the films being selected not only
for an enhancement of the sensitivity but also to electrically shield the
acoustic wave and its electrical transduction from the dielectric perturbation caused by the sensed environment. The sensing properties of the
Love mode waveguide can be optimized by varying the thickness of the
guiding films.
The second case is implemented under the form of a stand-alone thin film
that can support, for instance, the propagation of the so-called Lamb
mode. Since the mechanical stability of a stand-alone thin film would
be impractical for the manipulation of the device, the actual implementation is better obtained under the form of a membrane supported by
a thick rigid frame. In that later case, the thin film membrane can be
operated in several modes. The flexural plate wave is a resonance mode
close to the Lamb mode, which requires relatively long membranes; the
same structure can be used for a second type of acoustic resonance: the
thin film bulk acoustic resonator (FBAR). Because of the lack of supporting substrate, the concentration of acoustic energy in a thin film
membrane results in a higher sensitivity than the fully supported film
but the inherent fragility of a thin film membrane has been so far the
clearest issue that limited their development for biosensor applications.
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A first large part of this thesis has been devoted to the Love mode
device, which is nowadays considered as an almost classical acoustic
sensor. Despite a high sensitivity, a high versatility for mass and liquid
sensing and a clear robustness, the Love mode device is not as widely
spread as the famous quartz crystal microbalance (QCM) since it suffers
from a more complicated fabrication process and from several packaging
and instrumentation issues than the latter. A minimum 10-fold sensitivity gain is possible by switching from the QCM to the Love mode
sensor, which might account for the large interest developed since the
early ’90s for this attractive waveguide. In a second and smaller part,
the study of membrane based devices has taken a clear turn in direction of nanocrystalline diamond, an emerging material with fascinating
properties. The high mechanical and chemical qualities of this material, close to the ones of pure diamond, in conjunction with its current
fabrication method and relative easiness of processing makes it perfectly
suited for the generation of novel micromachined devices and, in particular, of biosensors. Thanks to the highest acoustic velocity of all other
materials, nanocrystalline diamond can be integrated as thin film membranes for the realization of flexural plate waves and FBAR sensors.
Although the two approaches described in the two main parts of this
thesis may appear separate, they have a common global goal of clearly
establishing the enormous potential for new materials in the development of novel acoustic wave devices and structures for application in
biosensors. The integration of novel, emerging and tailored materials,
together with a solid theoretical understanding of the underlying sensing mechanisms, leads to the realization of novel devices. However, we
would also like to point to the fact that an other benefit could be obtained thanks to alternative actuation methods and innovative acoustic
structures that are out of the scope of this thesis.
In the first Part, this thesis has deeply investigated the Love mode
biosensor. The analysis of the propagation in the guiding structure made
out of a stack of mechanically isotropic and generally viscoelastic layers
was obtained thanks to a transmission line model. The model is efficient
to calculate the acoustic wavevector by decoupling propagation and resonance directions of the structure using the standard transverse resonance
principle. The real and imaginary parts of the wavevector are directly
associated to, respectively, the attenuation and the acoustic velocity of
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the guided wave. The model applies successfully to various configurations including the presence of lossy materials and for a liquid loading at
the surface of the waveguide. The main limitation of the method is the
lack of integration of electrical, piezoelectric and anisotropic effects. A
discrepancy is expected for structures based on piezoelectric substrates
with high values of the electromechanical coupling coefficient such as
lithium compounds.
Thanks to the model, the variation of the electrical signal are correlated
with the surface adsorption of a composite layer from a supporting liquid. Surface density and mass viscosity variations are fully integrated in
the model while the rigid or viscous nature of the adsorbed layer are discriminated by the sensor depending of the relative shifts of amplitude
and phase of the signal. This technique assumes in a novel approach
with respect to known techniques that the biomolecules are forming on
the surface a flat film of varying composition. Because of the varying
composition, linked to the potential inclusion of solvent in the biofilm
and the nature of the biomolecules, the mechanical characteristics of
the film are varying as well and are reflected by the modification of
the signal and the ratio of amplitude to phase shifts. A high ratio denotes a viscous film while a low ratio sustains a doubt about the rigid
or viscous nature of the film. The uncertainty could be resolved by an
additional and independent measurement of the film thickness. The numerical values of the ratio are determined by simulations that requires
to know precisely the density, the shear stiffness and the thickness of
the constituting layers of the waveguide. Once those properties known,
simulations are sufficient to determine all sensing characteristics without
requiring any experimental calibration methods.
The experimental calibration of the device should focus at determining
the exact mechanical characteristics of the guiding layers since those
directly determine the distribution of energy in the structure, the dispersion of the wave and, consequently, the variations in the propagation
resulting from modifications happening above the sensing surface. We
showed that most of the calibration methods intended to determine the
gravimetric sensitivity have discrepancies between each others and with
the actual sensing of biomolecules because of two reasons. The first reason is that the gravimetric sensitivity, that links the phase shift to the
surface density shift, is not representative of the variation of density and
viscosity induced by the adsorption of biomolecules. The second reason
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is that the calibration methods induce variations representative of the
material currently used for the calibration without direct link with the
recognition of an other biochemical of other thickness or configuration
on the surface. We conclude that calibrations should be avoided and
stress should be put to determine the exact mechanical properties of
the guiding layers instead and deduce directly from adequate simulations the variations of the acoustic signal resulting from variations in
the composition of the sensed media.
During the experimental calibrations, the electromagnetic interferences
had an impact on the variation of phase and amplitude as a function of
the probing frequency and of the amplitude of the electromagnetic wave
relatively to the one of the acoustic wave. A mathematical description of
the interaction between the two waves yields two conclusions: the sensitivity experimentally evaluated at a constant value of the frequency (referring to the open loop configuration) is enhanced around interferences
peaks and, when evaluated at a constant value of the phase (referring
to the closed loop configuration), the interferences are almost not influencing the signal shift. The interference peaks allows to determine the
actual value of phase velocity in the sensing area and their intensity is
function of the design of the transducers, through their radiation conductance, and the coupling of the electromagnetic signal between input
and output transducers. A substantial gain of sensitivity in the open
loop configuration is attainable for a given bandwidth determined by
the intensity of the interaction parameter.
The choice of materials used for guiding the acoustic wave in the Love
mode structure has a direct influence on the sensitivity. A strong dispersion of the wave results in a high sensitivity that peaks for optimum
thicknesses of the guiding layers. The strongest dispersion is obtained
for a large difference in stiffness and density between the substrate and
the guiding layers. A maximum is obtained for materials with the lowest
value for both parameters and low losses dielectrics should be preferred.
For practical achievements, the silicon dioxide still give the best results
in our study if tailored properly during the deposition. Plasma-enhanced
chemical vapor deposition of silica layers have different characteristics
function of the gases used and others factors that must be optimized
for each specific deposition tool. In the present case, a hydrogen-rich
atmosphere resulted in very low shear stiffness of the guiding layer and
therefore a relatively strong sensitivity. However, an acoustic device
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with high sensitivity is also a device that suffers from a strong attenuation when loaded by the liquid, thus achieving the optimum thickness
while keeping a sufficiently high level of the signal with a liquid loading
is not possible.
The fabrication of actual sensors must also address the main issue of
packaging and the protection of the electrical parts from the electrical
influence of liquids. The original approach presented in this thesis and
based on the photodefinition of SU-8 protection walls is the basis of a
packaging method that needs further enhancements to be fully compatible with IC fabrication techniques.
The information issued from the SAW biosensor is not sufficient to quantitatively determine all the parameters of the composite layer lying on
the surface. The composition of the layer and its thickness can not be
determined out of a single SAW measurement. An additional biosensor technique that can be directly linked to the SAW parameters is
required, such as a direct thickness measurement (e.g. AFM or capacitive techniques) or with an optical measurement such as ellipsometry
or surface plasmon resonance (SPR). From literature, the combination
of the quartz crystal microbalance with the SPR technique was known
and, presently, the SPR method has been technically integrated with
the Love mode biosensor in a single instrument for the in situ, real time
and label-less monitoring of acoustic and optical data during the adsorption of biochemical material on a single sensing surface. Both techniques
probes the adlayer within similar thicknesses and are linked by assuming
a direct correlation between the refractive index and the density of the
composite layer. Analytical methods were presented to determine out
of these two measurements the thickness and the density of rigid or thin
viscoelastic layers on one side, and the thickness, the density and the viscosity of Newtonian layers on the other side. To that end, simulations of
both the SAW and the SPR signal are required and the only knowledge
of the bulk values of refractive index and density of the component segregating in the composite layer. Investigation of S-layers and PNIPAAm
demonstrated the potential of the method to determine nanometer range
thicknesses and, from the density of the layer, the quantity of solvent
diluted in the adlayer within 10% range. Beside that, the technique still
operates for thermal cycling between 20 and 40 ◦ C as seen by probing
the evolution of PNIPAAm layers under such circumstances. Thanks to
our method, an improved insight of the conformational transition of the
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polymer around the Lower Critical Solution Temperature was obtained
in agreement with previous studies reported in the literature.
In the second Part, this thesis has investigated thin film nanocrystalline diamond membrane for acoustic based sensors. Thin film suspended membranes concentrating more efficiently the acoustic energy
to the sensing area have a higher sensitivity and a lower mass detection. Nanocrystalline diamond is a material of choice with respect to
classically used materials due to the highest Young’s modulus and other
significant mechanical, optical and chemical properties. Its deposition
as homogeneous thin films still happen at relatively high temperatures
to allow IC integration but, for stand-alone devices, the fabrication and
processing methods are fully compliant with current microfabrication
techniques. The additional possibility to tune the material characteristics, and in particular its conductivity by doping, opens applications
to a wide range of opportunities for microsystems and corresponding
sensors.
In this thesis, the objective has been set to the development of flexural plate waves (FPW) in a first time for mass sensing in liquids, as a
valuable competitor of the Love mode structure. Operation at lower frequencies similar to the ones of the quartz crystal device, with identical
sensitivities and sensing area, facilitates the instrumentation. Due to
a mechanical stiffness increasing faster than its density, nanocrystalline
diamond is suited for the realization of FPW devices with increased
sensitivity at the condition that the membrane could be thin enough
(below 1 µm) and actuated appropriately. A piezoelectric actuation
of the membrane, obtained by integrating a piezoelectric thin film like
PZT-compounds, zinc oxide or aluminum nitride, in conjunction with
interdigitated electrodes, is requested although any added layer deteriorates the sensing characteristics of the device because of the additional
mass loading and the consequent decrease of acoustic energy density
it causes. There are still efforts to place in such investigations since
the experimental demonstration of a diamond-based FPW sensor was
not reached yet during this thesis. However, as outcome of our investigations, an original dynamic characterization method of the relevant
parameters for the design of FPW devices and the residual stress in
the membrane was set. A stroboscopic measurement of the out-of-plane
deflections of the membrane excited on the lower resonance modes is
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used to determine the resonance frequencies function of the shape of the
membrane and the residual stress in the thin film. By a simple regression technique, the exact value of a parameter involving the Young’s
modulus, the density and the Poisson’s coefficient of the material is obtained as well as the residual stress in the film. This parameter enters
directly the formulation of the FPW sensor and can therefore be used
to assess the expected properties of a prototyping material intended for
FPW sensors.
As a second step to the achievement of FPW sensors, the integration
of piezoelectric aluminum nitride films was considered experimentally.
Based on the same technology as the one needed for the fabrication of
FPW device, thin film bulk acoustic resonators were fabricated in the
frame of this thesis and tested. FBAR made of a supporting material, in this case the nanocrystalline diamond thin film, with the AlN
layer is also an acoustic sensor to which we referred here as the composite FBAR. The sensing characteristics of the composite FBAR were
assessed using the perturbation theory. From the theory, an unique feature of the composite FBAR structure is an asymmetric value of the
mass sensitivity linked to the asymmetry of the structure itself, the best
sensitivity being achieved with a sensing surface placed on the side of
the material presenting the lowest density and the lowest acoustic velocity. The successful integration of AlN in the fabrication process of
FBARs let us believe that the realization of operating diamond-based
FPW sensor is at a stone thrown from our latest achievements. The gain
in sensitivity of FBAR devices is about 1 000 times the sensitivity of the
Love mode device, at the condition that the stability of the signal keeps
identical performances. The miniature size of the FBAR sensor, with
respect to acoustic waveguides, is an other advantage for its mechanical
stability and for a drastic reduction in the absolute quantity of material
required to shift the resonance frequency. Operation on overtones is also
allowed by this type of nanoresonator. The integration of the FBAR or
the FPW sensors with local probes techniques should be envisioned in
future work dedicated to the achievement of multiparametric sensorial
platforms.
For future work, the standardization of the fabrication procedure of
Love mode devices should help to a faster spreading of this multipurpose sensorial platform. Packaging issues should be kept in mind while
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reducing the measurement noise should be targeted to reduce the detection limit. The software implementation of techniques described in
this thesis should also be done in order to help the understanding of
the signal measured. A dedicated instrumentation of the device measuring continuously amplitude and phase of the electrical signal need to
be implemented for a light and portable measurement with the sensor.
Finally, integration with the optical technique, e.g. a white light SPR,
with the SAW sensor is an additional but nonetheless useful feature of a
biosensor! Finally, as mentioned previously, the integration of nanocrystalline diamond in the form of thin film membranes is opening large and
appealing ways to design innovative biosensors.
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[16] F. Bender, K. Länge, N. Barié, J. Kondoh, and M. Rapp. Online monitoring of polymer deposition for tailoring the waveguide
characteristics of Love-wave biosensors. Langmuir, 20(6):2315–
2319, 2004.
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volume 2. Masson, Paris, 1999.
[162] K. Saha, F. Bender, and E. Gizeli. Comparative study of IgG
binding to proteins G and A: nonequilibrium kinetic and binding
constant determination with the acoustic waveguide device. Anal.
Chem., 75(4):835–842, 2003.
[163] K. Saha, F. Bender, A. Rasmusson, and E. Gizeli. Probing the
viscoelasticity and mass of a surface-bound protein layer with an
acoustic waveguide device. Langmuir, 19:1304–1311, 2003.
[164] S. Salgar, G. Kim, D.-H. Han, and B. Kim. Modeling and simulation of the thin film bulk acoustic resonator. In IEEE International
Frequency Control Symposium and PDA Exhibition, pages 40–44,
2002.
[165] J. P. Santos, M. J. Fernández, J. L. Fontecha, J. Lozano,
M. Aleixandre, M. Garcı́a, J. Gutiérrez, and M. C. Horillo. SAW

242

REFERENCES
sensor array for wine discrimination. Sensors and Actuators B,
107:291–295, 2005.
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Appendix A

Acoustic waves in solids
A.1

Introduction

This appendix presents the propagation of acoustic waves in solids,
it is the theoretical support for the modeling 1 . Waves propagation is
ruled by Christoffel’s equation that is derived from Newton’s dynamic
equation and from the constitutive relations for solids. The propagation
of time-harmonic plane waves is investigated since their comportment
is well suited to waves that can be generated in solids. These waves
present three orthogonal displacement components, also called polarizations. Each polarization has its own phase velocity. Polarizations are
largely influenced by the materials characteristics. For that reasons,
propagation in isotropic, anisotropic and piezoelectric solids will be detailed and also attenuation effect in viscous solids. An intuitive graphic
representation of the inverse of velocity as a function of direction of
propagation is given. This representation will help further comprehension of the mechanisms involved in the propagation of the waves.
In bounded media, reflection and refraction occur at boundaries.
Snell’s law rules the relation between incident and scattered waves. The
link between the waves is given by introducing the definition of the
acoustic impedance. The impedance gives a direct relation between
stresses and local particle velocity for a given direction of propagation
of the waves. The definition of that impedance is a starting point for the
modeling and the investigation of resonant structures. Entrapment of
1

The sources for this appendix are found in [5], [146], and [160]
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the waves in a multi-reflective structure such as the Love mode structure
form an acoustic waveguide supporting resonant fields. Finally, power
flow of the waves is considered while the well-known Poynting’s Theorem will found a direct equivalent in acoustic.
Although any wave can propagate in a media, propagation of timeharmonic plane waves makes the study easier. The mechanical fields
that are generated and that propagate under harmonic solicitations at
angular frequency ω with wavevector ~k are described as functions of the
~
position ~r and the time t by functions proportional to ei(ωt−k·~r) , describing well-known time-harmonic plane waves. The angular frequency ω
and the wavenumbers ki (i = 1, 2, 3) are related by a function called
relation of dispersion.

atom
mass M

atomic bond
rigidity K

interatomic distance a

Fig. A.1 – Linear model of solid : atoms with mass M linked by elastic
bonds of constant K
A preliminary note before entering the subject is necessary. A simple
model of solid is a linear arrangement of atoms with mass M , separated
by a distance a and connected together by elastic bonds of rigidity constant K (see Figure A.1). The relation of dispersion for this model is
r
ω=2

K
M

sin

ak
2

(A.1)

and it presents for considerably low values of the wavenumber (ka << 1)
a linear relation
r
K
∼
ω=
ak = V k
M
with V the propagation velocity of low frequency acoustic waves. Since
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| sin ka/2| < 1, a cut-off frequency exists:
V
.
πa
As the phase velocity V for low frequency acoustic waves lies between
1 000 m/s and 20 000 m/s and inter-atomic distances (a) are of a few
Å, the cut-off frequency is in the range of the terahertz. Discussions
in this report will be limited to frequencies in the range of 1 MHz to
1 GHz, in the linear approximation of the dispersion curve (A.1) where
the wavelength λ = V /f is longer than inter-atomic distances. The conclusion of this preliminary note is that solids will always be considered
as a continuous media for waves propagation; quantum considerations
are irrelevant and therefore not considered.
fc =

A.2
A.2.1

Propagation of time-harmonic plane waves
Elastic fields in solids

Description of acoustic waves requires description of the linear behavior of elastic solids. The action of a force on a solid body of density
ρ induces a displacement field ~u; this field is accompanied by a strain
field S defined by

1
fu ≡ ∇s ~u
S=
∇~u + ∇~
(A.2)
2
where the tilde (∼) denotes transposition and subscript s is an abbreviated indication of the symmetry in the displacement gradient. The
mechanical stress is defined as a vector equals to the force applied per
unit surface. For an arbitrarily oriented surface, the mechanical stress is
expressed by a symmetric stress matrix T. In an acoustically vibrating
solid, Newton’s law rules the displacement-stress relation:
2

∇ · T = ρ ∂∂t2~u − F~

(A.3)

and this equation is called the translational equation of motion for a vibrating medium. The vector F~ represents the body forces, for instance
the gravitational field.
The constitutive equation of the solid is determined by Hooke’s law
for elastic solids. This law states the strain-displacement relation:
T = c : S = c : ∇s ~u

(A.4)
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where c is the elastic stiffness constants matrix. The matrix c is a fourth
rank tensor with 81 components, symmetries of S and T reduce to 36
the number of independent constants. The double scalar (or double dot)
product between a fourth rank and a second rank tensor is defined by the
summation over pairs of subscripts in Eq. (A.4). Reduction in number of
independent coefficients allows to write the equations with an abbreviated subscript notation by replacing pairs of subscript by single subscript
using the convention reported in Table A.1. For instance, Hooke’s law
in subscript notation becomes Ti = cij Sj with i, j = 1, 2, · · · , 6 instead
of Tij = cijkl Skl with i, j, k, l = 1, 2, · · · , 6.
(11) ↔ 1
(23) = (32) ↔ 4

(22) ↔ 2
(13) = (31) ↔ 5

(33) ↔ 3
(12) = (21) ↔ 6

Table A.1 – Voigt notation of subscripts.

A.2.2

Christoffel equation

The wave equation is obtained by substitution of Eq. (A.4) in Eq. (A.3)
and the assumption of no source-induced forces (F~ = 0),
∂ 2 ~u
.
∂t2
The propagation of uniform plane waves along the direction
∇ · c : ∇s ~u = ρ

(A.5)

~l = lx ~x + ly ~y + lz ~z

(A.6)

is now considered. The field is assumed to be a time-harmonic plane
~
wave proportional to ei(ωt−kl·~r) . The representation of time-harmonic
plane waves allows to replace directly time and space derivative as following (the field is represented by the •):
∂•
∂t
∂•
∂xi

= iω •

(A.7)

= −iki •

(A.8)

with i = 1, 2, 3 that relates respectively to direction x, y,and z. The
assumption of propagation of that kind of waves let the wave equation
(A.5) to be written as here after, in Voigt notation:
k 2 (liK cKL lLj )uj = k 2 Γij uj = ρω 2 ui

(A.9)
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with



liK


lx 0 0 0 lz ly


=  0 ly 0 lz 0 lx  = e
lLj .
0 0 lz ly lx 0
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(A.10)

Equation (A.9) is called the Christoffel equation and the second rank
tensor Γ is called the Christoffel matrix. The Christoffel equation is
valid for both isotropic and anisotropic solids; it allows determination
of polarizations and velocities. Effectively, the Christoffel equation is
modified by introducing the phase velocity definition
V = λf = ω/k

(A.11)

and assuming no variation of c and ρ with time, this is an eigenvalue
problem:
Γij uj = ρV 2 ui .
(A.12)
Phase velocities V and polarizations ~u of plane waves propagating along
direction ~l in a solid of elastic stiffness c are respectively the eigenvalues
and the eigenvectors of the second rank tensor Γij = liK cKL lLj .

A.2.3

Isotropic solids

For isotropic solids, the stiffness matrix presents the following shape:


c11 c12 c12 0
0
0
 c12 c11 c12 0
0
0 


 c
0
0 

 12 c12 c11 0
c=
(A.13)
.
 0
0
0 c44 0
0 


 0
0
0
0 c44 0 
0

0

0

0

0

c44

Furthermore, stiffness constants are submitted to the invariance rotation
condition described as
c12 = c11 − 2c44 .
(A.14)
From this latter condition, only two independent constants are necessary to describe the elastic comportment of isotropic solids, namely the
Lamé’s constants µ ≡ c44 and λ ≡ c12 . The two Lamé’s constants are
linked to the Young’s modulus E and the Poisson ratio ν by the relations:
λ =
µ =

νE
,
(1 + ν)(1 − 2ν)
E
.
2(1 + ν)

(A.15)
(A.16)
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The relation between Young’s modulus E, Poisson’s ratio ν, Lamé’s
constants λ and µ are summarized in Table A.2.
E, ν

E, µ

λ, µ

c11 , c12

λ

Eν
(1+ν)(1−2ν)

µ(E−2µ)
3µ−E

λ

c12

µ

E
2(1+ν)

µ

µ

E

E

E

µ(3λ+2µ)
λ+µ

12
c11 − 2 c11 +c
12

ν

ν

E−2µ
2µ

λ
2(λ+µ)

c12
c11 +c12

c11 −c12
2

= c44
c2

Table A.2 – Relation between elastic constants for isotropic solid.
Without loss of generality, the specific case of ~l = ~x is considered.
The Christoffel matrix Γ with stiffness matrix (A.13) is a purely diagonal
matrix, the eigenvalue problem is reduced to solutions of:





c11 0
0
ux
ux





k 2  0 c44 0   uy  = ρω 2  uy  .
(A.17)
0
0 c44
uz
uz
Equation (A.17) is related to a set of three independent equations with
two independent eigenvalues. The first solution consists in a x-polarized
x-propagating wave that satisfies the dispersion equation
k 2 c11 = ρω 2
This is the description of a longitudinal wave
~ul = ~x u◦l ei(ωt−kx)

(A.18)

that has a phase velocity
Vl =

q

c11
ρ

(A.19)

The second solution consists in two degenerated waves: a y-polarized
x-propagating wave and a z-polarized x-propagating wave. These waves
satisfy the dispersion equation
k 2 c44 = ρω 2
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They finally consist in two pure shear modes
~us = ~y u◦s ei(ωt−kx)

(A.20)

~us0 = ~z u◦s0 ei(ωt−kx)

(A.21)

that have a single phase velocity
Vs =

A.2.4

q

c44
ρ

(A.22)

Anisotropic solids

The propagation in anisotropic solids, for instance in crystals, still
satisfy Christoffel’s equation. The stiffness matrix has a different number of independent constants, depending upon the symmetries present
in the crystal. The stiffness matrix is a symmetric 6 by 6 matrix with
a maximum of 21 independent constants. This corresponds to the triclinic classes which does not present any further symmetries. Solutions
of Christoffel equation need more often to be solved numerically for
anisotropic solids and receive simple analytical solutions only for a certain number of directions that depends of the symmetries. Anyway,
plane waves propagation can still be considered to be along direction
~l = ~x at the condition that stiffness matrix would be aligned to this direction by a rotation and solving the Christoffel equation with this new
stiffness matrix.
In general, for a given direction, there are three phase velocities.
Due to the symmetry of stiffness matrix c, the Christoffel matrix is
also symmetric (Γij = Γji ) and its eigenvectors and eigenvalues are all
real numbers. In addition, eigenvectors are orthogonals. It can be also
demonstrated, by energetic considerations, that eigenvalues are positives. Consequently, in solid media, three plane waves with orthogonal
polarization and different phase velocities propagate along the same direction.
Generally, ~u is not aligned or perpendicular to ~l. The wave with polarization close to ~l is called quasilongitudinal and the others are called
quasishear . Those latter propagate slower than the quasilongitudinal
wave.
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Piezoelectric solids

In piezoelectric solids, electrical and mechanical values are related.
The relation implies a coupling between acoustic waves and electromagnetic waves. Finding solutions that simultaneously satisfy Newton’s
mechanical equation and Maxwell’s electric equations will theoretically
solve the propagation. These solutions have a coupled-wave behavior:
acoustic waves propagating at phase velocity V are accompanied by an
~ and electromagnetic waves propagating at speed of light
electric field E,
(that is almost 105 times faster than V ) are accompanied by a mechanical deformation.
The electric field created by the acoustic waves has the velocity V ,
the magnetic field can be neglected. From Maxwell’s equation:
~
~ = − ∂B ∼
curl E
=0
∂t

(A.23)

and so the electric field is deduced to be the gradient of a scalar potential
like in electrostatic:
~ = −∇ · Φ
E
(A.24)
For the electromagnetic field, the high speed reduces the accompanying
acoustic field, so that the elastic energy can be neglected in comparison
to the electromagnetic energy. The treatment of the electromagnetic
waves and coupled acoustic waves can be done separately. This hypothesis is known as the quasistatic approximation, it is a useful hypothesis
since it reduces the complexity of the analysis for piezoelectric media.
The constitutive equations for piezoelectric solids incorporate the
effect of the coupling between electric field and acoustic field:
~ = εS · E
~ +e:S
D
~ + cE : S.
T = −e
e·E

(A.25)
(A.26)

~ is the electric displacement, εS the electric dielectric constants
where D
at constant mechanical strain, e the piezoelectric strain constants and
cE the elastic stiffness at constant electric field. The piezoelectric constants matrix is a third rank tensor that can be reduced to a 3 by 6
matrix with subscript convention over the last two subscripts (see Table A.1). Introducing the quasistatic approximation in Eq. (A.26), the
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translational equation of motion (A.3) comes out:
∇ · cE : ∇s ~u = ρ

∂ 2 ~u
− ∇ · (e
e · ∇Φ) .
∂t2

(A.27)

In addition, from the first constitutive equation for piezoelectric solids (A.25)
~ = 0), we have:
and Poisson’s equation for insulating solids (∇ · D

∇ · εS · ∇Φ = ∇e : ∇s ~u.
(A.28)
We now consider propagation along direction ~l of uniform plane waves as
in page 250, Eqs. (A.27) and (A.28) can then be written with abbreviated
subscript notation as:
k 2 (liK cE
KL lLj )uj

= ρω 2 ui − k 2 (liK eKj lj )Φ,

(li εSij lj )Φ = (li eiL lLj )uj .

(A.29)
(A.30)

The last equation is interesting since the term that multiplies the electric
potential is a scalar, this relation gives the potential in term of the
particle displacement:
li eiL lLj
uj .
Φ=
li εSij lj

Christoffel equation for piezoelectric solids is directly found by eliminating the electric potential between Eqs. (A.29) and (A.30), the final
result looks like that:
 
 
[eKj lj ][li eiL ]
E
lLj uj = ρV 2 ui
(A.31)
liK cKL + l εS l
i ij j

One can clearly see from the Christoffel equation for piezoelectric solids
a resemblance with the non piezoelectric case except the presence of an
additional term in the Christoffel matrix. The elastic stiffness has been
replaced by the expression enclosed in the curly brackets,
cE
KL +

[eKj lj ][li eiL ]
li εSij lj

which is often called a piezoelectrically stiffened elastic constant. In the
same way, the Christoffel matrix Γ is replaced by a stiffened Christoffel
matrix Γ defined by


[eKj lj ][li eiL ]
Γij = Γij + liK
lLj
(A.32)
l εS l
i ij j
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and that enters the stiffened Christoffel equation:
Γij uj = ρV 2 ui

A.2.6

(A.33)

Attenuation

The equation of motion has solutions that would never decrease with
propagation distances. This description is valid under the restricting
case of “ideal” materials. Materials with weak damping are compared
to this model but most of the real materials present a damping of the
wave, i.e. attenuation. Damping is a complicated function of temperature, mode of vibration and frequency. At room temperature, the
constitutive equations can be modified to introduce acoustic losses. The
model is based on Maxwell’s mechanical model of damping and relates
to viscoelastic comportment of material. As the damping results from
deformations rather than rigid displacements, the model is based on the
time derivatives of the strains rather than the time derivatives of the
particle displacements. The model states the following equation:
T=c:S+η :

∂S
∂t

(A.34)

where η is the viscosity matrix. This matrix is a fourth rank tensor as
the stiffness matrix c.
We will now consider effect of damping on the propagation of plane
waves in isotropic materials. The motional equation with introduction of
Eq. (A.34) accepts solutions of type (for the y−polarized x− propagating
wave):
~u = e−αx ei(ωt−kx) ~y
(A.35)
with a damping coefficient α that reduces the field amplitude along
distance of propagation and represent viscous loss and energy absorption
in the medium. The ratio of field amplitudes between x1 and x2 > x1 is
e−α(x1 −x2 ) . The exact expression of attenuation factor α is obtained by
replacing the assumed solution (A.35) in the equation of motion. The
obtained solution has often a complex shape that can be reduced to a
simpler form by stating the low-loss approximation for shear waves in
isotropic media:


ωη44
1
(A.36)
c44
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This statement is valid for most solids with a viscosity coefficient sufficiently small even at frequencies as high as 1 GHz. The attenuation
per wavelength αλ = 2πα/k is function of the acoustic quality factor (or
acoustic Q)
c44
.
Q=
ωη44
The attenuation is known to be proportional to the square of the frequency. At high frequencies, high quality materials have to be used to
avoid large acoustic damping.

A.2.7

Slowness surfaces

For a given angular frequency ω, the wavenumber k is a function of
the direction ~l called the wave vector surface in the k−space. This surface is the slowness surface because of the relation k/ω = 1/V . Solutions
to the Christoffel equation usually require help of computational methods except for some cases (propagation along symmetry axes, isotropic
media, . . . ). We illustrate here after the slowness surface for some materials including amorphous silicon dioxide (SiO2 , isotropic), quartz (
α − SiO2 ) and lithium niobate (LiNbO3 ). Selection of these materials is
due to their illustrative example but, and also, because they are widely
present in acoustic sensors.
Amorphous silicon dioxide is an isotropic material. As considered
before, this kind of material supports pure modes: a longitudinal wave
with phase velocity Vl and two shear waves with phase velocity Vs . Reporting the materials data from Table A.3 for silicon dioxide, the slowness surfaces in the k−space are represented in Figure A.2, for a plane
cut the slowness surface takes the name of slowness curve. Figure A.2
shows two curves, due to the degeneration of the shear waves. The outer
curve is the slowest velocity and is related to the shear waves. The inner
surface is the longitudinal wave, faster than the two others. Numbering
of the k direction is purely arbitrary and any direction can be chosen.
In the whole k−space, slowness surfaces are spheres; whatever the cut
and the direction of propagation, slownesses remain the same.
Anisotropic and piezoelectric cases are showed simultaneously here
after. The slowness curves are strongly dependent on the chosen direction of propagation. We consider first lithium niobate, which belongs to
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ky
ω
shear

2e−4 s/m
longitudinal
1e−4 s/m

kx
ω

Fig. A.2 – Slowness curves for silicon dioxide.

m3m
m3m
isotropic
3m
3m
32

Class
2702
19300
2203
4700
7450
2648

Density
10.73
19.25
7.85
20.3
23.3
8.67

c11
6.08
16.30
1.61
5.3
4.7
0.70

c12

7.5
8.0
1.19

c13

24.5
27.5
10.72

c33
2.83
4.24
3.12
6.0
9.4
5.79

c44

0.9
-1.1
-1.79

c14

Table A.3 – Density (in kg · m−3 ) and elastic constants (in 1010 N · m−2 ) [4].

Aluminum
Gold
Silica
Lithium niobate
Lithium tantalate
Quartz α

Material
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3m
3m
32

Class
0
0
0.171

e11
0
0
-0.0406

e14
3.7
2.6
0

e15
2.5
1.6
0

e22
0.2
'0
0

e31
1.3
1.9
0

e33
38.9
36.3
3.92

εS11

25.7
38.1
4.10

εS33

Table A.4 – (Piezo)electric constants (in C · m−2 ) and dielectric constants (in 10−11 F · m−1 ) of materials [4].

Lithium niobate
Lithium tantalate
Quartz α

Material
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the 3m crystallographic class. Slowness curves in the plane YZ are shown
in Figure A.3. They are drawn with (solid line) and without (dashed
line) taking piezoelectricity of this compound into account. The material
data for simulations are given in Tables A.3 and A.4. From Figure A.3,
[001]
shear, polarisation [100]

quasi−longitudinal

quasi−shear
0.0002 s/m

0.0001 s/m

[010]

Fig. A.3 – Slowness curves for YZ-plane in LiNbO3 with (solid lines)
and without (dashed lines) taking account of piezoelectricity.
three observations can be withdrawn:
• There are three curves that present some symmetry around the
central point but these curves are no more circles like in the isotropic
case;
• The dashed and the solid curves for the pure shear wave are superimposed in the Figure. This wave has polarization along direction
X ([100]).
• Along some directions, slowness for transversal waves crosses but
those directions change when considering or not piezoelectricity.
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One can deduce from those observations that, for a given direction
and a specific polarization, an electrical field either accompanies or not
the acoustic wave and this modify the phase velocity of the wave. This
effect is quantified by the following relation taken from the expression
(A.31):
!
[e
l
][l
e
]
Kj j i iL
cE
(A.37)
KL 1 +
S
(cE
KL )(li εij lj )
where the fractional change in the elastic constant is given by coefficients
called electromechanical coupling constants KKL :
(KKL (~l))2 =

[eKj lj ][li eiL ]
S
(cE
KL )(li εij lj )

(A.38)

The very expression of KKL depends on the considered wave and direction. The constant determines the maximum variation in phase velocity
by Ingebritsen’s relation:
∆V ∼ K 2
(A.39)
=
V

2

The α − SiO2 belongs to crystallographic class 32. The slowness
curves are presented for propagation of waves in the plane corresponding
~ axis and the normal is inclined
to the ST-cut. This cut contains the X
~ axis. Slowness curves are presented in
of 47.5◦ with respect to the Z
Figure A.4, the coupling constants in α − SiO2 are very small so that
only not piezoelectric slowness curves are presented in the Figure. The
material data for simulations are given in Tables A.3 and A.4.
The two piezoelectric materials presented enter in sensors as transducing elements. A large value of the coupling constant indicates a
strong effect between electric and acoustic fields. Electrodes plated to
the surface of the material can do excitation of acoustic waves and the
coupling constants are related to the conversion of electric energy to
acoustic energy. Efficiency of the acoustic transducer is really dependent
on this factor. We will discuss of the importance of coupling constants
latter, when considering design of the transducer.
The dependence of the coupling constants with direction of propagation is used to launch preferentially one kind of wave instead of one
another. For instance, in the case of lithium niobate: the coupling con~ + 163◦ in the YZ−plane is null. Shear waves are
stant along direction Y
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quasi−shear
quasi−longitudinal
shear
0.0003 s/m

0.0002 s/m

0.0001 s/m
[100]

Fig. A.4 – Slowness curves for ST-cut α − SiO2 without taking account
of piezoelectricity.
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~ + 163◦ and faces covered
generated in lithium niobate crystal with cut Y
with metallic electrodes. Although longitudinal waves are still allowed
to propagate, electric sources can not induce their existence.
For the ST-cut α − SiO2 , the coupling constants for both quasilongitudinal and quasi-shear waves are null for direction orthogonal to
~ axis and only of K 2 = 0.11% for the pure shear wave. That
the X
direction can be used to launch and propagate shear waves that have
a polarization parallel to the cut plane, they are called shear-horizontal
waves (or SH-waves). Anyway, it will be too restrictive to talk only
about lithium niobate and quartz for generation of acoustic waves. Other
materials are under investigation for that goal and receive much attention like berlinite (AlPO4 ), gallium phosphate (GaPO4 ), aluminum nitride (AlN), gallium arsenide (GaAs), . . . In addition, the two materials
showed here are also under investigations for finding new cuts [41]. These
cuts depend obviously of the final application they want to receive.

A.3
A.3.1

Reflection and refraction
Snell’s law

At boundaries, acoustic waves experience a change in propagation
properties. They can propagate faster or slower, being partially reflected. We assume a plane boundary between two solids, with normal
~n; displacements and traction forces have to be continuous across the
boundary (quoted values are relative to the second medium):
~u = ~u0

(A.40)
0

T · ~n = T · ~n

(A.41)

and as plane wave fields are described by wave functions
~

e−ik·~r = e−i(kx x+ky y+kz z)
incident and scattered waves must all have the same component of ~k
tangential to the boundary. The remaining component of the wavevector
is determined by a relation called acoustic Snell’s law , which is the
acoustic pendant of the well known Snell’s law in electromagnetism. For
isotropic solids, the acoustic Snell’s law takes a very simple form that
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can be compared to the electromagnetic Snell’s law:
ω
Vl

sin θl =

ω
Vs

sin θs =

ω
Vl 0

sin θl 0 =

ω
Vs 0

sin θs 0

(A.42)

where θ is the angle between the normal to the boundary plane and the
direction of propagation. For anisotropic solids, a simple analytical expression of Snell’law is often difficult to obtain and numerical methods
have to be used.
The slowness surface give a useful representation to find directly both
directions and number of reflected and refracted waves by a simple geometrical construction. Figure A.5 shows schematically that construction
for two isotropic materials with different slowness surfaces. The axis on
this Figure are components tangential (kk /ω) and perpendicular (k⊥ /ω)
to the boundary plane. The plane perpendicular to the boundary plane
contains an incident shear wave. This wave arrives at the interface from
the solid represented below on the Figure. Conservation of the tangential component of ~k give rise to two reflected waves (both shear waves) in
the first solid and three refracted waves (one longitudinal and two shear
waves) in the second solid, which has phase velocities slower than in the
first solid. All the waves are contained in the same plane perpendicular
to the interface plane. Extension of this effect to anisotropic solids is
direct: up to three reflected and three refracted waves might arise from
boundaries and the direction of each one is geometrically deduced from
the slowness surfaces or from analytical solution to the boundary value
problem.
In piezoelectric solids, the problem is more difficult since two additional boundary conditions are necessary for the electrical values. These
two additional conditions can be expressed with use of the quasistatic
approximation:
Φ = Φ0
~ · ~n = D
~ 0 · ~n
D

(A.43)
(A.44)

Those conditions give rise to up to five reflected and five refracted waves
(three acoustic waves and two electromagnetic waves). Solutions can be
deduced geometrically by adding electromagnetic slowness curves to the
acoustic slowness curves.
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Solid 2

k8/w
2 refracted shear waves

1 refracted longitudinal wave

k///w

Solid 1

k///w
1 incident shear wave

2 reflected shear waves

Fig. A.5 – Reflections and refractions at boundary between two isotropic
solids.
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Critical angle

The geometrical constructions in Figure A.5 do not always give real
intersections with the slowness surface for all of the scattered waves.
Physical significance is deduced from the dispersion relation for transmitted wave for isotropic solids:
 ω 2
2
2
(A.45)
kk 0 + k⊥ 0 =
V0
In this equation, the tangential component kk is greater than (ω/V 0 )
leading to a pure imaginary perpendicular component k⊥ :

k⊥ = ±i kk

2

 ω 2 1/2
−
,
V0

(A.46)

the sign is chosen to satisfy the physical requirement of getting a signal
that reduces to zero as distance trends to infinite. From this consideration, one can see that the wave is totally reflected; the refracted wave
is evanescent. For isotropic solids and from Snell’s law (A.42), total reflection occurs for incidence angles greater than a critical angle defined
by:

θcritical = arcsin VV 0
(A.47)

A.3.3

Acoustic impedances

Previous sections have shown a relation between stress fields T and
particle displacement fields ~u, or equivalently between stress fields and
u
particle velocities 2 ~v = ∂~
∂t . For a given direction of propagation, each
plane wave solution has three stress components and three velocity components. If we consider, for a direction k~l = ~k, the following definition
(Tk )i = Tik
with i = x, y, z, the relation between the two fields is given by:
− Tik = (Zak )ij vj

(A.48)

and the 3 by 3 matrix (Zak ) is called the acoustic impedance matrix .
Acoustic impedance coefficients have dimension [kg · m−2 · s−1 ] that is
called Rayleigh (Rayl.) in acoustic. As values of acoustic impedances
2

the factor ω has to be introduced in the relations
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are usually large, the use of MRayl. = 106 · Rayl. is relatively spread.
For a given direction, there are three different acoustic impedance
matrices, corresponding to one (quasi)longitudinal and two (quasi)shear
waves. Elements of matrix (A.48) are found from the acoustic field equations. Explicit calculation of this matrix is given here after. For further
resolution of scattering at boundaries, the relation (A.48) is generalized
to measurement of acoustic impedance in direction ~n = [nx ny nz ] for
plane wave propagating in direction ~k:
− Tin =

niK cKL kLj
vj
ω

(A.49)

where


niK


nx 0 0 0 nz ny


=  0 ny 0 nz 0 nx 
0 0 nz ny nx 0

(A.50)

and kLj = klLj is defined by (A.10). Elements of the acoustic matrix
for that direction are:
(Zak )ij =

niK cKL kLj
ω

(A.51)

and one can see that impedance matrix elements can be obtained by a
slight modification of the Christoffel matrix in (A.9).

A.4
A.4.1

Energy considerations
Acoustic Poynting’s Theorem

Wave propagation requires for a complete description the formulation
of an energy conservation relation. In electromagnetism, this relation is
derived from Maxwell’s equations and is known as Poynting’s Theorem.
For acoustic fields, using the strong analogy with electromagnetic fields
results in a similar relation. The scalar product of the translational
equation of motion (A.3) with −~v is taken and added to the double
scalar product of (A.2) (differentiated with respect to t) with −T. The
result can be expressed as:
− ∇ · (~v · T) = −ρ~v ·

∂~v
∂S
−T:
+ ~v · F~
∂t
∂t

(A.52)
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and then integration is carried out over a volume V and the divergence
theorem is used to introduce an integral over the bounding surface S:
Z

I
(−~v ·T)·~n dS = −

V

S

∂~v
ρ~v ·
dV −
∂t

Z
V

∂S
T:
dV +
∂t

Z

~v · F~ dV. (A.53)

V

We assume first that surface S is stress-free so that the surface integral in (A.53) goes to zero. Only volume integration terms remain, in
R
which the term V ~v · F~ dV = Ps is the power supplied to the volume V
by the sources. For a system without loss, the expression
Z
V

∂~v
ρ~v ·
dV +
∂t

Z
T:
V

∂S
dV
∂t

(A.54)

is the rate of change of of stored energy in the system, ∂U/∂t. The first
term in (A.54) can be identified as the rate of change of kinetic energy
density,


∂uv
∂~v
∂ 1 2
= ρ~v ·
=
ρv ,
(A.55)
∂t
∂t
∂t 2
and the other term is the rate of change of the elastic energy stored en
R
ergy density, us . For a viscously damped medium, the term V T : ∂S
∂t dV
contains both stored energy and power loss term. With all those considerations, the acoustic Poynting’s Theorem can be written for the general
case as
H
v · T) · ~n dS + ∂U
(A.56)
∂t + Pd = Ps
S (−~
where

Z
U=

(uv + us ) dV

(A.57)

V

is the total kinetic and elastic stored energy in V . The surface integral
is the total power flow outward through closed surface S. The integrand
P~ · ~n = −~v · T · ~n
is the power flow density in the direction ~n and we can thereby define
an acoustic Poynting vector
P~ = −~v · T
that has dimension [W · m−2 ].

(A.58)
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A.4.2

Complex acoustic Poynting’s Theorem

Poynting’s Theorem (A.56) relates to instantaneous power flow and
energy storage. For time-harmonic fields, Poynting’s Theorem is found
to be
!
Z
Z
I
v∗ · F~
T : S∗
(−~v ∗ · T)
| v |2
dV +
· ~n dS = iω
−ρ
dV
2
2
2
2
V
V
S
(A.59)
In this equation, we can replace terms by definitions for commodity. The
complex power supplied by the source:
Z
v∗ · F~
dV = Ps
(A.60)
2
V
and the peak kinetic stored energy in the system:
Z
| v |2
dV = (Uv )peak .
ρ
2
V

(A.61)

The peak strain energy (Us )peak and the time average power loss due to
viscous damping (Pd )AV can be defined by:

Z
Z 
T : S∗
S : c : S∗
S : η : S∗
iω
dV = iω
+ iω
dV(A.62)
2
2
2
V
V
= iω(Us )peak − (Pd )AV .
(A.63)
Finally, the complex acoustic Poynting’s Theorem is
H
S

(−~v ∗ ·T)
2

· ~n dS − iω{(Us )peak − (Uv )peak } + (Pd )AV = Ps

(A.64)

and the complex acoustic Poynting vector is defined as
P~ =

A.4.3

−~v ∗ ·T
2

(A.65)

Energy transport of plane waves

For the specific case of time-harmonic plane waves, the expression of
Poynting’s Theorem takes a simpler form. The relation of dispersion for
those waves implies interchange between kinetic and potential density
of energy; equivalent peaks are exactly balanced and the relation (A.64)
reduces to a simpler power balance:
I
(−~v ∗ · T)
· ~n dS + (Pd )AV = Ps
(A.66)
2
S
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and when there is no attenuation, the complex acoustic Poynting vector
is a real number that represents the average power flow density P~AV .
From this latter condition, the equation that can be obtained is rather
interesting:
H
P~AV · ~n dS = Ps
(A.67)
S

If the energy velocity is the vector defined by the ratio of the average
power flow to the peak (kinetic or potential) energy
~
~e = PAV · ~n ,
V
UAV
and an other relation that can be derived is
~k · V
~e = V.

(A.68)

Usually, the energy velocity is equal to the group velocity defined by
Vg =

∂ω
.
∂k

The energy velocity direction, or the group velocity direction, is the normal to slowness surface at the point given by the intersection between
the wavevector and the slowness surface. With that point of view, pure
modes are the directions where energy velocity direction is aligned with
direction of propagation. When the medium is dispersive, the phase velocity and the group velocity are different. The relation between them
can be deduced by differentiating the phase velocity with regard to wavenumber:
Vg = V + k · dV
(A.69)
dk
This relation gives the influence of the dispersion on the group velocity.
Figure A.6 gives the representation of the phase and the group velocity
as a function of the dispersion relation. For a given wavenumber, the
phase velocity is the slope between the origin (wavenumber null) and
the considered point; the group velocity is the slope of the line tangent
at the considered point.
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Fig. A.6 – Relation of dispersion: phase velocity V and group velocity
Vg are represented

Appendix B

Electrical model of the
SAW device
Surface acoustic wave devices and interdigital transducers have been
described abundantly in the literature [29, 161]. We use the electrical
model to evaluate the effect a liquid loading on the electrical instrumentation of the device. The ideal transducer is modeled by a radiation
conductance Ga (f ) that is function of the frequency f connected in parallel with a static capacitance CT . The electrical admittance of the
transducer is written as
YIDT (f ) = Ga (f ) + j2πf CT

(B.1)

and an expression for CT is N W C0 , where N is the number of finger
pairs with an acoustic aperture W corresponding to the overlap length
of the fingers and C0 the capacitance per finger pair and per unit length.
The synchronous frequency f0 is the ratio between the acoustic velocity
V and the finger pairs periodicity λ (i.e. f0 = V /λ). For frequencies near
the synchronous frequency, the radiation conductance is approximated
by


sin x 2
2
2
,
(B.2)
Ga (f ) ' 8K f0 N W C0
x
where x = N π(f − f0 )/f0 and K 2 is the electromechanical coupling
constant of the piezoelectric substrate. The transfer function H(f ) of a
lossless SAW delay line relates the output (or load) voltage VL to the
source voltage VS and is given by
VL
YDL R
H(f ) =
=
(B.3)
VS
(1 + YIDT R)2 − (YDL R)2
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where R is the source and load impedances supposed identical and equal
to 50 Ohms, and YDL is a transfer admittance given by
YDL = Ga (f ) exp {j (π − 2x − 2πf L/V )} .

The electrical model of the SAW device allows us to evaluate the
effect of water loading on the transducers. In a rough estimation, the
capacitance per finger pair and per unit length is given by C0 = (εrS +
εrL ) × ε0 , where ε0 is the dielectric constant of vacuum (8.854 pF/m),
εr is the relative permittivity and the subscripts S and L refer to the
substrate and the loading, respectively. We compare the effect of water
loading (εr = 80) of the transducers for two classical substrates with
low and high K 2 : quartz and lithium niobate (LNO). The maximum
amplitude of the transfer function, that is 20 log kH(f )k, is simulated
as a function of the value of C0 . The parameters of the simulation are
given in Table B.1 and with W = 3.2 mm, L = 9 mm and λ = 40 µm.
Quartz

LNO

K2

0.0011

0.046

f0

126.5 MHz

87.2 MHz

V

5060 m/s

3488 m/s

N

100

40

Table B.1 – Simulation parameters
Figure B.1 displays the net change of the amplitude with air and
with water above the electrodes of the transducers. The attenuation is
more pronounced on the quartz with a loss about 12 dB, while for LNO
the loss is lower with a value of 6.9 dB. This difference is mainly due to
the high value of both the dielectric constant and the electromechanical
coupling constant of LNO.
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Fig. B.1 – Theoretical evolution of the maximum electrical amplitude
of the SAW device as a function of the capacitance per finger pair and
per unit length (C0 ) for lithium niobate (LNO, upper curve) and quartz
(lower curve). The dots are the values corresponding to air and water
above the finger electrodes.
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