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Abstract

This thesis presents an acoustofluidics platform for elastic characterization of biological
samples using ultra high frequency (~1GHz) ultrasonic bulk acoustic waves (BAW).

Passive 45< mirror planes obtained by wet chemical etching can be used to control bulk
acoustic wave to transmit in the directions parallel to the surface of the silicon wafer. Zinc
oxide (ZnO) thin film transducers were deposited by radio frequency sputtering on the other
side of the wafer, which act as emitter/receiver after aligned with the mirrors.

A microchannel fabricated using ICP technology was inserted between 45 “mirror and vertical
mirrors to realize the real time biosensing applications. To validate the design and technology
of the silicon and PDMS-based platform, the propagation of bulk acoustic waves through the
microfluidic channel was studied. This lab-on—a-chip platform was used to characterize
different concentrations of chemical solutions in the microfluidic channel and detect latex
particles passing through the channel.

Moreover, with this design, a confocal cylindrical lens using ICP technology was integrated
in the microsystem. The confocal lens controls the phase of acoustic waves for focusing
which is used to characterize and detect biosamples (e.g. blood cells), especially on-line to

evaluate the concentration of red blood cells.

Key words: ultra high frequency transducer; acoustical characterization; Lab -on —a- chip;
microfluidics; bulk acoustic wave
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General introduction

In the recent advances in the field of microelectromechanical (MEMS) system,
microfluidics-based analysis systems are powerful tools which facilitate novel experiments and
have many applications in chemical and biological systems, such as cell analysis and
high-throughput biological screening. The use of small volumes of reagents, the increase in the
sensitivity of these microfluidic components and the ability to perform numerous analyses in
parallel have widely contributed to the wide interest in lab-on—a-chip. Various sensing
technologies have been integrated in microfluidic systems (e.g. optics, RF, acoustics) making it
possible to measure different physical properties. Over the last decades, these technologies
have also been developed for the integration of actuators in microfluidic systems, including
optical and magnetic tweezers, and electrical forces for manipulating small objects in aqueous
solution. The latter application requires high electrical power.

In recent years, many efforts have been devoted to integrating acoustic techniques in
microfluidic systems, such as sensing, mixing, manipulating and trapping. These applications
are based mainly on the use of low frequency waves and/or surface acoustic waves. The interest
of using BAW for biological applications has been demonstrated with the development of high
frequency acoustic microscopy in this domain. It is well known that some pathology modify the
elastic properties of biological cells. However, traditional acoustic microscopy is often a bulky,
expensive or complex characterization method, which is hard to integrate for on-line elastic
evaluation. In comparison with the acoustic sensing systems above, high frequency bulk
acoustic waves (BAW) have potential applications for the detection of biochemical
micro-objects and characterization of the elastic properties of biological cells (e.g. blood cells).

In our case, the aim was to integrate bulk acoustic wave sensors to carry out measurements in a
microfluidic channel in order to evaluate the elastic properties of fluids and single biological
cells.

In this thesis, we report a novel silicon-based high frequency (GHz range) bulk acoustic wave
(BAW) sensing microsystem. BAWSs have been generated using miniature piezoelectric
transducers (thin zinc oxide films can be easily used to integrate low power, high frequency
transducers) and guided using acoustical mirrors parallel to the surface of the silicon wafer.
BAWS have been then transmitted through the microfluidic channel. Some components used in
order to increase the spatial resolution and the sensitivity of the measurement technique such
as cylindrical lenses have also been fabricated. Due to the non-contact nature and high
resolution of acoustic waves in the field of classic scanning microscopy (a spatial resolution of
one wavelength can be assumed, that is to say 1.5pm at a frequency of 1GHz), such
microfluidics-based high frequency BAW platforms are suitable for non-destructive
characterization and detection in microfluidic channels.

In the first chapter, various sensing technologies based on the microfluidic systems are
reviewed. Optical and electrochemical methods have been widely used in the microfluidic
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sensing system. For both types of systems, one of the major challenges in biological detection
and clinical bioanalysis is the requirement of labeling, such as fluorescent markers, enzymes or
quantum dots. For this reason, there is a high interest in developing label-free detection system.
The acoustic wave based sensor devices can provide an answer. The current biomedical
applications of the acoustic wave based devices are mainly classified into two types: BAW and
SAW. The resonators method and delay lines method are presented.

In the second chapter, firstly we will present the background on acoustic waves. Then we study
the elastic wave propagation in three different media. Later we will focus on the study of
continuity conditions at the interface of two different materials (e.g. solid-air,) and we will turn
to study the elastic wave motion in piezoelectric solid. Secondly, a difference of the acoustic
impedances between two media in close contact leads to the reflection of the incident acoustic
beam. This phenomenon can be widely reduced using the mechanical impedance matching. A
common material for solid-liquid interface matching is the use of the anti-reflection layers of
quarter wavelength. In the case of silicon wafer of silicon dioxide can easily be used in order
to improve the losses of our system. At the same time, the silicon oxide coating layer between
the solid media and gas media also play an important role in the acoustic wave reflection by an
acoustic mirror. Finally we will evaluate the expected performances in different parts of our
microsystem.

In the chapter three dedicated to the experimental fabrication of our system, the MEMS
technology have been used to fabricate a novel silicon based microsystem with microfluidic
channel, acoustic wave guiding components and thin film sensors. Radio-frequency sputtering
technologies are chosen to fabricate ZnO / PZT high frequency piezoelectric transducer. The 45
mirror is etched with a mixture including isopropyl alcohol (IPA), Tetramethylammonium
hydroxide (TMAH) and ammonium persulfate (AP) in order to obtain smooth mirror surface.
The 45°mirror is used to guide the acoustic wave from the wafer thickness direction to a
direction parallel to the surface of the wafer. Investigation of the microsystem properties was
achieved to obtain the desired fabricated structures, some important parameters of deep
Reactive-ion etching (RIE) fabrication process had been discussed; the surface roughness of the
micro-structures is a key point for BAWSs transmission, as well as the perpendicularity of the
microchannel. Polydimethylsiloxane (PDMS) as the package material is used to assemble this
microdevice.

Finally the last chapter of this thesis concerns the application of our silicon based microdevice
for the detection of particles and elastic properties characterization. We used probe contact in
the validation measurement, which is easily compatible with the vector network analyzer

(VNA) measurements in our frequency range. The S;; parameter measurement was based on

a continuous wave using frequency sweeping. Then we used signal processing (inverse
Fourier transform) to obtain the time domain echogram. The microdevice of original design
was calibrated with deionized water (DIW). The transmitted and reflected acoustic waves have
been investigated. Then the improvement of a pair of vertical mirrors has been performed to
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increase the transmitted signal with respect to parasitic echoes of the microsystem. The
improved microdevice has been calibrated with the DIW and potassium iodide solutions. The
echograms of the transmitted acoustic wave have been discussed. Finally the confocal lenses
have been integrated into the improved microdevice in order to give very first results about the
characterization of the elastic properties of biological cells.



1 Introduction to Lab on a Chip system

The development of microfabrication technologies has enabled the integration of functional
units for biochemical analysis onto miniaturized chips. In the recent years, lab-on-a-chip (LOC)
has many applications in the biochemical and biomedical fields. Integrated microfluidic
devices involve the large-scale integration of various microfluidic components, such as
microvalves, micropumps, microfluidic mixers, and other elements to handle and control fluids
at the microscale. They are frequently used for biological, chemical, and biomedical analysis.
The optical and electrochemical methods have been widely used in the microfluidic sensing
system. In both two types of systems, one of the greatest challenges in biological detection and
clinical bioanalysis is the requirement of labeling, such as fluorescent markers, enzymes or
quantum dots. For this reason, there is a high interest in developing label-free detection system.
The acoustic wave based sensor devices can meet this requirement. The current biomedical
applications of the acoustic wave based devices are mainly classified into two types: bulk
acoustic wave (BAW) and surface acoustic wave (SAW). A great amount of microfluidic
devices based on BAW or SAW mode have been used for biochemical sensing and detection.
The basic principal of our microsystem is also introduced. Our microsystem is a highly
integrated acoustofluidics platform. The ultra high frequency (~1GHz) ultrasonic bulk acoustic
waves (BAW) and the transmission mode are used for elastic characterization of biological
samples.

1.1 Microfluidics and Lab—on—-a—Chip System

1.1.1 Historical aspects

In the 1950s, the invention of microtechnology realized integrated semiconductor structures for
microelectronic chips. In the 1960s, the lithography-based technologies were soon applied in
pressure sensor manufacturing as well. Next it was applied to pressure sensors, airbag sensors
and other mechanically adaptable structures. The devices for fluid handling were developed,
such as channels (capillary connections), mixers, valves, pumps and dosing devices. The first
LOC analysis system was a gas chromatograph, developed in 1979 by S.C. Terry - Stanford
University[1]. However, only at the end of the 1980s, and beginning of the 1990s, the LOC
research started to seriously grow as a few research groups in Europe developed micropumps,
flow sensors and the concepts for integrated fluid treatments for analysis systems[2]. These
Micro Total Analysis System (JTAS) concepts demonstrated that development of standard
bench-top instrumentation in a micro-scale could offer great versatility and extend the simple
sensor functionality towards a complete integrated laboratory analysis[3].


http://en.wikipedia.org/wiki/Microtechnology
http://en.wikipedia.org/wiki/Semiconductor
http://en.wikipedia.org/wiki/Lithography

A big interest in research and commercial interest came in the mid 1990’s, when puTAS
technologies turned out to provide interesting tooling for genomics applications, like capillary
electrophoresis and DNA microarrays. A great deal of research has been devoted to the
miniaturization of biochemical analysis systems, and many types of microdevices with
integration of multi-analytical functions have been developed [4]. There is a demand not only
for the integration of lab processes for analysis but also for the characteristic possibilities of
individual components. Hence the term "Lab-on-a-Chip" was introduced.

Although the application of LOCs is still in the development, thousands of research spent a lot
of time in different fields such as fluidic controlling (e.g. fluid transport, fluid mixing,
microvalve and micropump), analysis (e.g. chemical analysis, medical diagnostics and
cellomics) and synthetic chemistry (e.g. rapid screening and microreactors) within the last two
decades. The research of further application in LOC systems is expected to extend towards
downscaling of fluid handling structures by using nanotechnology. Sub-micrometer and
nano-sized channels, single cell detection and analysis, and nano-sensors, might become
feasible ways of interaction with biological species and large molecules.

1.1.2 Advantages and Applications

Most LOC fabrication processes are silicon based systems using fabrication techniques that
grew out of integrated circuit (IC) fabrication technologies. Notable properties of silicon
include its electrical conductivity and the wealth of techniques that have been developed for
fabrication, surface treatment, and bonding[5].

Glass-based LOC system has the advantage that more is known about the demands for specific
optical characteristics, bio- or chemical compatibility, lower production costs and faster
prototyping. Many surface treatments exist for glass, and it has excellent thermal and optical
properties. However, glass is more difficult to machine and designs based on glass need to adapt
to the limited machining methods available[5].

Polymer based LOC systems are a more recent development and there exist many fabrication
methods depending on the polymer used. polydimethylsiloxane (PDMS) is commonly used
polymer in LOC systems. PDMS can be used with a surface patterned mask to create half of
an LOC device which is sealed to a cover (e.g. glass slide). Many other manufacturing
methods exist for polymers including embossing, lamination, injection molding, laser
machining, as well as all of the tradition direct machining methods (e.g. drilling or milling)
[6]. Furthermore the LOC field more and more exceeds the borders between lithography-based
micro and nano technology.

LOC, the conventional biochemical processes, such as sample pretreatment, sample/reagent
transport, mixing, reaction, separation, detection, and product collection, can be carried out
automatically on a single cheap potable chip[7]. Microfluidics can be used in physical science
for control systems, heat management and energy generation. They are the driving forces in
microfluidic research, shown in Figure 1.1.
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Figure 1.1 (a)Optical micrograph showing six microchemostats that operate in parallel on a
single chip, (b) High integrated microfluidic chip containing micro-valve and micro-pump (c)
Schematic of integrated device with two liquid samples and electrophoresis gel present [8].

Advancement of microfabrication technologies has enabled the integration of functional units
for biochemical analysis onto miniaturized chips[9]. The realization of such a Lab-on-a-Chip
(LOC) concept has been considered as the most important application of microfluidics. LOC
systems provide analytical improvements associated with the minimized consumption of
reagents, increased automation, short reaction time, and reduced manufacturing costs[10]. The
demand of LOC systems has been growing rapidly due to its potentials on drug delivery,
chemical analyses, point-of-care clinical devices, biowarfare and biochemical agent detection,
high throughput screening, and water quality control[11]. Since LOC system aims
miniaturization of a typical room-sized laboratory, major fluidic components for handling of
analytical samples are similarly required including the pump, valve, mixer, concentrator, filter,
sensor, etc. Thus, various types of microfluidic technologies are being widely investigated by
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many researchers for the development of key LOC components[12].

LOCs may provide advantages such as[13][14]

a)
b)

c)
d)

e)
f)

9)

Less fluid volumes consumption and lower reagents costs

Due to short diffusion distances and high surface to volume ratios, it can shorten
analysis and response times

Good process control (e.g. thermal control for exothermic chemical reactions)

Compactness of the systems due to integration of much functionality and small
volumes

Massive parallelization due to compactness, which allows high-throughtput analysis

Low fabrication costs, allowing cost-effective disposable chips, fabricated in mass
production

Safer platform for chemical, radioactive or biological studies because of integration of
functionality, smaller fluid volumes and stored energies

Some of the disadvantages of LOCs are[15]:

a)
b)

d)

It is a developing technologies and therefore it is currently under research.

On the small scale some effects such as capillary forces, surface roughness will play
an important role in the applications. This may make processes more complex in
LOCs than in conventional lab equipment

The detection principles may not suitable for the miniaturized devices in a positive
way which leads to low signal-to-noise ratios

Although the accuracies and precision of the microfabrication geometric are high,
they are often rather poor in a relative way compared to precision engineering, for
instance.

In the recent years, LOCs have many applications in the biochemical and biomedical fields[16].
Such as real-time polymerase chain reaction (PCR) for detection bacteria, viruses and
cancers[17]; biochemical assays[18]; immunoassays for detection based on antigen-antibody
reactions[19]; dielectrophoresis for detection of cancer cells and bacteria[20]; lab-on-a-chip for
single cell analysis[21][22]; ion channel screening; testing the safety and efficacy of new drugs
and manipulating soft matter particularly for confinement studies of colloids and cells.

1.2 Microfluidic Sensing Techniques

Integrated microfluidic devices involve the large-scale integration of various microfluidic
components, such as microvalves, microchannels, micropumps, microfluidic mixers, and other

elements to handle and control fluids at the microscale[13]. They are frequently used for

biological, chemical, and biomedical analysis. Various detection methods exist in the field of
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chemical, biological diagnosis, or analysis on microfluidic platforms.

Microfluidic sensing techniques can be categorized based on the physical forces employed into
the optical methods, electromagnetic methods, and acoustical method. Among these methods,
optical and electrochemical methods are the most frequently used due to their selectivity and
sensitivity. Other than the above major methods, approaches such as nuclear magnetic
resonance (NMR) spectroscopy, magnetoresistive, are also coupled to microfluidics for sensing
application.

1.2.1 Optical Method

The integration of optical components and functions in a microfluidic platform enable to
perform all the operations in a single device. Recent effort has focused on the term of
micro-optical electromechanical systems (MOEMS)[23]. It drives the development of
micro-optical technologies to replace bulky, large and expensive macroscopic optical systems.
Typical optical detection methods comprise the direct detection by monitoring the light
properties including absorbance [18,19], fluorescence[20,21] and chemiluminescent[24]
(Figure 1.2). These methods usually involve techniques such as surface plasmon resonance
(SPR) detection. interferometry, fiber optics and optical waveguides, Photonic crystals, optical
cavity structures.
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Figure 1.2 Typical optical methods. (a) fluorescence (in this case, fluorescent resonance
energy transfer/FRET), (b) absorbance, (c) chemiluminescence, and (d) surface plasmon
resonance-based optical detection methods. [25]



1.2.1.1 Absorbance

Absorbance detection is the most widely used detection method not only in common
macro-structure sensing systems but also in the microfluidic devices. Peterson et al.
[26]fabricated the device from a silicon substrate shown in Figure 1.3a. The device used
nitrogen-doped SiO, (superior UV transmission) for waveguide fabrication in the absorbance
mode at 254nm with a 750pm long detection cell for on-chip electrophoretic separation. A
15pm thick silicon layer and 6um thick silicon oxynitride layer was deposited and patterned. A
41m thick undoped silica cladding layer was deposited to complete the waveguide circuit.
Balslev et al. [27] integrated liquid dye laser, waveguides, fluidic channels, measurement
cuvettes, and photodiodes into the layer of SU-8 polymer which were embedded in the silicon
substrate(Figure 1.3c).The emitted light of the dye laser at 576nm is directly coupled into five
waveguides, that bring the light to five different locations along a fluidic channel for
absorbance measurements.The transmitted portion of the light is collected at the other side of
the cuvette, again by waveguides, and finally detected by the photodiodes.
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Figure 1.3 (a) Cross section of the separation device, (b)Standard curve for ketoprofen at
A=254nm performed on-chip[18], (c)Photograph of the lab-on-chip device with integrated
microfluidic components. (d)Outline of the cross section of the lab-on-chip device. (e)
Photodiode response as function of optical pump power of the laser pumping the on-chip dye
laser. The inset shows the open circuit response from a photodiode to a single pump pulse[19].



1.2.1.2 Fluorescence

Hofmann et al. provide a device with150nm thick silicon nitride waveguides for evanescent
field-based fluorescence excitation which is used to monitor antibody—antigen-binding events
Figure 1.4[28]. The microfluidic channel network was used for continuous replenishment of the
sample, thereby increasing the mass transport to the surface. Vertical confinement of the sample
stream to the region close to the waveguide surface ensured low reagent consumption. High
quality monolithically integrated optical long-pass filters are used in disposable diagnostic
microchips [29]. The filters were prepared by incorporating dye molecules directly into the
microfluidic chip, providing a fully integrated system that removes the usual need for discrete
optical filters. The filters are robust in use, showing only slight degradation after extended
illumination and negligible dye leaching after prolonged exposure to aqueous solutions.
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Figure 1.4 (a)Schematic of the sensor and microfluidic setup used to evaluate the flow
confinement concept.[20] (b) Fluorescence micrographs of the sensing zones after
immunoassay completion, (c) Fluorescence micrographs of the sensing zones after
immunoassay completion (sample flow 6 pi/min + confinement flow 30 pL/min). (d) The
blocking properties of a Sudan Il filter, measured using the co-linear configuration.

1.2.1.3 Chemiluminescent

As shown in Figure 1.5a, a photodiode fabricated in the bottom of the channels etched in a
silicon microchip has been reported [30]. All fluidic and electrical connections were placed on
the backside of the wafer to facilitate easy sealing of the channels by anodic bonding of a Pyrex
wafer. Since the devices were designed for chemiluminescent determination of glucose, the
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channel network contained an enzyme reactor, a mixer, and a detection region. The emission
light from the chemiluminescent reaction of hydrogen peroxide and luminol was determined on
chip, with a detection limit for hydrogen peroxide of 5uM. A microfluidic system has been
fabricated to be a basic device for biochemical analyses, which contains three microfluidic
functions:  transport, mixing and detection in  Figure 1.5c-e [31]. The
electrochemiluminence(ECL) can be generated on the chip by applying a potential to the
electrode, which can be enhanced by increasing the pH of the solution using the mixing
mechanism. The detection limit of a nM order can be achieved.
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Figure 1.5 (a)Sketch of a cross-sectional view of the integrated system, (b) Example of a
response of the system when a hydrogen peroxide sample is injected.(c-d) solutions mixed on
the working electrode.(e) ECL is generated on the working electrode when a potential is
applied (f) Time courses of the ECL intensity of the amino acids.

1.2.2 Electrochemical Method

Electrochemical measurements are based on electrical property modulations of the analyte
species that undergo redox reactions, and are usually employed for the detection of the
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electroactive species. Typically in electrochemistry, the reaction under investigation would
either generate a measurable current (amperometric), a measurable potential or charge
accumulation (potentiometric) or measurably alter the conductive properties of a medium
(conductometric) between electrodes[32]. The principles of these methods are demonstrated in
Figure 1.6. Amperometric detection is based on the measurement of the current between the
working and counter electrode which is induced by a redox reaction at the working electrode.
The conditions are chosen in such a way that the current is directly proportional to the
concentration of a redox active species in the analyte solution. The electrical potential of the
working electrode versus the measured solution is achieved by a separate reference electrode
and is controlled by a potentiostat electronic system. Potentiometric devices measure the
accumulation of a charge potential at the working electrode compared to the reference electrode
in an electrochemical cell when zero or no significant current flows between them. In other
words, potentiometry provides information about the ion activity in an electrochemical
reaction[33]. For potentiometric measurements, the relationship between the concentration and
the potential is governed by the Nernst equation. The principle of conductometric detection is
that the conductivity of a zone is affected by the charged species in the zone. Different types of
species would have their specific conductivity responses, which would also vary with different
concentrations.

Electrochemical biosensors have suffered from a lack of surface architectures allowing high
enough sensitivity and unique identification of the response with the desired biochemical event.
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Figure 1.6 Three types of electrochemical detection methods for microfluidics:(a)
amperometric[34], (b) potentiometric[35], and (c) conductometric detection[36].

1.2.3 Other Methods

High resolution NMR for microfluidic systems was realized in 2007 by Pine’s group in UC
Berkley on the study of multi-phase flows and catalyst deactivation[37]. Besides direct
detection, the Pines’ group also pioneered the remote monitor work of NMR -based microfluidic
detections. In 2007, they reported the remote monitoring of spin coherence transfer in chemical
transformations[38] and a double-phase encoded remote detector of the fluid diffusion through
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membranes[39]. This technique is readily applicable mostly in hydrogenation reaction-related
detection and imaging, and might be extended for more applications in microfluidics. However,
the limited reaction time scale/polarization lifetimes remains a key technological bottle-neck
for NMR-based microfluidic analytical detection.

In order to probably detect the stray field of the immobilized microbeads, a multilayered giant
magnetoresistance (GMR) has been chosen as sensing element. The high sensitivity of GMRs
at low magnetic fields makes them suitable for detection[40].

1.3 Acoustical method

The useful frequency range of scientifically based acoustics spans 15 orders of magnitude, as
shown in Figure 1.7.
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Figure 1.7 The range of acoustic wave excitation at the close of the 20th century[41].

Modern acoustics span a diverse range of disciplines, as illustrated from the following list[41]:
(1) underwater acoustics[42], oceanography[43], and sound navigation and ranging (SONAR);
(2) architectural[44] and musical acoustics;
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(3) psychological and physiological acoustics and communication;

(4) noise and its control[45];

(5) medical ultrasonics[46] [47][48];

(6) physical acoustics[49]: phononics, actuation, levitation, and other physical phenomena;

(7) acoustic holography and imaging[50], and sensing[51].

1.3.1 Acoustic imaging

In the following part, we will pay more attention to high frequency and integrated acoustic
techniques.

1.3.1.1 Acoustic microscopy

The acoustic microscope can be used to study the internal microstructure of nontransparent
solids or biological materials which are imaged by ultrasound waves in acoustic microscopy.
The reflection contrast provides a map of the spatial distribution of the mechanical properties.
The first scanning acoustic microscope was created by Lemons and Quate [52]. It was
mechanically driven and operated in the transmission mode. Katz develop a transmission SAM
used the frequency (25MHz) pulse mode to study skeletal tissue [53]. In the pulse mode a
single acoustic pulse is focused on the sample. It shows that the transmission SAM has some
advantage at low resolution of the order of 100pm, in that the attenuation and velocity can be
measured simultaneously in samples up to several millimeter thicknesses.
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Figure 1.8 Left: The schematic diagram of the combined optical and acoustic
microscope[54].Right: A photograph of Socoscan Gen6 scanning acoustic microscope.
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Higher frequencies can obtain higher resolution of the order of several micrometers and lead
to a greater attenuation. SAM in the reflection mode could work at higher frequencies. When
the frequency is up to the order of GHz, this mode of SAM is known as the burst mode in
which a wave of tens of sinusoids is used.

The scanning acoustic microscope (SAM) can be characterized in three domain- image
generation by scanning, far-field wave imaging, and the use of acoustic waves[55]. The
scanning acoustic microscope is a sequential imaging system in which a piezoelectric
transducer emits a focused ultrasound beam that propagates through water, to the sample. The
beam is scattered by the sample, and the scattered ultrasonic wave is detected. The output signal
is just one single voltage. As the sample is scanned, the voltage is recorded in each scanning
position of the focus and a grey-scale image is generated. The second principle use focused
beam which is formed by converging propagating waves. The size of focal area is limited by
diffraction. Imaging with ultrasound is the third principle. The operating frequencies of SAMs
are between 100 MHz and 2 GHz; the high frequency provides the opportunity to obtain
accurate measurement results for crack and void distributions with a resolution of up to 1 m at
a depth of 10 pm.

Table 1.1. Typical Design Parameters for Scanning Acoustic Microscopy[56]

Material Lithium niobate ZnO (1.4 pm)
Transducer Diameter 6 mm 200 pm
Electrodes Au-Cr Au-Cr (0.2 pm)
Material Fused quartz Sapphire
orientation C axis
Lens body Diameter 10 mm 6 mm
Length 10 mm 4 mm
Diameter 5mm 100pm
Lens cavity Opening 4 mm
Matching layer Borosilicate glass

The SAM is mainly applied in two non-destructive evaluation and biomedical application. It
provides a spatial resolution of image in the order of pm or sub-pm. The operating
frequencies are restricted by the penetrating capacity of the acoustic wave in the medium. A
specialized operating frequency can be chosen according to the application objective and the
acoustic transducers.

For non-destructive evaluation, SAM is mainly used in three fields. The first is to measure and
visualize the adhesion in layered structures. The second is the surface imaging. The most
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common application is the detection of subsurface defects in coatings [57]. The third is the
visualization of dynamic phenomenon caused by varying factors (stress, temperature, radiation)
inside solid materials[58].

30 ym

Nuclei

Nucleoli

Figure 1.9 Left: acoustical image of a Hela cell (860 MHz)[54], right: acoustical image of
embryonic chicken heart muscle cells (860 MHz)[59].

For the biomedical application, SAM is used not only for the investigation of cellular elastic
properties, but also for the cell imaging and visualization. Ultrasonic data obtained with the
high frequency SAM can be used for assessing echographic imaging. Acoustic impedance of
the material could be deduced by the density and acoustic velocity. As a biological soft tissue
may be considered as a liquid-like material, elastic bulk modulus is proportional to the square
of the acoustic velocity and the density, which can be used to obtain its elastic properties.
SAM is also used for pathological examination[60].

1.3.1.2 Ultrasound arrays

An ultrasound array sensor contains a number of individual sensor elements in the linear
distribution or 2D horizontal distribution. It works as the same principal as the radar system.
A typical ultrasound array transmits a sound pulse and receives the returning echoes. The
transmitted signal and received signal can individually be delayed in time (phased array),
which is done to electronically steer and focus each of a sequence of acoustic pulses through.
The phased array can be used to obtain fast imaging frame rate and perform in-vivo real time
imaging.
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K.K. Shung et al.[61] develop a 64 element 35-MHz composite ultrasonic array using 2-5
composite elements. The pitch of the array elements is 50m which is interconnected with a
custom flexible circuit in a ceramic frame. A scanning electron microscope (SEM) of the
cross-section view of a composite is shown in Figure 1.10. An image acquired demonstrates
resolution of this ultrasound array exceeding 50pm axially and 100pm laterally. It is indicate
that with this array design, it is suitable for clinical application. K.K. Shung et al.[62] also
develop and characterize a high frequency (65 MHZz) ultrasound array. The linear array
consists of 32 elements with an element width of 24m and a kerf width of 12m.which is
made from bulk PZT and having the frequencies greater than 50MHz have developed using a
DRIE dry etching technique.
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Figure 1.10 A conceptual diagram of phased array beamforming. (top-left)Appropriately
delayed pulses are transmitted (top-right) The echoes returning are likewise delayed. SEM
pictures of etched bulk PZT structures (bottom-left) top view, (bottom-right) 45 “cross-section
view.

1.3.2 Acoustic wave sensors

Acoustic wave sensors are so named because their detection mechanism is based on the case
of a mechanical or acoustic wave. The acoustic wave sensors are well-known to be
high-resolution, low-cost, mass sensing devices[63][64]. The amplitude and the velocity of
acoustic waves are affected by the interaction along their propagation path with the media
under investigation. The frequency or phase changes can be monitored and analyzed for
physical quantity evaluation. The acoustic wave can be generated by piezoelectric,
eletrostrictive, magnetostrictive and other mechanisms. The well-known acoustic wave
devices are the piezoelectric sensors, such as quartz crystal, lithium niobate and ZnO.
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Figure 1.11 Different types of acoustic-wave sensors[65]

When an alternating electric field is applied on the piezoelectric sensors, it can generate a
mechanical wave which propagates perpendicularly to the surface of the material (bulk acoustic
wave BAW) or on the surface of the material (surface acoustic wave SAW).

® Bulk wave is the wave propagating through the substrate. The direction of the electrical
field and the type of piezoelectric material allow choosing the type of the acoustic wave:
compressional or shear wave for bulk acoustic wave. A lot of integrated acoustic sensors
are based on resonators. The most commonly used bulk acoustic wave (BAW) devices are
thickness shear mode (TSM) resonator and shear-horizontal acoustic plate mode
(SH-APM).

® Surface wave is the wave propagating on the surface of the substrate. The most widely
used surface wave devices are surface acoustic wave (SAW), shear-horizontal surface
wave sensor (SH-SAW) sensor, Rayleigh wave sensor.

The different types of acoustic-wave sensors are shown in Figure 1.11. The polarization mode
determines the sensors suitability in liquid phase applications.

For example, Rayleigh waves with the sagittal polarization has strong attenuation in liquid
sensing due to compression wave has vertical component of particle motion while thickness
shear mode (TSM) is widely used in liquid sensing application. The properties of acoustic
wave sensors are summarized in Table 1.1. Recently, the biomedical application of acoustic
wave based on MEMs techniques focus on the two types of devices: bulk acoustic wave sensors
and surface acoustic wave sensors.
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Table 1.1. Selected properties of acoustic wave sensor [66]

Love TSM SAW Lamb
Waveguide Bulk Reflected plate plate
Shear-hor. Shear-hor. Shear-hor. Sagittal

50-500 2-20 50-200 1-10
Waveguide
thickiess Plate thickness  Plate thickness Me_mbrane
thickness
frequency
. Membrane
IDT period Plate thickness PI?E)E_I_t h'::;gzss thickness
P IDT period
Cheap Medium Expensive expensive

1.3.2.1 Thickness shear mode

The quartz crystal microbalance (QCM) is a simple, cost effective, high-resolution mass
sensing technique. The major advantage of the QCM is a sensitive detection capability for
surface mass binging and surface viscoelastic characterization for the bound mass[67].The
common frequency for the fundamental mode of quartz of the QCM devices is 5-20 MHz.
Quartz crystal are cut in the AT form , at 35<10” angle from Z-axis as shown in Figure 1.12. This
design provides a stable oscillation without temperature fluctuation of frequency.

optical axis

-----------------------

Figure 1.12 AT-cut a quartz crystal from which the metal coated QCM quartz crystals are
produced and an on crystal view of the thickness shear mode TSM oscillation[68].

Yin et al. provided a new QCM configuration with ring-electrode piezoelectric sensor (REPS)
[69].As shown in Figure 1.13, a ring electrode at the center of the resonant area was able to
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monitor the Bovine serum albumin (BSA) absorption in real time. At the same time the design
can avoid the direct contact with the liquid phase. The bare quartz surface of REPs can be used
to study interface behavior of silicon dioxide face with adsorbate. The adsorption of BSA onto
quartz surface is mainly due to the hydrogen bonding and Van Der Waals force. Edvadsson et al.
extend the QCM -D technique in dual-frequency mode. They can not only conduct frequency
and dissipation measurement, but also influence various surface binding reactions by
oscillation amplitudes. The typical amplitude used in traditional decay-based measurements
had no influence on any of the systems investigated. While adsorbed vesicles will increase in
the shear stress and the kinetics of supported lipid bilayer formation on SiO, is influenced at
oscillation amplitudes larger than ~11 and ~0.75 nm at 5 and 35MHz, respectively.
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Figure 1.13 Yin. et al. (a) Structure of REPS. (b) The frequency shifts by adding 1 BSA to
the different concentrgtion NaCl.(c) The frequency shift as a function of the common
logarithm of the concentration of HCI or NaCl solution[69].

The thickness shear mode (TSM) resonator has been shown to be an effective functional
biosensing device to monitor the process of cell adhesion to a surface in real time. A standing
shear wave is generated with the maximum displacement which is sensitive to the surface
perturbations [70]. The TSM resonator can be used for immunosensors, which is a very
important application[71][72]. In the recent years, monitoring cell behaviors is another
important application. TSM resonator can monitor the cell attachment and spreading on
resonator surface. Wegener et al. demonstrated that the electrical signals of TSM acoustic wave
sensors are affected by many factors, such as cell-substrate interactions, viscoelastic properties
of cells, and the properties of the interfacial layer [73]. Li et al. [74] introduced a thickness
shear mode (TSM) quartz crystal resonator attached with living cells, can be effectively used as
a functional biosensor to determine viscoelastic properties of living cells.
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Figure 1.14 (a)steady state of cell adhesion on sensor surface (b) one-dimensional multilayer
model of cell adhesion on sensor surface (c)experimental setup of thickness shear mode
resonators for cell based functional biosensor [74].

The resonance frequencies of these devices are usually is from 10 to 50 MHz with higher
frequencies the devices become too fragile for practical use. However, higher frequencies are
most desirable, because the sensitivity increases with increasing frequency [75].

1.3.2.2 SAW based sensors

In general, SAW devices use interdigital transducers (IDT) to generate acoustic waves on the
surface of a piezoelectric crystal [76]. The acoustic energy is strongly confined in the range of
the acoustic wavelength at the surface[77], so SAW is very sensitive to any changes on the
surface, such as mass loading, viscosity and conductivity changes. SAW sensor allow the use of
high frequencies in the range of several hundred MHz to GHz, implying higher mass
sensitivities

The SAW device is operated by the driving electronics and integrated in a sample flow carrying
the analyte. SAW devices generate and detect the acoustic wave by means of IDTs on the
surface of a piezoelectric substrate. Analyte-specific molecules (e.g., antibodies) are
immobilized on the SAW device to catch analyte molecules (e.g., antigens) from the sample
stream. Analytes binding to the immobilized capture molecules will influence the velocity of
the SAW and hence the output signal generated by the driving electronics[78].

A ZnO/Si SAW device has been successfully used in the detection of Prostate-specific antigen
(PSA) antibody-antigen immuno-reaction as a function of the PSA concentrations [79]. The
portable device was integrated with functions of microfluidic transportation and bio-detection.
Surface was modified with cystamine self-assembly monolayer and immobilized the anti-PSA
antibody. The resonance frequency shifted to the lower range when Prostate-specific antigen-al
—Antichymotrypsin complex attached.
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Figure 1.15 (a) working principle of the SAW devices (b) sequential diagram for PSA detection
employing SAM layer, anti-PSA, anti-PSA antibody, and PSA antigen on gold electrodes.(c)
frequency response curves in SAW biosensors when the anti-PSA antibody and PSA proteins are
bounded sequentially on gold electrodes (d) frequency changes as a function of PSA
concentration [79].

A big challenge for SAW biosensors is to realize the detection in a liquid environment. SH or
Love mode SAW devices are promising technologies for biosensors used in liquid
environments because of their high sensitivity and low energy dissipation. There are two
optional methods to improve the SAW sensors applied in liquid environment:

1) a protection layer is used to isolate the liquid from the sensors, such as SiO,[80].
2) High dielectric constant () piezoelectric material is used, such as LiTaO3 (e= 47).

Chang and Shih [81]worked with SH SAW sensors based on LiTaO3. The device was coated
with polyvinyl chloride to support the immobilization of an intermediate layer consisting of
fullerene molecules. Hemoglobin was adsorbed on the fullerene surface, and the binding of the
corresponding antibody could be detected. The immobilized protein SAW immunosensors
exhibited good sensitivity with low detection limits. Organic and inorganic bio-species in blood
show nearly no interference to the sensitivity of the immunosensors. Rebiée et al. [82]used a
ST-cut quartz substrate with interdigital transducers to fabricate a love wave device for
biosensing. Love-wave structure consists in a delay line on a quartz substrate covered by SiO,
layer acting as a guiding layer on which there is a sensitive layer. Interdigital electrodes (IDTs)
are placed parallel to the crystallographic axis (Euler’s angle)[83]. When love wave device
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and the biological system on SiO, layer worked separately, it allows detecting the AM13
sensitive coating as well as the immobilization of the M13 bacteriophages, which provides
great potentialities for real time biodetecting.
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Figure 1.16 (a) Diagram of the C60-Hb-coated LiTaO3 SAW crystal for anti-Hb antibody.
(b) Frequency response of a C60-Hb coated SAW immunosensor to anti-Hb antibody. (c)
Effect of the concentration of anti-Hb antibody on the frequency response of a C60-Hb coated
SAW immunosensor [81].

A microfluidic system integrated surface modified piezoelectric sensor is used for detection of
target samples [84]. A nickel pillar array was patterned onto the surface of quartz crystal
microbalance to introduce magnetic force control to the piezoelectric sensor. The suspended
micro-beads were trapped in fluids onto the nickel pillar array with a controlled magnetic
field. Simultaneously the accumulated mass is detected by the piezoelectric sensor. The smart
microfluidic system also can be used to capture the cancer cells under magnetic field and
obtain the accumulated mass b the piezoelectric sensor. The capturing process and
accumulated mass detection are shown in Figure 1.17.
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Figure 1.17 (a) Optical images of the capturing process , (b) Monitoring of the capturing
process of A549 cancer cells by frequency shift in real time. Microfluidic system in air; (2),
(3), (4), and (5) correspond to the processes in optical images (a), (b), (c) and (d) [84].

1.3.2.3 Film bulk acoustic resonator

The FBAR devices are composed of a thin piezoelectric film with two metal electrodes on the
both side, which is a sensitive electromechanical devices. An alternative electric field applied
on two electrodes generates a thickness longitudinal or shear mode bulk acoustic wave that
travelling in the devices and loading material allow non-invasive measurements for the
mechanical properties[85].

Firstly a FBAR device is illustrated in Figure 1.18 [86], the piezoelectric thin film of zinc
oxide based on the longitudinal mode can be used for thermal analysis and characterization.
Because of good conductivity and affinity, Au is chosen as the electrode which is coated with
bio-compatible material for biological application. The Q value of the devices is up to 120 for
detection liquid medium improved by integrating the microfluidic channel whose height is
comparable to the acoustic wavelength.
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Figure 1.18 (a) Schematic of the FBAR sensor integrated with amicrofluidic channel, (b) Top
view of fabricated FBAR sensor; a microchannel is across the FBAR sensor[73].

The second example is a shear mode FBAR devices[87] which is composed of the AIN thin
film and microfluidic transport system as shown in Figure 1.19. The deposition of highly
textured AIN thin film with uniform c-axis is developed. The backside etching for a cavity is
made in the silicon substrate to reduce the liquid damping. The liquid in the microchannel is
underneath the bottom electrode of the sensor. The resonator has a 1.2 GHz resonance
frequency and aQ value in water is around 150.The detection limit of the devices is
0.3 ng/cm?.
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Figure 1.19 (a) Schematic top view of the shear mode FBAR biosensor with an integrated
fluidic channel beneath the active area (b) schematic cross section view[74].
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1.4 Conclusion and presentation of the concept of our lab

on chip

Microfluidics-based analysis systems are powerful tools which facilitate novel experiments and
have many applications in chemical and biological systems[88][89], cell analysis and
high-throughput biological screening [90][91]. Following their development for genomics and
DNA microarrays, microfluidics systems have been used for the integration of other biological
analyses or biochemical reactions. The use of small volumes of reagents, the increase in the
sensitivity of these microfluidic components and the ability to perform numerous analyses in
parallel have widely contributed to the immense interest of lab-on—a-chip [92]. Various sensing
technologies have been integrated in microfluidic systems (e.g. optics, RF, acoustics) making it
possible to measure different physical properties. Over the last decades, these technologies
have also been developed for the integration of actuators in microfluidic systems, including
optical and magnetic tweezers [93][94], and electrical forces for manipulating small objects in
aqueous solution [95]. The latter require high electrical power. However, the objective of this
thesis is to present acoustic sensing applications only.

In recent years, many efforts have been devoted to integrating acoustic techniques in
microfluidic systems, such as sensing [96], mixing [97], manipulating [98][99] and trapping
[100]. These applications are based mainly on the use of low frequency waves and/or surface
acoustic waves. The interest of using BAW for biological applications has been demonstrated
with the development of high frequency acoustic microscopy in this domain. It is well known
that some pathology modify the elastic properties of biological cells [101]. However, traditional
acoustic microscopy is often a bulky, expensive or complex method of characterization, which
is hard to integrate for on-line elastic evaluation. The use of some specific structures as
reflectors for manipulation has been described before [102][103]. In comparison with the
acoustic sensing systems above, high frequency bulk acoustic waves (BAW) have potential
applications for the detection of biochemical micro-objects and characterization of the elastic
properties of biological cells (e.g. blood cells).

High frequency ultrasonic transducers are now commonly used for high resolution ultrasonic
imaging. High frequency transducers have found potential application in microfluidics for
biological cell monitoring and in real time tissue differentiation. The combination of
Radio-frequency magnetron reactive sputtering and lift-off lithography process can easily be
used to realize 1GHz high frequency ZnO transducer for chemical and biological sample
sensing. The wavelength of the acoustic beam is in the micro-scale, which can be integrated
into microfluidic devices for detecting the mechanical and elasticity properties of single
biological cell. Furthermore, the controlled microfluidic flow can be used in order to move the
cell in front of the acoustic sensor for high resolution real time image and characterization.
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In our case, the aim is to integrate bulk acoustic wave sensors to carry out measurements in a
microfluidic channel in order to evaluate the elastic properties of fluids and single biological
cells. In this work, we report a novel silicon-based high frequency (GHz range) bulk acoustic
wave (BAW) sensing microsystem. BAWSs are generated using miniature piezoelectric
transducers (thin ZnO films can be easily used to integrate low power, high frequency
transducers) and guided using acoustical mirrors parallel to the surface of the silicon wafer. The
acoustic wave is then transmitted through the microfluidic channel manufactured using deep
reactive-ion etching. Other easier methods exist for reflecting or scattering surface acoustic
waves in microfluidic applications [104][105], but for the potential applications of our design,
the components for acoustic wave guiding (such as cylindrical lenses or lenses with irregular
curved surfaces which can control the phase of the acoustic beam) are easy to integrate using
MEMs dry etching technology. Due to the non-contact nature and high resolution of acoustic
waves in the field of non-integrated acoustic microscopy (a spatial resolution of one
wavelength could be assumed, that is 1.5pum at a frequency of 1GHZz), such microfluidics-based
high frequency BAW platforms are suitable for non-destructive characterization and detection
in microfluidic channels.

Fluid flow
direction
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Figure 1.20 The scheme of our lab on chip (international patent; publication number
W02010/072944) [106]

As mentioned previously, the MEMSs technologies provide the opportunities to achieve the
devices miniaturization. In order to realize the micro devices with easy integration and
multi-function, we design a microfluidic device for characterization and detection. This
dissertation reports the microsystem fabrication and the optimization for the sake of increasing
signal to noise ratio. Then the concentration characterization of chemical solution, particle
detection, and blood cell characterization have been realized in our microsystem.
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2 Acoustic waves propagation In  our
microsystem:  theoretical aspects and

modeling

2.1 Introduction

In our microsystem, acoustic transmission components and 1GHz thin film piezo-transducers
are integrated on a silicon substrate. Firstly we present the back ground on acoustic waves and
study the elastic wave propagation in three different media. Later we focus on the study of
continuity conditions at the interface of two different materials (e.g. solid-air,) and we turn to
study the elastic wave motion in piezoelectric solid. Finally we will evaluate the expected
performance in different parts of microsystem in terms of mechanical and electrical impedance
matching.

The rupture of acoustic impedances between two media has a great influence on acoustic
characterization, so we need to realize the mechanical impedance matching. The material used
for silicon-water interface matching is the anti-reflection layers of quarter wave length of
silicon oxide which makes it possible to reduce the losses. At the same time, the silicon oxide
coating layer between the solid media and gas media also plays an important role in the
acoustic wave reflection.

2.1.1 Basic concept of acoustic waves

A solid is elastic if it returns to its initial state when the external forces responsible for
deformations are removed. This return to the initial state is the work of internal stresses.

In a non-piezoelectric elastic solid, there is a relation between the stress and the strain.
Experimental evidence shows that the elastic behavior of most substances is well described by
the first-order term of Taylor expansion for the stress, with small deformations[107].

T, (G0 = T; 0 +[£J
ij\okl/ — 4j 5Ck|

2 aé,klaé,mn

¢mn =0

1[ o°Ty .
L+ —giO§k|g’mn+ ..... L j,k,1,mn=123(2.1)

Su=0

Since T;;(0)=0, it obtains

T = Cija - S (2.2)
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, the coefficients c;, are components of the rank four
Sa=0

stiffness tensor which expresses the most general possible linear relation between the second

. 8Tij
Where we define Ciki =| ==
kl

rank tensors T (the mechanical internal stress) and ¢, (mechanical strain). It was first

stated by Hooke.

A four rank tensor has 81 components. Because the tensors of T, and ¢, are symmetric,

Hooke’s law becomes

1 ou, 1 oy,
Tij =5 G -+ 5 Gt -
2 o 2y,

Since Ciik = Cijik
ou

Ty = Cy ? (2.3)
k

The above symmetry relations reduce the number of independent elastic constants to 36. A
pair of indices (i, j) can give only six independent values as follow:

Table 2.1 Index and notation of the matrix
11 22 33 23,32 13,31 12,21
1 2 3 4 5 6

The independent elastic moduli can thus be represented in terms of only two indices a and

S, thus Hooke’s law can be written

T, =Cop-Cp (2.4)
It is usual to adopt the convention T, =T;

However, it must be noted that this requires ¢ defined as
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G1=61 $2=C%, G3=Ca3 4’4:2523’ G5 =0C13s G5 =C12 (2.5)

The mechanical strain £;; of equation 2.1is defined as Cauchy’s infinitesimal strain tensor:

1 fau o)

According to the Maxwell’s relation which is valid for all solids c,; =Cg,,

The 6x6 matrix of the coefficients c,,is therefore symmetric, so that

Cop = (2.7)

This property reduces the number of independent components to 21.

To the isotropic solid, the elastic tensor Cy, must be invariant for any change of

axes-rotation. The only quantities unaffected by these orthogonal transformations are a scalar

tensor &; . Because of the symmetry 5; =o; the tensor takes the form[108]

Ciji = 4040 + (64051 + 60 ) (2.8)

Thus, the properties of an isotropic solid are specified by two independent constants, the
tensor gives the form

Ty = A5y + 248 (2.9)
Where & =3, +¢5 +¢33

Assigning values of c,,[109]
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Cjy =Cypp =Cy3 =A+2u
Cp =Cp=C3=41 (2.10)

Ca4 =Cs5 =Cgg = U

Where A and u are the Laméparameters.

The other twelve moduli cj, are zero since they have an odd number of distinct indices. The

matrix C,, takes the following form

Cy Cp Cp O
Cp Cy Cp O
Cp Cp €y O
Caﬂ =

0 0 0 cy
0 0 0 0 cy
0 0 0 0 0 c

isotropic (2.11)

o O O O
O O O o o

2.2 Waves propagation theory

2.2.1 Acoustic wave equation in the solid media

We consider a disturbance which propagates through the solid which is locally in motion. The

displacement u, with coordinates X, varies with time, so that u, =u,(x,,t). The equation of

motion follows the Newton’s law:

o o%u;
— T, = p—* 2.12
ox, P (2.12)
The Hooke’s law is written as:
ou
Tij = Cij ?
k
and combining this with Eq. (2.12) :
d au, oy
axj( ijkl axkj P atz ( )

For homogeneous materials in which elastic constants and density are constant, the equation
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can be represented as:

oy, du,
C.. . = () 214
Kl ox jﬁxk ot? ( )

Considering harmonic plane waves moving through a homogeneous or anisotropic medium,

U, =U,e/ Tt y eltomiximen (2.15)

Where Ui is the displacement amplitude vector component, k; is the wave number vector
component and k is the modulus and n; is the unit vector of the direction.

Replacing the (2.15) into (2.14), we can obtain:

This is known as Christoffel’s equation. v, :% corresponds to the phase velocity of the
plane wave. U, is the polarization
And the Eg. 2.13 can be written in the Christoffel matrix.

[T - S 51U, =0 (2.17)
Where T =Gy -njn, known as the Christoffel tensor. The eigenvalues and associated
eigenvectors of the Christoffel matrix I7, are pva and U, , which correspond to respectively

the solutions for the phase velocity vjand the polarization of plane wave.

For a given direction, there are in general three phase velocities which are the solutions of the
secular equation

Ty =S v5| =0 (2.18)

expressing the compatibility condition for the three homogeneous equations. For each
velocity there is a corresponding eigenvector giving the direction of the displacement of the
material.

Expanding the sum over the indices j and k gives
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2 2 2
Ly = Cigy Ny +CiggNy +Cizg Nz + (Ciggy + Cing )y Ny (2.19)
+(Cia) +Cizy )N N3 +(Cingy + Ciz )N2Ng

So the Christoffel matrix components T can be represented as:

Ty = Cuahy + CegN; +CssN3 + 2CsgN;Ng + 2C15MgM; + 2CiMi1,
Ty = CegN? + CooN3 + CyqN + 2C54NyN5 + 2C46N5N, + 2Co6N, N,
L33 = CogNZ + CyuNZ + CygNl + 2C5, NNy + 2C,5 NN, + 2C,NyN,
T3 =Ty = CogNy +Coa; +Cag + (Cog +Cag )Mo + (a5 + Cag ) Mgy + (Cs +Ca6)MUN;
Tyg =Ty = Cighy +CygN + CagN3 + (Cag + C5 )Ny + (Cyg + Csg )Ny + (Cyg + Cog )N,
Tip =Ty = CigNJ +CogN3 + sz + (Cos + Cag)MaNg + (Crg + Csg )Ny + (1 + Cog )My, (2.20)
The polarization vectors are orthogonal. If propagation direction of waves is parallel to
polarization direction, such waves are longitudinal waves (compression waves); if propagation
direction of waves is perpendicular to polarization direction, such waves is shear waves

(transversal waves). Ina general anisotropic solid (for example, microsystem fabricated with Si
wafer) usually has one quasi-longitudinal wave and two quasi-shear waves.

Figure 2.1 illustrates an example of the velocity surfaces for a non piezoelectric material as

silicon single crystal has a cubic (m3m) symmetry that has the same velocity sections in the
planes {001}, {010} and {100}
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Phase Velocity [m/s] Group Velocity [m/s]

Figure 2.1 Sections of the phase velocity and the group velocity surfaces for silicon in {001},
{010}] and {100} planes (red line for quasi-longitudinal wave, blue and green lines for two
quasi-shear waves) [110].
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For an isotropic solid, the tensor I" is independent of the propagation direction, being the

same as that for propagation along an axis. For propagation along z axis (n, =n, =0,n, =1),

the tensor T, becomes

Css  Cas Css
[ =Cisa1 =|Cs5 Cas Cas (2.21)

C35 C3q C33

and combining Eq.(2.21) with Eqg. (2.11) for the stiffness constants

c, 0 O
r=0 c4, 0] isotropic
0 0 ¢y

2.2.2 Acoustic wave equation in the piezoelectric media

This Hooke’s law relation does not fully describe the response of a solid to acoustic strain.
Piezoelectric materials will be electrically polarized when they are strained. This direct
piezoelectric effect experimentally manifests itself by the appearance of bound electrical
charges at the surfaces of a strained medium. It is a linear phenomenon, and polarization
changes sign when the sign of the strain is reversed. The direct piezoelectric effect is always
accompanied by the converse piezoelectric effect, whereby a solid becomes strained when
placed in an electric field.

In the case of piezoelectric solid, the Hooke’s Law for non-piezoelectric solid Eq. (2.2) should
be induced by electric field

E
T = Ciju 'é/kl — € Ek (2.22)
Cj;eMmeans these constants describe elastic properties measured under constant electric field.

E, is the electric field and e,; is the proportionality piezoelectric constant tensor.
The constitutive relation of the electric displacement is D; =&, E, is induced
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Piezoelectric constantse;, relate changes of displacement D; to strain &, in the solid,

with the electric field held constant, so that

iy = Dy (2.24)
M od ), '

Since ¢y, =, the tensor ey, is symmetric with respect to the last two indices, so that
€j =€ji - Thus the number of independent constants is reduced from 27 to 18

Derived the wave propagation in piezoelectric solid, consider Egs. (2.14)and(2.22)

o oy, = o%u;
ijkI anan kij an P atz

(2.25)

If coupling Eq.(2.25) with the Maxwell’s electromagnetic wave equation and assumed in an
unbounded solid material, by comparison with the influence of the quasi-static electric field,

the associated electromagnetic wave can be negligible [127]. The quasi-electric field E, is

related to the scalar electric potential ¢

E, =——— 2.26
: an ( )

The electric displacement satisfy the Poisson equation in a free charged isolate medium

oD;
—=0 (2.27)
6xj

Substituting respectively Eqg.(2.26) and (2.27) into Eqg. (2.25)and (2.23), we can obtain:

e o4y, o’ o%u,
Cijii 5 + €yij =P
X OXy OX 0% ot
2 2
0 U +8j§k 0 ¢
OX jOX OX OX

(2.28)

€l

Supporting the plane waves propagate in a given direction:

(kenix; — j(kenjx; —at)
u; :Uiej( WD g = el (2.29)

Eq. (2.28) is replaced by Eq.(2.29):
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E |2 2 2
CigaK NN, +e5KNin, @ = paV; (2.30)
As v, =%, Egs. (2.30) can be written as:
(einine Neganing )
ik NNy
AS ]/| =ejk|njﬂk and €§=8J§knjnk,

It has nearly the same form as the Christoffel equation (2.17) for non-piezoelectric materials.

T; +7‘—? is called piezoeletrically stiffened elastic constant. In the matrix coefficient
r

subscripts, the equivalent Christoffel matrix components T;, and }/'—7;' can be calculated by
&
Egs. (2.15) and Eqgs (2.26)

2 2 2

71 = €N +€56N5 + 835N + (€5 +€36)NyN5 + (B15 + €39 )NaNy + (B4 +€51) YN,
2 2 2

Yo = €Ny +€N5 + 34N + (Bgy +€35)NyN3 + (By4 + E35) N5y + (15 +E56) NN,

L T2z TR (2.33)
73 =€15M +€4N5 + €33N + (€3 + €54 )NyN5 + (E13 +€35)N3Ny + (€14 +€55) 1N,
€5 = &5 + £5,N5 + £5NZ + 265NN, + 285N,N, + 285,00,
O P —
As Ciy =Cig +M and T';, =c2n.n.,, Eq. (2.32)can be deduced as:
¢ ijkl "
[ril —5ijPV;23pk =0 (2.34)
Due to the piezoelectric effect, the stiffness changes can be expressed by
D _ .E AcijEkI E 2
Cijk| = Cijk| 1+ —CE = Cijk| (1+ K ) (235)
I
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Y
Acky | L . .
K=[ Eljli is a parameter describing piezoelectricity effect which depends on the

Cijii

propagation direction. Thus, the phase velocity of a piezoelectric material can be solved by
Christoffel equation (2.34)

D E,.2/.C E
v |© - J& JC_(HKz) 2.36)
P P

Without considering the piezoelectricity effect, a virtual phase velocity v_p :

E

— c
Vp =4|— (2.37)
P
So
K2 =(v, /v, f -1 (2.38)

The electromechanical coupling constant k, is defined:

KZ

k? =
t14K?2

(2.39)

Av is the difference between v, andv_p which is much smaller, so k; is estimated

approximately by

—2

kt2 1 vpz _ (2vp —?v)Av - 2AV
 ma

2 — Vp —AV)AV.  2Av

K :(vp/vp)2—1: =7

—2
Vp Vp

(2.40)

Eq. (2.40) shows there is no obvious difference between K and k,, which means the

piezoelectric effect of materials is small.
Zinc oxide is a popular piezoelectric material for high frequency ultrasonic transducer, which

has been widely used. As shown in Figure 2.2, the maximumk, value of longitudinal mode is

0.27 in the direction of z axis.
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Figure 2.2  Sections of the slowness and the electromechanical coupling coefficient surfaces
k., for ZnO (class: hexagonal 6mm) (dashed lines correspond to the inactive

piezoelectric-effect slowness curves; line in red for quasi-longitudinal wave; lines in blue and
green for two fast and slow quasi-transversal waves) [110].

2.3 Acoustic Waves reflection and transmission

2.3.1 Acoustic wave reflection on solid-air interface (Normal
incidence)

A plane wave encountering an interface between two materials is divided into two
components: some energy at the interface is transmitted and the other is reflected. Consider an

incident harmonic plane wave o, traveling in X direction to an interface for normal incidence,

as shown in Figure 2.3. A part of the wave is reflected o, and the other part is transmitted o,
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Figure 2.3 Normal incidence

Since the elastic field is independent of the y direction

, all derivatives with respect to y will

vanish from the equations of motion. In this simple case, the governing equation is applicable

for either longitudinal or shear waves

du,
ox?

Consider the incident waveform as

u)l( :Alei(klx—a)t), k =

In this case the reflected field can be written as

y 5 _ ARe—i(klx—a)t)

The transmitted field in the second medium is

uT = A eilkexat) k, = 2

AI
amplitude of reflected and transmitted waves.

Boundary conditions are as follow:

SO — @
x=0 x=0
Til) =0 T’Ez) x=0
Tleo =T
According the boundary condition, we obtain
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is the displacement amplitude of incident waves,

(2.41)
[0
ol (2.42)
(2.43)

@

p

Azand A; are the displacement

(2.44)



A+ A=A (2.45)

For one-dimensional case, the generalized Hooke’s Law is

ou,
OX (2.46)

T, =(A+24):
Ty, =0

According the boundary condition, we obtain

pVI(A = Ag) = p) - A (2.47)

Solution of Eq. (2.45) and Eq. (2.47) gives

_plv(pl)_IOZVp .
Ae=— . @M
,01Vp +p2Vp
) 20, ) (2.48)
A V)
Pr p P2 p

Defining acoustic impedance asZ = pv , , the reflection coefficient can be written as

Z,+Z,’

i 2,7,
x=0 A'

The transmission coefficient is

T

T(')

X

_ (A +2m)k, A 27,
(L +2m)ky A Zy+2Z,

x=0

The formula for energy partition at the interface into transmission and reflection modes can be
derived by considering energy as proportional to the square of the pressure magnitude. The
energy flow per unit area normal to the direction of propagation is defined as the intensity of

the wave (I,,Igor I;).The intensity is evaluated over on cycle and depends on the amplitude

as follows [111]:

R l
2 plv(pl) 2 pzvfoz)
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2.3.2 Oblique incidence at a solid-air interface

In the case of a free boundary surface, well approximated by a solid in contact with air, there
is no transmitted wave. The only boundary condition to be satisfied is that the mechanical
traction must be zero at all point on the surface

Continuity of the displacements u; and mechanical tractions T, are expressed by

ul Ut =>ul

R Ll (2.49)
R T
For mechanical tractionsT, =T;l1;, we use Hooke’s law to obtain
ou . i (ot —k-
Tj =Cij a_k = —icy kU (el (A (2.50)
X
And this gives
Cijkllj(kllull +zkIRUE):Ci'jkIIjZkITUII (2.51)
R T
Where ci'jk, denotes the stiffness constants of the adjacent media.
ThusT;I; =0, giving
R
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Figure 2.4 Reflection of a plane longitudinal wave at the free surface of isotropic solid.

At a free surface of an isotropic solid, a longitudinal wave is reflected in both a longitudinal
wave and a shear wave, as shown in Figure 2.4. We have

K
k =k =Zand -5 ="L
Vi Ky Vs

These waves are denoted by indices L and S which means longitudinal wave and shear wave.
vis the velocity and k is the wave number.

And the Snell-Descartes law gives
6. =6, and vgsing, =v,_sin b, (2.53)
Expanding Eqg. (2.50), the mechanical stresses in the xz plane are

Vi

Where Z, =pv, and Zg = pvg
The reflection coefficient for the longitudinal wave is

2 qi ; P
Ry, _U_ azs!n 20, s!n 20, cos2 20, with o= Ys (2.54)
U, o°sin26, sin 26, +cos” 26, Vi
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And the coefficient for conversion into the shear wave is

U 20°sin 26, cos 26
Rs=—%= > —! 82 (2.55)
U, o°sin26, sin 26 +cos” 26

1.5 T T T T

Reflection coefficient

05

I I
0 10 20 30 40 50 60 70 80 90
Incident angle (%)

Figure 2.5 Reflection coefficient of a longitudinal wave at the free surface of an isotropic
solid, as a function of the angle of incidence. For silicon.

Figure 2.5 shows that with an incidence angle of 45< almost all the incidence of longitudinal
wave is converted into shear wave after the reflection. For unit amplitude of incidence
longitudinal wave, the reflection amplitude of the longitudinal wave is equal to 0.21 while
that of the shear wave is 1.05. The amplitude of the longitudinal reflection wave is
significantly lower than that of the shear reflection wave. We can quantify the attenuation of
13.5dB for the longitudinal wave.

We will improve the amplitude of the reflected longitudinal wave by the method of depositing
a coating layer of SiO, at the free surface. In an anisotropic material, such as silicon, there can
be two quasi-shear reflection waves which do not lie in the plane of the incident wave. In that
case, there are three equations for stress balance which generally require numerical solution.

Because of the mode conversion and using the Snell law, the velocity can be computed in any
direction by solving the Christoffel eigenvalues problem. The velocity of the incident
longitudinal acoustic wave v; in the {001} direction is the same as the velocity of the
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reflected longitudinal acoustic wave v, in the {010} direction (v, = 8432 m/s). The angle
between the incident longitudinal wave and the reflected longitudinal wave is 90 “when the
wave incident at the 45<direction. In these directions, the Poynting vector is collinear with
the wave vector. It is not the same for the longitudinal to shear polarization, neither for the
shear to longitudinal polarization deflection.

2.3.3 Acoustic impedance and mechanical matching

We use impedance Z and wave number Kk to characterize the wave propagation in the

homogeneous medium.
T cos(kd)  —j-Z-sin(kd) )
(Vj: ~sin(kd)  cos(kd) (Vj

TS
Incident Incident
wave —wmve

Vs

ﬁ
Z Z Z
ZO Zl 2 0 12
X X
x=0
Xx=h

Figure 2.6  Equivalent impedance of medium 1 and medium 2.

Consider a layer of impedance Z, and thickness d, inserted between two media having

different acoustic impedance: Z, for the incident medium and Z,for the transmission

medium. From KLM model, the acoustic impedance as seen by the incident medium and
inserted layer is
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-4 'COS((klhl))+ j-Z 'Sin((klhl))
Z”‘Zl( zl-cos<<klm>>+j-zz-sm(klhl)] (2.5

The pressure reflection and transmission coefficients by and through the layer can be
calculated from

R (f):(—?z_ioj and T(f):(—z'le J

12 T 4o VAPRA)
and the transmission coefficient in power density

T®=1-R (f)R(f) =T ()T (£)Z,/Z,

(Z,1Zo -1+ (2,1 Zy — Z, 1 Z)) tan(2fd /v,)

where R(f)=
(f) (Z,1Zy+0)+ j(2,1Zy - 2,1 Z;) tan(27d [ v,)

It is possible to achieve an anti-reflection layer

~ M : _zf
when d—(2n+1)z,there is Zy, = 7 S0
2

ZZ

We consider the two medium of impedance Z and Z, with the relation of reflection

coefficient Ry, :

Z,—7
Rlzz[—zz 1j
2 +2y

The reflected energy at the surface of two medium is proportional to |R;, ?, and the insertion

loss IL is defined as

IL =—10-log;o[L—|r,|"] (2.57)

2.3.4 Modeling of piezoelectric ZnO transducer

In our work, we will use piezoelectric transducers based on zinc oxide to generate
longitudinal waves. To determine the electrical impedance of the transducer, we must take
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into account all the layers that constitute the acoustic load. Thus by calculating the
impedances of all layers, we can achieve the modeling of the transducer.

Air Pt ZnO [Pt Si

Figure 2.7 ZnO structure in the microsystem

According to Eq. (2.56),

Zpy - €08(0py )+ § - Z pir -SiN(0py)
Z pie -€08(Gpy )+ - Zpy -8IN(py )

(2.58)

ZAir/Pt = ZAir :

Z,, Iis the impedance of air, Z, is the impedance of platinum, 6, =2 % dp, is the
v

Pt

thickness of platinum layer and v, is the velocity of longitudinal wave in the platinum layer
and f is the frequency of longitudinal wave.
Similarly,

Z,, -08(6p, )+ j - Zg; -SiN(6y)
Z,,-C0S(0p )+ j - Zp, -SIN(6r)

ZSi/Pt = &pir

The electrical impedance of the transducer can be obtained from

7 1 + Kzno  Zzmo 2Z 416(€08(0200) = 1)+ I(Z sy 10+ Zsison )SIN (@)
elznO - . 2 -
1Cozmo2rd  Cozuo2rdf 60 ZZno(ZAir/Pt + ZSi/Pt)COS(HZno)"‘ J(Zp + ZAir/PtZSi/Pt)Sm(QZnO)

K. 1 the electromechanical coupling coefficient of ZnO, C,,, _ Zzn0Uzno is the static
Zn0

capacitance of ZnO, d,,,is the thickness of the ZnO transducer, &,,, isthe dielectric

Zno

permittivity, Z, o is the characteristic impedance of ZnO, S,,, is the active surface of ZnO,
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BZno = ano 'dZno =27 _dz_no :
VZnO

For the single crystal of ZnO oriented along the direction<100> and the wvelocity of
longitudinal wave is 6330 m/s. With unloaded mode, the resonance frequency of 3.12um
thickness of ZnO is 1GHz. While with loaded mode, the resonance frequency of 2.4um
thickness of ZnO is 1GHz, shown as in Figure 2.8. The simulation value of ZnO transducer is

as follows:
Ve, =2680 m/s, &,,,=7,4x10"F/m , S, =x-a° with a=75um, Z, =20 MRayls,

Z, =41 MRayls, d, =100 nm, v, ,=6330 m/s, Z,,, =36 MRayls, k,,,=0,27.
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Figure 2.8 Electrical impedance simulation of ZnO transducer (solid line: 2.4um ZnO,

dashed line: 3.12um ZnO)

2.3.5 Modeling of wave guiding using two 45 °mirrors

In our designed microsystem (Figure 1.20) including two 45 °mirrors; it is observed that the
shear wave never reconverts into longitudinal wave as it reaches the mirror above the critical

angle sin 6, > Z— .

i
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Figure 2.9 Longitudinal wave reflection at 45 “acoustic mirror in silicon.

v, and vy velocity of longitudinal and shear wave. IZ[ and IZL’ incident and reflected

longitudinal wave vectors. k! reflected shear wave vectors. P'and P! reflected longitudinal
and shear Poyning vectors.

In this case, only the conversion of longitudinal wave into shear wave will be solved hereafter.
On the second mirror, from which the Snell’s law is solved in terms of reflection angle (6,,=
27) and velocity (vs = 5398 m/s). The direction of the shear energy propagation is given by

the Poynting vector which is normal to the slowness curve (% (9)) as shown in Figure 2.9.

One can deduce that the energy of the shear wave propagates nearly vertically with an
included angle of about 95 <between the incident longitudinal wave and the reflected shear
wave. So a quasi-shear wave can reach the receiver. To reach the receiver, the incident wave
must be launched from the emitter with an angle of 2 “which is allowed by the aperture of the
transducers (about 5. On the first mirror, this longitudinal wave is converted into shear wave
of which the wave vector and the Poynting vector are about 19 <below and 4 <above the
horizontal direction, respectively. Then this shear wave is symmetrically deflected on the
second mirror.

To estimate the wave reflection of different modes at the surface of the silicon mirror, we take

a simplified isotropic model for silicon material and calculated the wave reflection coefficient

in amplitude and in energy as a function of the incident angle for a longitudinal incident wave.

A simplified model has been considered here because the use of the longitudinal acoustic
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wave is mainly interesting. Moreover, after reflected on a 45< mirror, the direction of
propagation of such wave is equivalent to its propagation before the mirror due to the cubic
crystalline structure of silicon. It is shown in Figure 2.10 that at 45° incidence, only less than
10% of energy is converted into the longitudinal wave. However, the simulations have shown
that the deposition of a thin film on the mirror can improve the reflection of the longitudinal
wave on the mirror instead of converting it in a shear wave. It can be observed in Figure 2.10
that with this layer 90% of the longitudinal wave is reflected. Previous experimental results
has shown that 4 pm-thickness SiO, thin film was deposited on the mirrors could improve the
efficiency of the propagation of the longitudinal wave and limit the conversion of longitudinal
wave to shear wave[112].

1 ‘\\/ ) ! i
F o5 (a) @ 05 (b)
2003 2000
il = 1800 ; I

Frequency [MHz]
Frequency [MHZz)
2
o

0 20 40 60 80 05 1 0 20 40 60 80 0 05 1
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Figure 2.10 Reflection coefficient in amplitude of (a) longitudinal mode RLL and (b)
transverse mode RTL, for a longitudinal wave incidence at silicon-SiO; layer (4 um thickness)
-vacuum system (ultrasonic characteristics of SiO,: vi = 6050 m/s; vs = 4100 m/s; p = 2200
kg/m®) [113].

Commercial COMSOL software was also used to study the propagation of the acoustic wave
in the system. Figure 2.11 shows the simulations of the propagations of 1 GHz longitudinal
and shear acoustic wave in the silicon wafer. The contrast presents the amplitude of the
displacement of elements of the silicon wafer when the acoustic waves were propagating in
the wafer. Partial Derivate Equation (PDE) model in COMSOL was also used to estimate the
propagation of the acoustic beam in the microsystem. The mesh was defined as 1 um for each
unit cell and it is smaller than A /9 and A ¢/4, in which A | and A s are the wavelength of the
longitudinal acoustic wave and shear wave in the silicon at 1 GHz, respectively. As presented
by the following experimental process, piezoelectric zinc oxide (ZnO) thin films will be used
as the transducers. The simulations were simplified with a 2D model to avoid the tremendous
meshes of the 3D model. The 2D model which presents the cross-section of the system
reserves the same convergence of the propagation of the acoustic wave compared to the 3D
model. Perfectly matching layer (PML) [114] was used as absorbers to limit the reflection on
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the side walls under the mirror and on the topside of the wafer and the area of the backside of
the wafer where the transducer as receiver will be placed.

@
- max

) o

(c) o min

000000

Figure 2.11 Simulation of the propagation of 1 GHz (a) longitudinal, (b) shear acoustical
waves in the silicon wafer without silicon oxide layer on the mirror, (c) simulation of the
propagation of 1 GHz longitudinal acoustical wave in the silicon wafer with silicon oxide
layer on the mirror [113].

Considering the experimental process, water was put on the top side of the wafer to attenuate
the surface acoustic wave. The surface acoustic wave which may occur in the same plane of
the two transducers will have largely different echo times compared to the acoustic waves
which were generated by the emitter and finally detected by the receiver after twice reflected
by the mirrors. The side walls were continuous with other silicon elements. So, PML
conditions were used reasonably here.

In that way, it is possible to observe the beam going from the emitter, reflected on the first
mirror, going through the media to be characterized and reflected on the second mirror in the
direction of the receiver. The amplitude of the displacement of the elements of the silicon
wafer when 1 GHz longitudinal and shear acoustic wave propagate in the silicon without a
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SiO; layer (thickness about 4 um) on the 45° mirrors are shown in Figure 2.10 a and b,
respectively.

It was found that the amplitude of the displacement of the silicon elements was higher when
the shear acoustic waves propagated in the silicon than when the longitudinal acoustic waves
did. This was proved by the experimental results shown in chapter 4. A forehand studies
showed that deposition of a thin film on the mirror could improve the reflection of the
longitudinal wave on the mirror instead of converting it into a shear wave. It has been
achieved that 90% of the longitudinal wave was reflected at the frequency of 1.7 GHz with a
thin SiOy thin film (4 um) deposited on the mirror [88]. The propagation of 1 GHz
longitudinal acoustic wave in the silicon wafer with a SiO; layer on the mirror is also shown
in Figure 2.11c. It can be seen that after being reflected twice the longitudinal and shear wave
generated by the transducer propagated in the silicon wafer as expected. The contrast presents
the displacement of elements of the silicon wafer at 1 GHz. The mesh was set up as 1 um
(~A./9) during the simulation. The right side bar represents the amplitude of the displacement
of elements of the silicon when the acoustical waves propagate. The width of the transducer
on the bottom side of the silicon wafer is 50 pum.

2.3.6 Modeling of the acoustic wave transmission at the

silicon-water interface of our system

In our design, the longitudinal wave emitted by ZnO transducer propagates inside silicon
substrate and transmits through the microchannel filled with water, the insertion loss at
silicon/air interface are defined by Eq. (2.57)

2 . Zg~Zno
ILsi/no :10'|0g10|:1_‘rsi/H20‘ } with R0 = 7 7
si T 4&H,0

The acoustic impedance of water and silicon are respectively 1.5MRayls and 20MRayls. The
insertion loss between silicon and water is equal to 6 dB. The mechanical impedance
matching should be achieved in order to detect the bio-objects mixed with water in the

microchannel. The matching layer of impedance isz, =./Z-Z, , =5.5MRayls and the

thickness of the layer is d_ = 4Vm
"o

The velocity of longitudinal acoustic wave in silicon oxide is 5968m/s and the impedance is
13.3 MRayls. The velocity of longitudinal acoustic wave in photoresist SU-8 is 2886m/s and
the impedance is 3.5Mrayls. The two materials are inserted between silicon and water to
estimate the insertion loss of the interface. The calculation of insertion loss for SU-8 is as
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follow

Zy,0 -c08(Ksy g sy g)+ J-Zsy 5 -SiN(Ksy g -dsy g)
Zsufaleo =Zgy g

Zsyg 'Cos(ksufs 'dsufs)Jr 1240 'Sin(ksufs 'dsufs)
Zyo 'COS(l(Sio2 'dSU—8)+ 1+ Zsio, 'Sin(kSio2 'dSiOZ)
Zsi0, 'COS(kSiOZ 'dSU—8)+ J*Zn0 'Sin(kSio2 'dSiOZ)

ZSiOZ/HZO = ZSio2 (

w , Ksio, - W and dg, g is the thickness of SU-8, dgp, is the

Vsu-s sio,

thickness of the SiO.

Then we calculate the reflection coefficient R sy g/1,0)@Nd  Regiysio, 11,0y Y

ZSU—BIHZO —Zg

R.. =
Si/(SU-8/H,0)
Zsy_gino +Zsi

Zsi0,/H,0 ~ Lsi

Re: o =
Si/(Si0,/H,0)
Zsio,1m,0 + Lsi

The insertion loss of the SU-8 and SiO» are

2
ILsi/su_g/n,0 =—10- |0910[1_‘R5i I(SU 78/H20)‘ }

2
ILsi/sio, /n,0 =—10- |0910[1_‘R5i/(5i02m20)‘ }

We will do the same calculation of the bilayer SU-8/SiO,

Zsy_g/n,0 'Cos(ksm2 *€sio, )"‘ ) Zsio, 'S'n(k5io2 *€sio, )]

7. — 7 .
Si0, /SU-8/H,0 = £si0 - -
? ? ? (ZSiOZ ‘COS(kmo2 "€si0, )+ J-Zsu_g/m,0 '5""(k3io2 'eSiOZ)

ZSiOZISU ~8/H,0 — Zsi

RSi/(Si02/SU -8/H,0) — 7 7
Si0, /SU-8/H,0 T &si

2
ILsi ysio, 1su-8/H,0) = _10'Ioglo|:1_‘RSi/(Si02/SU—8/H20)‘ }

The simulation of insertion losses between silicon and water with different matching layer is
shown in Figure 2.12. At the center frequency of 1GHz, the insertion loss can be reduced to 3
dB using a SU-8 layer while it can be reduced to 1dB using a SiO, layer for the layer
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thickness of quarter wave length. For the bilayer of SU-8/SiO, there is no insertion loss at the
central frequency of 1GHz and it can provide matching with a large banwidth.

Mechanical insertion loss (dB)

0.9

Frequency (GHz)

Figure 2.12 Mechanical insertion loss between silicon and microchannel a) without matching
layer, b) SU-8, ¢)SiO;, d) the bilayer of SiO,/SU-8

2.3.7 Modeling of the electrical matching

After theoretical research of the mechanical impedance matching, we will turn to study the
electrical impedance matching of transducer. We can choose the active surface of transducer
so that the real part of its electrical impedance is 50Q and the imaginary part can be offset by

self-inductance. The insertion loss of the transducer S

81e|12no _ Zoizno = Zearo with Z,, =50Q
Z +Z

elznO el0

And

Sfllﬁnao =-10- Ioglo(l_ ‘(Sleulznolz )

The electrical insertion loss is 7dB at the resonant frequency, shown in Figure 2.13
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Figure 2.13 Electrical insertion loss of transducers

In order to eliminate the imaginary part, one approach is to neutralize the capacitance -
Jac,

by adjusting in series an inductance L .C,0° =1

where C,=0.73pF, @w=2f,and f,=1GHz. Sothe L =34nH

Electrical impedance(Q2)
g

1
f (GHz)

Figure 2.14 The imaginary part of the transducer

We compare the two situations of electrical insertion losses of transducer with and without
inductance, as shown in Figure 2.15. We observe that at the resonance frequency the losses
are 7 dB when the imaginary part is not balanced with the self component compensation.
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Figure 2.15 Comparison of insertion loss with and without inductance

2.3.8 Modeling of the insertion losses of our microsystem

We calculate the absorption losses of our microsystem. These are losses during propagation in
silicon substrate and in the microchannel. The attenuation in silicon is equal to

1dB/mm/GHz*[115]. The propagation distance inside the silicon substrate is equal to 1070

microns, so the absorption losses equal to 1.1 dB in the substrate. The attenuation in water is

about 220dB/mm/GHz?[91]. The absorption loss equals to 11 dB when the width of

microchannel is 50um. So absorption losses in the microsystem are equal to 12.1 dB. We will
make an assessment on the loss estimation and the expected performance in our microsystem,
as shown in Figure 2.16

(a)
s B
S N
06\\& %
w ke
6 dB 6 dB
13.5 dB f——— 13.5 dB
11 dB
Si
] 7 dB 7 dBI ] 7 dB 7 dB]
transducer transducer transducer transducer

Figure 2.16 Expected losses at the interface of different components of microsystem. a)
Without coating and matching layer, b), with coating and matching layer.

52



If we take the microsystem without the different types of layers to improve losses in different
propagation components of the microsystem, we have in total 66.1 dB of losses (Figure
2.16a).

The loss decreases to 32.1 dB with the introduction of the matching layers and the layers for
conversion mode reduction in the microsystem (Figure 2.16b). The theoretical calculation of
absorption losses is seen that we have the opportunity to reduce losses in the propagation
components.

For the transducer, we expect to improve the electrical impedance mismatch with 7dB losses.
We can eliminate the loss around the center frequency by keeping in series with an inductance
of 34 nH. The loss of longitudinal waves at the interface of the mirrors with a layer of 4pm
silicon oxide is equal to 2.5 dB while the losses are equal to 13.5 dB without the layer of
silicon oxide. The contribution of 4 microns of silicon oxide allows us to reduce the mode
conversion that occurs at the mirrors interface. Between the interface of silicon substrate and
the microfluidic channel, the losses are 6 dB. The addition of a layer of SiO; or a bilayer
SiO,/SU-8 can improve the transmission by increasing the amplitude of the transmitted
acoustic wave. It is to be noted that losses are 1dB around the center frequency 1 GHz for a
single SiO, layer.

2. 3 Summary

This chapter presents the theoretical fundamentals of acoustic wave propagation. Wave
equation in fluids, isotropic and anisotropic solid and piezoelectric materials are given,
electromechanical coupling coefficient are presented by numerical solution of Christoffel
equation.

Acoustic wave reflection and transmission in anisotropic solid (silicon) have been studied.
Normal incidence and the oblique incidence at the solid-air interface have been discussed,
especially the incidence angle of 45< The mode conversion happens when the acoustic wave
is reflected by the oblique interface. The coating layer of SiO, was studied to improve the
efficiency of the propagation of the longitudinal wave and limit the conversion of longitudinal
wave to shear wave. The anti-reflection layers of quarter wave length which is used for
solid-liquid interface matching also have been studied. The mechanical impedance matching
with the layer SiO; at the silicon-water interface can give the opportunity to increase 5dB for
each transmission.

Finally, we calculate the absorption losses of the microsystem with and without the different
types of layers. The losses decrease from 66.1dB to 32.1dB when the microsystem is achieved
with good electrical and mechanical impedance matching.
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3 Technological development for microsystem

fabrication

3.1 Introduction

We design a novel silicon based microsystem using high frequency (GHz range) bulk acoustic
wave (BAW) for sensing. Sputtering or sol-gel technologies are often chosen when ZnO / PZT
are the piezo-active materials in the development of high frequency ultrasonic transducer. In
our experiments, the BAWSs are generated by miniature piezoelectric transducers (ZnO thin film
can be used easily to achieve the integration of low power and high frequency transducers) and
guided thanks to acoustical mirrors in the direction parallel to the surface of silicon wafer. Then
BAWSs are transmitted through the microfluidic channel which is fabricated with deep
reactive-ion etching.

In this chapter, we will introduce the fabrication details to fabricate the microsystem, such as
lithography, deposition process, anisotropic wet etching, plasma etching and so on. In order to
investigate the microsystem properties and to obtain the desired characterization results, some
important parameters of the micro-structures fabrication have been discussed. The surface
roughness of the micro-structures is a key point for BAWSs transmission, as well as the
perpendicularity of the microchannel. The illustration of our micro-device is shown in Fig 3.1.

The fabrication flow of the micro-device is shown in Figure 3.2. The first step is to fabricate the
45°mirrors which are used as one of the transmission components. It can guide acoustic waves
from the thickness direction to a direction parallel to the surface of the wafer. The second step is
to fabricate a microchannel between a pairs of 45 nirrors. It is used to transport the measured
sample. The third step is zinc oxide fabrication and annealing. Finally polydimethylsiloxane
(PDMYS) as the package material is used to assemble the microdevice. Next we will briefly
introduce the MEMSs technology and give the details of our fabrication process.
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Figure 3.1 The schematic view of the micro-device (a) cross-section view, (b) schematic
illustration of the microsystem.

3.2 Microsystem fabrication

Our micro-devices fabrication is based on the silicon microtechnology, so we will firstly
introduce the MEMs technology.

Microtechnology is technology with features near one micrometer. In the 1960s large numbers
of microscopic transistors are arranged on a single chip and microelectronics circuits could be
built and dramatically improved performance. Besides with the functionality and reliability,
microtechnology can reduce the cost and increase volume [116].

In the recent decades, the term MEMs, for Micro Electro Mechanical Systems, was coined to
describe new, sophisticated mechanical systems on a chip, such as micro electric motors,
resonators, and so on. Recently, the MEMs fabricated in a batch process is used to any
microdevice with a mechanical function. The MEMSs processes are mainly classified into a
number of categories, such as surface machining, bulk machining, lithography (LIGA),
and electrochemical fabrication (EFAB). Some has fairly simple geometries, while others offer
more complex 3-D geometries and more versatility [117].
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In an age where everything must be smaller, faster, and cheaper, MEMs offers a compelling
solution and a tremendous amount of excitement. Due to the vast range of important
applications MEMSs can provide previously attainable performance and reliability standards.
MEMs have a profound influence on certain applications such as automotive sensors and
inkjet printers.

Microfabrication is the term that describes processes to fabricate the miniature structures
in micrometresizes and even smaller. The early microfabrication processes were used
for integrated circuit fabrication, also known as "semiconductor manufacturing”. In the last
two decades microelectromechanical systems (MEMS) and their subfields,
microfludics/lab-on-a-chip, optical MEMs (also called MOEMSs), RF MEMS, PowerMEMs,
BioMEMs and their extension into nanoscale have been re-used, adapted or extended
microfabrication methods. Flat-panel displays and solar cells are also using similar
techniques.
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Figure 3.2 Flow chart of the fabrication.
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Miniaturization of various devices presents challenges in many areas of science and
engineering: physics,chemistry, material science, computer science, ultra-precision
engineering, fabrication processes, and equipment design. It is also giving rise to various
kinds of interdisciplinary research [118]. The major concepts and principles of
microfabrication  are microlithography, doping, thin  films  deposition, etching, bonding
and polishing.

To fabricate a microdevice, there are many processes that must be performed, classifying the
top-down process and bottom-up process. These processes typically include depositing a film,
patterning the film with the desired micro features, and removing (or etching) portions of the
film. Microfabrication resembles multiple UV exposure, with many patterns aligned to each
other to create the final structure.

In the fabrication process of our microsystem, three major micro-components (45 < mirror,
microfluidic channel and piezoelectric transducer) will be made. Passive 45 “mirror obtained
by wet chemical etching is employed to reflect the bulk acoustic wave (Figure 3.2b-c). A
microfluidic channel used for real time biosensing applications is fabricated using ICP
technology (Figure 3.2e-g). Zinc oxide (ZnO) thin film transducers were deposited by radio
frequency sputtering on the other side of the wafer (Figure 3.2h-k). The flow chart of the
fabrication is shown in Figure 3.2.

3.2.1 45<mirror fabrication

3.2.1.1 Silicon wet etching

Etching isto physicochemically remove the layers from the wafer surface during
manufacturing. Etching is a critically important process in microfabrication. For many etch
steps, there will protect parts of the wafer by mask material, which resists etching. In some
cases, the mask material is a photoresist which has been patterned using photolithography.
Other situations require a much more durable mask, such as silicon oxide.

In the case of liquid-phase ("wet") etchants: the wafer can be immersed in a bath of etchant,
where the agitation can be controlled. Different etchants can be used to pattern the surface.
Normally the wet etching is isotropic. A wet etching process involves multiple chemical
reactions that consume the original reactants and produce new reactants, which can be
described by three steps: 1) Diffusion of the liquid etchant to the structure 2) The reaction
between the liquid etchant and the material being etched away. 3) Diffusion of the byproducts
away from the reacted surface.

Nevertheless some wet etchants are used to etch crystalline materials at the different rates
depending on which crystal face is exposed. In single-crystal materials (e.g. silicon wafers),
this effect can allow very high anisotropy, as shown in the Figure 3.3.
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<110>

Figure 3.3 An anisotropic wet etch on a silicon wafer creates a cavity with a trapezoidal
cross-section

Several anisotropic wet etchants are available for silicon, as shown in Table 3.1. For instance,
potassium hydroxide (KOH) displays an etch rate selectivity of 400 comparing <100> crystal
directions to the <111> directions. The <111>-oriented sidewalls have an angle to the surface
of the wafer is 0. If the original rectangle is perfect, the wafer is etched as a pyramidal shape.
The undercut § is under an edge of the masking material.

Table 3.1  Common anisotropic etchants for silicon[119]

Ethylenediamine 115 047 20 Si3Ng, SiOz,Au
pyrocatechol Cr, Ag, Cu
Potassium
hydroxide/lsopropyl 85 1.0 300 Si3Ng, SiO;
alcohol
Tetramethylammonium . .
hydroxide (TMAH) 80 06 37 S1sNg, 510,

3.2.1.2 Experiment- Anisotropic Silicon Etching

Optical communications require various types of acoustic wave manipulations that can be
realized monolithically on a single silicon bench. This approach enables integration of
mechanical, electrical and optical components and functions in a single complex microstructure
resulting in improved performance and reduced cost. Monolithic optical silicon benches with
micromachined mirrors that will meet demands for desired reflected angle and low beam
scattering in conjunction have been published [120][121][122]. Our acoustic mirror can be
developed from this optical mirror and can be used as a reflector for acoustic waves. One
segment of acoustic links where the losses can be optimized is reflection mirrors, reflecting the
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in-plane to the out-of-plane acoustic signal or vice versa.
Strong alkaline substances (pH > 12) such as aqueous KOH- or TMAH-solutions etch Si via
Si + 40H™ - Si(OH)4 + 4e~

Since the bonding energy of Si atoms is different for each crystal plane, and KOH/TMAH Si
etching is not diffusion- but etch rate limited, Si etching is highly anisotropic: while the {100}-
and {110}-crystal planes are being etched, the stable {111} planes act as an etch stop:

(100)-orientated wafers form square-based pyramids with {111} surfaces. These pyramids are
realized on c-Si solar cells for the purpose of reflection minimization [123].

The degree of anisotropy (etch rate selectivity between different crystal planes), the etch rates,
and the etching homogeneity depend on the etching temperature, atomic defects in the silicon
crystal, intrinsic impurities of the Si crystal, impurities (metal ions) by the etchant, and the
concentration of Si atoms already etched[124].

Ultrasound mirror planes are characterized by several factors. The most important factors are
the degree of reflectance and the dispersion angle of reflected acoustic wave. Dispersion of
reflected acoustic wave is a function of mirror surface roughness which causes scattering.
When the mask is aligned in the <1 1 0> direction and etched with KOH or TMAH, standard V
grooves with {1 1 1} side planes are obtained ending with a {1 1 1} mirror under 54.74 °with
respect to the {1 0 0} surface as shown in Figure 3.3. These are the most common planes of
interest and offer an atomically smooth mirror surface [125].

Compared to {1 1 1} mirror planes, {1 1 0} mirror planes with an angle of 45<is more
controllable for acoustic wave reflection. To obtain such mirrors on {1 0 0} silicon, two
conditions have to be fulfilled simultaneously: the etch mask must be aligned in the <1 0 0>
direction and IPA additive or some surfactants must be mixed with the alkaline solutions. It is
known from previous work [126] that by adding IPAto KOH or TMAH, the etching anisotropy
ratio between {1 0 0}, {1 1 0} and {1 1 1} is changed significantly and different crystal planes
emerge, such as {1 1 0} under 45 “toward the {1 0 0} surface. The V groove is limited by {1 1
0} side planes. The degree of anisotropy is strongly dependent on etching chemical solution
that further determines the dominant planes potentially used as reflected mirrors.
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Figure 3.4 Orientation of mask and resulting microstructure appearance on (1 0 0) silicon
wafer [127].

In our study, besides isopropyl alcohol (IPA) additive, ammonium persulfate (AP) is
investigated as an additive to TMAH etching solution. IPA is commonly used in the
microelectronics processing as a surfactant due to the surface tension decline on
low-dimensional features during the etching process. Another advantage of IPA is that the
etching temperature of the mixture solution can be increased. We focus on the influence of
additions in TMAH etchant to provide an appropriate etching parameters for obtaining {1 1 0}
mirrors with low loss of reflected acoustic beams.

The experimental work was performed on double sided polished silicon wafer with (1 0
0> crystal orientation (Siltronix, France). 500nm thick SiO, mask were deposited on both sides
of the wafer by PECVD (Plasma Enhanced Chemical Vapor Deposition) at 300 €. To
achieve photolithography steps, a chromium mask was designed with the mirror microstructure
(0.5 x 1.3 mm?). Wet micromachining of silicon wafer was performed and it is used in this
study with solutions of KOH and TMAH. The solution of 35% KOH-water was prepared as
well as 25% commercially available TMAH solution. Samples were etched in a closed
thermo-stated (£1°C) glass vessel with the total content of 2L of etching solution which
connected with a condenser. All experiments were performed with agitation by a magnetic
stirrer at 250 rpm.
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Figure 3.5 The schematic of the wet etching equipment.

The depth of the mirror and the lateral etching distance are measured by Tencor alpha step
profiler. The scanning electron microscope (SEM, Zeiss ultra 55) is used to investigate the
quality of the mirror surface. The optical microscopy is performed to investigate the roughness
of the side planes and bottom of the mirrors, as well as to characterize mask under etching. The
angle of mirror can be obtained by the cross section view of the SEM image.

Zubel et al. introduce the KOH or TMAH etching system with IPA additive[128], there have
been studied the mechanism and role of IPA how to affect the etch rate ratio between different
silicon crystal planes. IPA can slight affect the {1 0 0} etch rate than other crystal plane;
however, it does decrease {1 1 1} and {1 1 0} etch rates significantly. Meanwhile, IPA adsorbs
on the etched surfaces to hinder the access of the reactive OH™ ions, which can reduce the
etching rates of particular crystallographic. But IPA itself can not involve in the reaction.
Merlos et al. [129] also found a very similar behavior using the TMAH-IPA-water etching
system.
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Figure 3.6 {1 0 O} etch rate of silicon versus different concentration of TMAH at three
etching temperatures

Figure 3.6 shows the etch rate based on the different concentration of TMAH solutions at three
different temperatures. The concentration of TMAH and the operating temperature both affect
{1 0 0} surface roughness. The surface roughness is given by alpha step profiler and optical
microscope investigation. Comparing the surface roughness of three different temperatures,
the surface is smoothest when the mirror is etched at 80 <. When the TMAH concentration
increases from 10% to 25%, the average roughness of the mirror surface at 80 <C is from 1pm
to 500nm, but the etching rate decreases from 0.73pm/min to 0.39pm/min. In order to obtain
deep etched 45 °mirror (>120m) and the comparative smooth mirror surface, we use 10%

TMAMH for the next experiments.
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Figure 3.7 {10 0} etch rate of silicon versus content of added [PA to 10% TMAH at 70 ° C
and80° C

Using optical microscopy, we can observe that the mirror surface etched at 90 <C is much
rougher than the mirror surface etched at 70 <€ and 80<C. So we only consider these two
temperatures when we use IPA as an additive to modify the surface roughness. It is possible to
characterize the effect of IPA concentration on the smoothness of resulted surface. It has been
shown that the mixture of IPA and 10% TMAH results in better improvement of mirror
morphology.

Figure 3.7 shows that the six different concentrations of IPA addition (5-30%) were prepared
and started for each temperature. At least three measurements on each sample were performed
and etch experiments were repeated twice with fresh solutions. {1 0 0} surface roughness was
affected obviously by IPA concentration. When the concentration reaches 20%, there are no
pyramids at the bottom of mirrors. Comparing the six concentration of IPA addition, 45°
acoustic mirror is much smoother when the concentration of IPA is 15% and 20%. For
10%TMAMH solution, the amount of IPA is necessary to improve the etched surface quality since
it will solve the worsening situation with the increase in hydroxide. In very lower concentration
of IPA (<10%), IPA addition can be inadequately adsorbed onto the etching surface. The etching
rate of the planes is changed with the different crystallographic orientation. The higher
concentration IPA is necessary to improve its quality.
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Figure 3.8 Top view optical micrograph of mirrors: (a) 10%TMAH+30%IPA at 80 C, (b)
10%TMAH+15%IPA at 80 C.

Figure 3.8(a) shows a 45 °mirror obtained by the TMAH-IPA etching system and {100} mirror
planes are visually rough. Figure 3.8(b) presents the much smoother {100} mirrors, however, in
this case the bottom surface had lots of pyramids which extended to the {100} mirror surface
and partially broke the mirror surface. These pyramids have different dimensions, from several
micrometers to tens of micrometers. The phenomenon of different dimension pyramids in
these experiments indicate that IPA is absorbed on the etched surfaces and hinder the access of
reactive OH" ions, which results in the reduction of etching rates in the crystallographic planes.
In the adsorption effect of IPA on {100} silicon surface the access of OH™ ions would be
disturbed. Then the equilibrium between the oxidation and diffusion of reaction products have
been established what is necessary to obtain the surfaces with satisfactory smoothness. The
reduction of the reaction rate caused by IPA adsorption leads to uniform etching of silicon
surface [128].

A lot of pyramids appear at the bottom surface of mirror because the etching rate of {111}
surface is lower than the etching rate of {100} silicon by TMAH solution. In the continuous
etching process, the small pyramids become larger and the amount of pyramids increases. In the
end the bottom surface obtained is much rougher. The growth of the pyramids affects not only
the lithography process in the later experiments, but also the roughness of the mirror surface. In
order to solve this problem, we use Ammonium Persulfate (AP) as another additive to improve
the surface roughness of 45 “mirror.
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Figure 3.9 The role of AP in TMAH-IPA solutions.

AP has the strong oxidation[130], which can form the very thin silicon dioxide film in reaction
activity. The etching rate of SiO; is several orders of magnitude smaller than the etching rate of
silicon. The SiO; attached to the bottom of pyramids forms a pseudo-mask so as to protect this
region. Due to continuous etch with the top of pyramids, the roughness of the bottom surface
decreased. As the reaction is proceeding, the pyramids are etched to a concave shape. The
region covered by pseudo-mask can form a new pyramid. On the other hand, in the high
temperature AP can release oxygen which combined with hydrogen on the silicon surface. As a
result, the etching solution easily reaches the silicon surface and makes the mirror etched
smooth and continuous[131].

In order to obtain smoother 45 <surface and to prevent the pyramids generation, AP is added to
improve the profile of mirror surfaces in the following experiments. Figure 3.10 presents
optical micrographs of mirrors fabricated by different concentration of AP. With the AP content
increases from 0.2% to 1%, pyramids in the bottom become less and smaller. When the AP
concentration reaches 1%, it minimizes the dimension and quantity of the pyramids. There is no
more remarkable improvement for surface roughness when the AP content increases to more
than 1%. Meanwhile, the addition of AP will slightly affect etching rate of the {100} surface.
During the same etching time (6h) and all other conditions being equal, the depth of the
mirror in the solution containing 1% AP is 125pm, while the depth of the mirror in the
solution containing 0.1% AP is 133pm. In a conclusion, we can obtain a smooth bottom of
mirror with 1% AP and also maintain the etching rate.
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Figure 3.10 Top view optical micrography of mirrors etched by different concentration of
ammonium persulfate: (a) 0.2% AP (b) 0.5% AP, (c) 1% AP.

3.2.1.3 Mirror fabrication process

As shown in Figure 3.2a, a SiO; layer with thickness of 500 nm was deposited on both sides of
a silicon wafer (n-type <100>, 360 pm thick, Double-side polished and 3 inch diameter) by
Plasma Enhanced Chemical Vapor Deposition (PECVD) at 300<C. Then it was spin-coated
with photoresist (Shipley Miroposit S 1828) at 3000rpm for 12 second and baked at 110 T for
1min. The lithography process was performed with SUSS MicroTec MA/BA6 system and a
mask aligner (Figure 3.2b). The rectangular grooves were aligned parallel to the <100>
direction. The wafer was then developed in MF 319(shipley) for 50s. The opened SiO, was
etched by CF4 and O, (CF4:0,=1:1) as illustrated in Figure 3.2c. Anisotropic aqueous TMAH
and IPA mixed etchant with AP was performed to obtain smooth {110} plane as 45 “mirrors.

Table 3.2  The wet etching parameter of 45 “mirror

80 250 10 20 15 1815 6h 0.35
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Figure 3.11 SEM images of the 45°mirrors: (a) cross-section view and (b) top view.

Figure 3.11 illustrated that the surface of 45 °mirrors etched by TMAH-IPA-AP. The parameter
of the mixed solution is shown in Table 3.2. The 45 “mirror was fabricated with smooth mirror
surface and without any pyramids at the bottom.

3.2.1.4 Conclusion for 45° mirror

In the above studies, {1 1 0} silicon crystal planes that can be used as 45<acoustic mirrors for
reflecting acoustic beams inside the Si wafer were investigated. Besides the well-known
etchants KOH and TMAH, the implementation of different concentration of IPA and the
ammonium persulfate as an additive in anisotropic etching of {100} silicon was analyzed.

When the 20% wt. IPA is added into the 10% wt. TMAH etchant, it increases the anisotropic
ratio ( Rioo /R110) by decreasing the {110} etch rate and keeping the {100} etch rate. {110}
surface roughness is greatly improved. There are still some small pyramids at the bottom
surface, which will affect the following fabrication process. Addition of ammonium persulfate
as the other additive can remarkably eliminate the pyramid and obtain much smoother bottom
surface. So 45 “mirror etched by the TMAH-IPA-AP system well satisfies requirements for
acoustic wave (GHz) reflection

3.2.2 Microchannel fabrication

3.2.2.1 Deep reactive-ion etching (DRIE)

Deep reactive-ion etching (DRIE) is an anisotropic plasma etch process, which is used to
achieve deep penetration, steep-sided holes and trenches in wafers with high aspect ratios .
Cryogenic and Bosch are two main technologies of high-rate DRIE. Bosch processes can
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fabricate the walls which are slightly tapered, e.g. 88<or 92< ("retrograde™). Another
mechanism is sidewall passivation. SiOxFy functional groups are used to condensate on the
sidewalls and to protect them from lateral etching. As a combination of these processes deep
vertical structures can be achieved[132].

3.2.2.2 Bosch physical etching process presentation

The Bosch process, named after the German company Robert Bosch GmbH which patented the
process[133], also known as pulsed or time-multiplexed etching, alternates repeatedly between
two modes to achieve nearly vertical structures.

1. Astandard, nearly isotropic plasma etch. The plasma contains some ions, which attack
the wafer from a nearly vertical direction. Sulfur hexafluoride (SFs) is often used
for silicon.

2. Deposition of a chemically inert passivation layer. (For instance, C4Fg source gas yields
a substance.)[134]

The requirement of our microdevice is to fabricate deep vertical microchannel between the pair
of 45°mirrors

Mask Sk Mask C.F.
m e, mm ] / | o -
v ¥ X 4 by
Si Si
A Etching step B Passivation step
Bisch pro%ss

Passivation

Mask SF, o layer
- [ l. B
Si

C Etching step

Figure 3.12 Bosch process.

In the Bosch process, each phase lasts for several seconds. The passivation layer protects the
entire substrate from further chemical attack and prevents further etching. However, during the
etching phase, the directional ions that bombard the substrate attack the passivation layer at the
bottom of the trench (but not along the sides). They collide with it and sputter it off, exposing
the substrate to the chemical etchant, which was shown as in Figure 3.12[133].
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There are four major issues in the microchannel fabrication process: etching rate, silicon profile
control, sidewall roughness and silicon grass. In addition to fabricate deep perpendicular
microchannels between the pairs of 45 “mirrors in our experiments, it decrease the undulation of
the sidewall[135]. Simultaneously it should avoid by-products generation at the bottom of the
microchannel which is formed due to the residual passivation layer[136].

3.2.2.3 Etching parameters optimization for the

fabrication of the microchannel

This study investigates factors in such a way to obtain perpendicular microchannel and slight
sidewall undulation without any silicon grass generation at the same time. Trench profile and
sidewall roughness are critical issues for acoustic characterization. Etching rate affect the
thickness of the photoresist mask. The realization of biological characterization relies heavily
on the smooth bottom of microfluidic channel, so the silicon grass should be avoided.

The fabrication process here is carried out in a Surface Technology System (STS) Multiplex
inductively coupled plasma system[137]. In the STS Multiplex inductively coupled plasma
system, the source plasma is generated by an inductively coupled coil generator (1 kW, 13.56
MHZz). The platen electrode is powered by a 13.56 MHz generator, which allows independent
control of the bias potential of the wafer relative to the source plasma. The wafer temperature
can be cooled by pressuring helium to the back of platen. The system is equipped with an
automatic pressure control valve. The valve is automatically adjusted to maintain the chamber
pressure. After performing the dry silicon etching, the etch profile of the trench and sidewall
roughness are evaluated thanks to a Scanning Electron Microscope (SEM).
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Figure 3.13 Effect on the etching profile and scallops of pressure parameters
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SFe is used as isotropic etchant due to low toxicity compared to F,. O, typically used with SFg
to combine with SFy so that F ion does not combine with them which can keep F ion
concentration higher. O, can passivate the surface where mask has eroded and reacts with
polymer film to keep it from getting too thick.

Figure 3.14 SEM micrographs of deep trenches of pressure parameter. (a) pressure 10 mTorr;
(b) pressure 25 mTorr;(c) pressure 35 mTorr[138].

Figure 3.13 shows that the etching profile and scallops change along with the pressure
increasing. When the pressure is around 25mTorr, the etching profile is near 90 2(Figure 3.14b).
When the pressure is lower than 20 mTorr, the profile values have a small fluctuation around 91 ©
(Figure 3.14 a). However, the etching structure will be damaged with the pressure more than 30
mTorr (Figure 3.14 c). The scallop sizes slowly grow with the increase of the pressure when the
pressure is lower than 25 mTorr, while the scallop sizes sharply increase as the pressure is
higher than 30mTorr.

71



The STS machine works with high plasma density at low pressure, there are several advantages:
1) low pressure reduces the ion scattering and maintains ion trajectory as mostly vertical, 2) it
will better control the etch profiles; 3) it improves transport of species into deep trenches. But
low pressure will lead to fast pumping and reduce the etch rate. So the pressure chosen is
around 25mTorr to make the good profile but the scallops is a little rough, which should be
improved in the later experiments.
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Figure 3.15 (a)Effect on etch profile and scallops of the platen power, (b)The scallop etched
at 30W of the platen power.

Platen power, which can accelerate ions through a sufficiently high potential, plays a very
important role in deep silicon etching[139]. The high speed ions can remove the passivation
from the base of the feature whilst leaving the side wall passivation intact, thereby promoting
an anisotropic etching. The influence of platen power on profile and scallops of trench is shown
in Figure 3.16. It is found that increasing platen power decreases the profile of silicon trench, as
well as decreases the scallops of silicon. When platen power is less than 30 watt, the silicon
grass appear at the bottom of etching region (Figure 3.16 a). The increase of platen power will
eliminate the generation of silicon grass. However, platen power should be lower than 60 watt,
as shown in Figure 3.16¢
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Figure 3.16 SEM micrographs of deep trenches of platen power. (a) platen power 20W, (b)
platen power 50W, (c) platen power 60W

Coil power mainly generates the high plasma density in low pressure. The silicon etching rate
increases with coil power increase and vice versa. When coil power is higher than 2500W,
silicon grass will be generated at the bottom of the trench, the side wall of the trench will be also
damaged by sputtering. So the coil power of 2000W will reduce the grass and maintain the high
etching rate as much as possible.

Table 3.3  Details of ICP-RIE process parameters used in the experiments.

1 350/35 300 3.5/2 2000/50 0 20
2 400/40 300 3.5/2 2000/50 0 20
3 45045 300 3.5/2 2000/50 0 20
4 500/50 300 3.5/2 2000/50 0 20
5 350/35 300 8.5/3.5 2000/50 0 10
6 400/40 300 8.5/3.5 2000/50 0 20
7 450/45 300 8.5/3.5 2000/50 0 20
8 550/50 300 8.5/3.5 2000/50 0 20
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Through the effect of three critical parameters on silicon deep etching, experimental results
indicate that low pressure and suitable platen power will obtain the perpendicular deep trench
and smooth scallops. We choose 25mTorr (pressure), 50W (platen power) and 2000W (coil
power) as the references to investigate other parameters.

Table 3.4  Geometrical dimensions and profile angle of trenches etched at different SF6
flow rate

1 350/35 50 47 50.1 123.8 90.7 6.2
2 450/45 50 521 52.4 90 90.1 4.5
3 550/55 75 94.9 92 23 86.3 2.3

- = 10 pm EHT = 2,00 kv WD = 3.7 mm
20 pm EHT =10.00 kV WD = 7.1mm ol ¢
(a) A Mag= 499X StageatT= 450" (b) — Mag= 724X  StageatT= 00

(C) 10 pm EHT = 10.00 kV WD = 52mm
— Mag= 872X  StageatT=-00°

Figure 3.17 The profile of trenches etched with variable SFs flow rate (a). Negative (opening)
profile at 550 sccm (profile angle ~91 (b). Straight profile at 450 sccm (c). Positive (closing)
profile at 350 sccm (profile angle ~86 )

Effect of SFs flow rate on the etched shape profile of the trenches is clearly shown in Figure
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3.17. Figure 3.17a shows negative profile (profile angle ~91 of a trench when it is etched at
SFe flow rate of 500 sccm. With a flow rate of 450 sccm, almost vertical profile is obtained.
Shape profile is changed from positive to negative, when the flow rate is reduced to 350 sccm.

Since an increased sidewall impact by fluoride ions, the negative slope of the side wall is caused
by a lateral etching rate, which increases with the depth of the trench. This impact can either be
the result of ion deflection due to mirror charges on the sidewall or ion back-sputtering from the
trench bottom. When the SFg flow increases (~450 sccm) with all the other parameters kept
constant, the passivation quality of the layer diminishes. Fluoride ions have isotropic nature of
etching, i.e. etching rate remains the same in all directions. A number of fluoride ions start
etching the side walls and thus lateral etching start. Due to sidewall etching, bottom diameter of
trench increases and negative profile is formed.

The etching of the trench bottom depends on the density of ions and electrons, as well as the
removal of the reaction products. In normal case, there is equilibrium between the transport of
etchant to the surface and the products transport away from surface; however at large depth, this
equilibrium does not remain balanced and transport mechanism of reactants and waste products
become complicated. Fluoride ions try to descend down to etch the bottom surface, while the
gaseous products (SiF,Oy) try to come out of the trench. In this transport process, some of the
fluoride ions lose their etching capability[140].

When the SF¢ flow rate increases gradually, etching rate reduces thus results in positive profile.
An optimum SF¢ flow rate is needed to get perfectly perpendicular profile. In this case, we have
found that the profile of vertical etched shape is achieved at a flow rate of about 450 sccm.

(a) 'w_w‘n EHT = 10.00kV WD = 45mm (b) &nm EHT = 2.00kV WD = 29mm

Mag= 500X StageatT= -00° Mag= 2141 KX StageatT= 00°

Figure 3.18 SEM micrograph of trenches (a)the profile, (b)the scallops.

The reason of grass formation is not clear yet. At first when the etching depth is low, the silicon
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grass will be prevented by the high dispersion of fluoride ions. But with the etching process
continuing, the concentration of incoming fluoride ions is not enough to reach the bottom of
etching part so that the silicon grass generates. Thus with the incoming fluoride ions is highly
collimated, grass is formed at the bottom. In order to prevent the silicon grass formation, SFg
flow rate and the time ratio of etch and passivation should be precisely controlled [141].

In this part, it shows the effect of three critical DRIE parameters, such as platen power, coil
power, pressure, SFg/O, gas flow rate and ratio of etching to passivation cycle time. The profile
of trenches is changed from negative to positive profile with the changes of five critical DRIE
parameters. Effect of several parameters on bottom grass formation is also shown here. In terms
of 50pm wide trench, thanks to optimization of these five DRIE parameters, we finally obtain
perpendicular trenches (~90< whose scallops are around 110nm, without grass generation at
the bottom (Figure 3.18).

3.2.2.4 Microchannel fabrication process

As shown in Figure 3.2f, RIE technology enabled (02 and CF4) to etch the rest of SiO, and
evaporation process is used to deposit Al (500nm) on the silicon surface. Then it was
spin-coated with photoresist (Shipley Miroposit AZ 9260) at 2500rpm for 60 second and
baked at 110<T for 1min. After the lithography, microchannels were fabricated by deep
reactive ion etching (Surface Technology System Company).

o
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— Mag= 257X StageatT= 01°

Figure 3.19 SEM micrograph of mirror and channel.

Figure 3.18a shows the cross section images of the microsystem obtained by scanning electron
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microscopy (SEM). The width difference between the top and the bottom of the microchannel
is less than 1%. Most part of acoustic waves will transmit through nearly 90 °channel wall of
the microchannel. Because of high frequency acoustic wave (at the frequency of 1GHz, the
wavelength of the longitudinal wave in silicon is 8.4 pm), it is necessary to downsize the
scallops of channel walls to make sure the roughness is much smaller than the acoustic
wavelength so as to limit the diffraction of the acoustic wave (Figure 3.18b). The micro-device
fabricated in the front side of Silicon wafer is shown in Figure 3.19.

3.2.3 Piezoelectric transducer fabrication

3.2.3.1 Introduction

Most of the acoustic devices have been made from bulk piezoelectric materials, such as lithium
tantalate (LiTaOs), lithium niobate (LiINbO3) and also use of sapphire (Al;O3). These bulk
materials are expensive, and are less easily integrated with electronics for control and signal
processing. Piezoelectric thin films such as ZnO have good piezoelectric properties, good
electro-mechanical coupling coefficient, high sensitivity and reliability [142]. They can be
grown in thin film form on a variety of substrates, including silicon, making them perhaps the
most promising material for integration with electronic, aiming for disposal, low-price and
mass production[143].

Table 3.5 A comparison of different types of deposition methods.

Deposition rate High low medium  Very low Low
Compatibility with

MEMs Processing Good ok Good poor Poor
Quality Poor Good Good excellent Good
Temperature R.T. 300-900TC 25-400C 300-800C 200-600C
cost cheap medium cheap High medium
Deposition size large large large medium small
Epitaxial growth difficult ok possible Highly Ok

ZnO, AIN and PZT are the three dominant piezoelectric thin film materials which can be
integrated into MEMS and microelectronics processes. Gallium arsenide (GaAs), silicon
carbide (SiC), polyvinylidene fluoride (PVDF) and its copolymers are less common. Thin film
piezoelectric (PE) materials. Among these, PZT has the highest piezoelectric constant and
electro-mechanical coupling coefficient. However, for biosensor applications, PZT films have
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disadvantages such as higher acoustic wave attenuation, lower sound wave velocities, and poor
biocompatibility[148]. Piezoelectric AIN thin films have a much higher phase velocity, and are
hard and chemically stable. However, the deposition of AIN films and texture control are more
difficult compared with that for ZnO. Compared with AIN, ZnO shows a higher piezoelectric
coupling, and it is much easier to control the film stoichiometry, texture and other
properties[149].

There are many different methods reported for the deposition of ZnO films, including sol—gel
processes, chemical vapor deposition, sputtering, molecular beam epitaxial, filtered vacuum
arc deposition and atomic layer deposition[144][145][146][147]. Table 3.5 compares different
deposition methods for the ZnO films. From a MEMS fabrication point of view,
radio-frequency (RF) magnetron reactive sputtering is one of the best methods, with good
reproducibility and compatibility with planar device fabrication technology[150].

(0007)-0

Figure 3.20 ZnO Wurtzite crystalline structure[151]

The microstructure, texture and piezoelectric properties of the ZnO films are normally
affected by sputtering conditions such as plasma power, gas pressure, and substrate material
and temperature as well as film thickness. During sputtering, the energetic ion bombardment
has significant effects on the stoichiometry, size, shape and orientation of ZnO crystals,
intrinsic stress, defects, electrical and optical properties, as well as surface and cross-section
morphologies. The effects of the processing parameters, such as sputtering gas pressure, RF
power, total flux density, bias voltage and substrate temperature, have been successfully
described using modified Thornton models[152].
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ZnO normally crystallizes in a hexagonal, quartzite type crystalline structure [151](see Figure
3.20), The O,/Ar gas ratio and gas pressure have frequently been reported to have significant
effects on the film stress and texture[153][154]. ZnO acoustic wave devices with a (0001)
film texture can be used for sensing in air or gaseous environments also for bio-sensing in
liquids.

For ZnO acoustic wave devices, the most frequently used electrode material is aluminum.
However, aluminum electrode is limited due to the lifetime of the aluminum electrode in
aqueous media. The other common electrode materials include Au, Ni, Pt. The
electro-mechanical coupling coefficient (k?) of the ZnO/Si acoustic wave devices depends
on[155]: (1) normalized thickness of ZnO film; (2) acoustic wave mode; (3) film texture; (4)
substrate materials; (5) electrode materials.

3.2.3.2 ZnO transducer fabrication process

In this work, we present the fabrication of high frequency thin film transducer of ZnO( ~

1GHz). For piezoelectric applications, the crystallite orientation of ZnO thin film should have
the c-axis perpendicular to the substrate. The flow chart is illustrated in Fig. 3.3. As shown in
Fig.3.3a, after SiO, deposition at the backside is etched by CF; and O, (CF4;:0,=1:1),
evaporation process is used to deposit ground layer of Ti/Pt (100 A/21000 A) on the backside
of the silicon wafer. Then a double layer of PMGI SF19 (MicroChem Corp. , Newton, MA ;
7.2m ) and S1828 (Shipley Corporation, 2um) are patterned by Cr/quartz mask,
Double-sided alignment lithography was performed to pattern ZnO transducers under the
mirror {110} planes on a SUSS MicroTec MA/BAG6 system (see Fig. 3.3i). In the Fig. 3.3j,
thick layer was locally etched using a commercial MF 319 developer(Microposit, Shipley
Corporation, Malborough, MA) through a mask made of S1828 Photoresist(Shipley
Corporation) to obtain the piezoelectric rectangle area (200@m x 100@m) , which ensure a
good electrical matching of the transducer( a real part of the impedance of 50Q at the
resonance frequency).

ZnO film and Pt are deposited on silicon substrate by radio frequency magnetron sputtering
(The detail parameters of ZnO were shown in table 3.5). Finally piezoelectric transducers (Pt
(200nm)/ZnO(2.4m)/Pt(100nm)/Ti(10nm)) is fabricated by lift-off process in the Remover
PG solution(MicroChem Corp. US.).

Table 3.6  The sputtering parameter of ZnO

120W  15mT 8 3H 13nm/min
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For deposition of high crystal quality ZnO films, the large lattice mismatch and the thermal
expansion coefficients between ZnO films and substrate unavoidably cause residual
stress[156]. The thermal annealing treatment is used to improve the crystalline quality of ZnO
film.
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Figure 3.21 XRD pattern of ZnO thin film with different annealing temperature.

Figure 3.21 displays the XRD patterns of the annealed ZnO films with different annealing
temperature. Figure 3.21 shows the XRD pattern for samples annealing at several temperature
(ranging from 50 to 600 <T). The peak at about 34 <corresponds to the diffraction from the {002}
plane of the ZnO which exhibit a preferred c-axis orientation. The intensity of the peak at first
increased when it reaches a maximum at 300 <C, and then intensity of the peak drops down. So
300<C is chosen as the annealing temperature for half an hour and the heating ratio is 2 <T/min.
The annealed ZnO film is shown in Figure 3.22.
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Figure 3.22 The cross-sectional view of ZnO film

The bulk capacitance is given by C=gogr%, & 1s the permittivity of ZnO in vacuum

(8.9x10"F/m), | isthe thickness of the transducer, &, is the dielectric constant of ZnO, S
is the surface area of ZnO. So we can obtain the ¢ =9.7 for the ZnO transducer. The

dissipation factor tans = £ = 0.04. The theory and experiment data are shown in Figure 3.23.
gl’

Static capacitance (F)

Surface (m?)
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Figure 3.23 Evaluation of the permittivity from transducers of different sizes

3.2.4 PDMS assembly

The use of polydimethylsiloxane (PDMS)[157] elastomer for miniaturized bioassays has
numerous advantages over silicon and glass. PDMS as a material is inexpensive, flexible, and
optically transparent down to 230 nm (and therefore compatible with many optical methods for
detection). It is compatible with biological studies because it is impermeable to water, nontoxic
to cells, and permeable to gases. A final, major advantage of PDMS over glass and silicon is the
ease with which it can be fabricated and bonded to other surfaces. For the development of
bioassays, where many designs may need to be tested, the ease of rapid prototyping in PDMS is
a critical advantage.

It is difficult to perform metal deposition and dielectric deposition on PDMS. This severely
limits the integration of electrodes and resistors. Nevertheless, this problem is minimized by
the fact that PDMS easily attaches to a glass slide using a plasma treatment. Thus, the various
thin layer metal or dielectric depositions can be performed on the glass slide. PDMS is a
material that ages, therefore after a few years the mechanical properties of this material can be
changed. PDMS adsorbs hydrophobic molecules and can release some molecules from a bad
cross-linking into the liquid. This can be awkward for some biological study in PDMS
microfluidic devices. PDMS is permeable to water vapor which makes evaporation in PDMS
device difficult to control. PDMS is sensitive to exposure to some chemicals
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Figure 3.24 Cross-linking of Polydimethylsiloxane
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One of the most common used PDMS elastomers is Sylgard 184 (Dow Corning). Sylgard 184 is
a two part resin system containing vinyl groups base polymer and hydrosiloxane groups (curing
agent) shown in Figure 3.24 below. Mixing the two resin components together leads to a
cross-linked network of dimethyl siloxane groups.

The recipe is as follow: firstly add 25 g of Sylgard polymer base to a large glass beaker using a
disposable plastic spoon. Add 2.5 g of curing agent using a disposable dropper. Secondly
thorough mixing of the PDMS components is essential for good curing. Proper stir is needed to
mix the polymer components so that they will yield an adequately cured sample. Bubbles
degrade the optical qualities of cured PDMS so bubbles should be removed before curing. Most
bubbles trapped during mixing of the components will eventually rise to the top of the liquid
where they may be broken by blowing across the surface. Glass beaker containing the mixed
PDMS components on the water in sonicated bath might help remove the bubbles. Then the
mixture is deposited on a new silicon wafer deposited with octafluorocyclobutane and placed it
into the oven at 70<C for 12 hours.

Table 3.7  Parameter of oxygen plasma for PDMS silanization

100mT 20w 30s
R R = amine
| hydroxyl
. methacrylate
/S' aldehyde + 2 CH30OH
H,CO | OCH3 epoxy t
mercaptan
OCHjz olefin R
fluoroalkyl H4CO,
+ Nai
Si
—_—
=
OH OH OH OH OH (@] @] OH

Figure 3.25 Silanization of plasma-exposed PDMS.

Once PDMS is peeled from the silicon wafer, it is prepared for assembly to a final microdevice
fabricated. PDMS surface can be chemically modified in order to obtain the interfacial
properties of interest. The most reliable method to covalently functionalize PDMS is to expose
it to oxygen plasma, whereby surface Si-CH3 groups along the PDMS backbone are
transformed into Si-OH groups by the reactive oxygen species in the plasma as shown below in
Figure 3.25. The silanization process of PDMS was done by PICO standard plasma system
(electronic diener comp.) The detailed parameters of oxygen plasma for PDMS silanization are
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shown in Table 3.7. The Si-OH groups in the surface of PDMS easily link with the Si-OH
groups in the surface of the SiO, thin film deposited on the silicon wafer. Finally the
silanization PDMS cover is bonded with the silicon wafer fabricated with 45 < mirrors and
microchannel (Figure 3.26).

Over 40 sensors
channel backside
;

inlet

45° mirros

channel
outlet

Figure 3.26 Photograph of microsystem

3.3 Discussion and summary

This chapter focuses on the microfabrication especially on the three major micro-components:
45<° mirror, microchannel and piezoelectric transducer. In order to guide the high frequency
(—~1GHz) acoustic wave inside the silicon wafer and to achieve characterization in the
micro-channel, ZnO thin film (2.4pm) will be fabricated.

Due to acoustic wave reflection, the surface roughness and the profile of the micro-components
have a great influence on wave transmission. Only 45 <nirror can guide the acoustic wave from
thickness direction to the direction parallel to the surface. The roughness of mirror surface will
cause the acoustic wave scattering and attenuation, so reduction the mirror surface roughness is
necessary. The bottom pyramids will break the edge of the 45 nirror and affect the acoustic
wave transmission to a certain extent. In the experiments, the average of the mirror roughness is
lower than 200nm which is much smaller than the acoustic wavelength at 1GHz. The pyramids
were decreased which is not only useful for the acoustic wave transmission but also not
convenient for the following micro-fabrication.

As far as the microchannel is concerned, the perpendicular trench, the scallops and the bottom
grass have a great influence on wave transmission. In order to avoid the oblique incidence of
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acoustic wave, the perpendicular trench is necessary. The scallops will cause the acoustic wave
scattering and attenuation as the mirror roughness. Silicon grass will make micro size objects
move irregularly, which will impact the sensing accuracy and generate some acoustic noise. By
the above experiments, the perpendicular trench fabricated is around 89.7<290.3< The scallop
of the microchannel is less than 150nm and the silicon grass is eliminated.

By means of the microfabrication and improvement, we fabricate a sensing microdevice
meeting with the requirement of acoustic transmission inside silicon wafer.
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4 Microsystem improvement and application to

viscoelastic properties characterization

4.1 Acoustic wave characterization

4.1.1 Scattering parameter

In the S-parameter approach, an electrical network is regarded as a 'black box' containing
various interconnected basic electrical circuit components or lumped elements such as resistors,
capacitors and inductors, which interacts with other circuits through ports. The network is
characterized by a square matrix of complex numbers called its S-parameter matrix, which can
be used to calculate its transfer function. For the S-parameter definition, it is understood that a
network may contain any components so that the entire network behaves linearly with incident
small signals. It may also include many typical communication system components or 'blocks'
such as amplifiers, attenuators, filters, couplers and equalizers assuming that they are also
operating under linear and defined conditions[157].

An electrical network to be described by S-parameters may have any number of ports. Ports are
the points at which electrical signals either enter or exit the network. Ports are usually pairs of
terminals [158]. S-parameters are used at frequencies where the ports are often coaxial or
waveguide connections.

The following information must be defined when specifying a set of S-parameters: 1) the
frequency, 2) the characteristic impedance (often 50Q2), 3) the allocation of port numbers.

_+ a - _ & _I;
Tl.rl b a -";.,r:

LI |
[

Figure 4.1 The scheme of 2-ports network

The S-parameters matrix for the 2-ports network is the most commonly used and serves as the
basic building block for generating the higher order matrices for larger networks[159]. In this
case the relationship between the reflected, incident amplitude waves and the S-parameter
matrix is given by:
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Expanding the matrices into equation gives:

by = S11a1 + S1pa;
and

b, = Sy1a1 + Sya;

Each equation gives the relationship between the reflected and incident amplitude waves at
each of the network ports, 1 and 2, in terms of the network’s individual S-parameters,
S11, 812, 8,1, S11. If one considers an incident amplitude wave at port 1(a,) it may result from
the mismatching of system impedance (Z,)[160].

by _ Vi b, V-
Sy1=—=—and Sy =— ==
1= Ty 21 = T

Where V,"and V, is the voltages across port 1 and V,” and V, is the voltage across port

2.

Similarly, if port 1 is matched to the impedance then a; becomes zero, giving
SlZ =;=E and SZZ =—2=_

Each 2-ports S-parameter has the following generic descriptions: S;; is the input port
voltage reflection coefficient. S;, is the reverse voltage gain. S,; is the forward voltage
gain. S,, is the output port voltage reflection coefficient.

4.1.2 Signal processing and method wused for acoustic

measurement

Electrical measurements using network analyzers are of common use in electronics
characterizations. Their major interest is the high sensitivity (-110dBm). We measure the Si1
and S21 scattering parameters defined respectively as the ratio of the complex amplitudes of the
reflected and transmitted voltage thanks to a Suss Microtech prober coupled with a
ROHDE&SCHWARZ ZVA8 Vector Network Analyzer (VNA). It has been shown that this
parameter is composed by two terms, a purely electrical one, and an acoustical one[161]:

S; () = SiejleCt + KS§eoust

Where K is the electromechanical coupling constant for the piezoelectric material

The origin of the electrical term is due to the reflection of the electrical wave on the transducer.
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This term vanishes if the transducer is perfectly electrically matched to the impedance of the
line. The second term represents the acoustic wave propagating in the silicon wafer, and so on,
reconverted by the transducer into an electrical signal. The network analyzer is calibrated in the
plane of the transducer which provides us a phase or time origin. The inverse Fourier transform
of the S11 parameter can be interpreted as the impulse response of the system.

In the time domain, the two terms of Si1 are separated. The electrical term occurs just after the
origin of time and the acoustical one is delayed by the acoustic propagation time. Figure 4.2a
presents the real and imaginary parts of the S11 parameter in the frequency domain given by the
network analyzer and Figure 4.2b presents the modulus (dB scaled) of Si1in the time domain
for which the previous explanation can be easily observed. For these measurements, since the
opposite face of the wafer in respect to the transducer is free of material, we can get out the
acousto- electric parameter K which is simply the amplitude of the first acoustical echo,
commonly named the first arrival.

These measurements on the transducer are done through the material to characterize the
interface at the opposite face of the silicon wafer from the transducer. We achieve the
characterization by comparing the measured signals with and without the sample. We have
encountered two kinds of situations-the absorption of the acoustic wave in the material is:

e weak enough to observe an acoustic reflection on the free surface of the layer (method 1);

e too large to detect the reflection on the free surface. In such a case it is difficult to evaluate
speed of sound in the material.

We will show a method to overcome this difficulty.
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Figure 4.2 Real and imaginary parts of Sy; parameter function of frequency (MHz) (Thick
curves represent the electrical term) (b) Modulus of the impulse response, inverse Fourier
transform of the S3; parameter function of time.
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Figure 4.3 Modulus of the impulse response (dB), inverse Fourier, Transform of the Sy
parameter function of time (s), dot line: without sample, solid line: with a specific layer

In the first method, we use measurement on the layer of a material to be characterized by the
mean of a 1GHz longitudinal ZnO transducer. We have superimposed on the modulus of the

inverse Fourier transform of the S;; parameter in dB scale.
Time delay between echoes labeled ‘i’ or ‘j> enabled the phase velocity to be evaluated:

_2(-De
t—t;

where e is the thickness of the material.
We compute the absorption coefficient a using the amplitude of impulses:

1 A4
loglo(rj—i'A_ji) i %0
T 2Ge T

with r = %, and A; the amplitude of echo number j.

We first isolate electrical term from the acoustical term. Therefore, we apply an erasing window
We (t) that set the acoustical term to zero and take the Fourier transform of the product.
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S () = FEFUS1 (D] - We (D} = S11 (DQF[W, (1)]

We can get the acoustical term by subtracting the electrical term from the measure:

ST (D) = Su () = S (D)

The first acoustic echo can be obtained by using the same method. An erasing window W, (t)
sets to zero the whole signal except for the first arrival:

SNt TH(D) = FHFTUSEO (D] - WL (D)} = S (DRF[W, (1)]

The effect on the signal is shown on the Figure 4.4 which can be compared to the Figure 4.2a. A
zoom of this image shows clearly that the first acoustic arrival term is only composed by a
complex exponential of a single time of flight. The same signal processing is applied to the
reference signal. Then we get out the reflection coefficient of the acoustic wave at the interface
between silicon wafer and the sample by computing the ratio of these two filtered signals.

ZOOHI\

04

02
B 0
|
E 0.2
v -U.j . . . . . .

00 450 500 550 600 650 700 750 800

Frequency (MHZz)

l e _IIA. b uJJn.... l

én
(=]

-
=]
=]

-150

=]

Modulus of the impulse response

0 05 1 1.5 2 25 3
Time (100ns)

Figure 4.4 Real and imaginary part of the filtered signal function of frequency (MHz), gray:
imaginary part, black: real part b) Modulus of the impulse response (dB), inverse Fourier
Transform of the Sj; parameter function of time (100ns), gray: before filtering, black: after
filtering
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This reflection coefficient can be modeled by:

where Z,; is the characterized material mechanical impedance and Zg; is the mechanical
impedance of the silicon wafer

From this reflection coefficient we can get out the acoustic impedance of this material
Zy = PuVn

The phase velocity V and the absorption coefficient 3 are linked to complex velocity V,,

by ky, =— =2 _ipt?
Yy by =g =y A
So, we carry out the sound velocity and the absorption coefficient in the layer by minimizing
distance from the measured reflection coefficient and the result of simulation, assuming that the
density of the material is known. The method can expand to the transmission echoes and the
analysis of the impulse response of S,; parameter.

4.1.3 Experimental set up for acoustic wave characterization

The acoustic test system consists of manual probe system (Cascade Microtech), multi-channel
signal generator, Rhode&Scharwtz vector network analyzer and microfluidic controlling
system (MFCS pressure-driven flow controller) as shown in Figure 4.5.
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Figure 4.5 Acoustic characterization system: (a) multi-channel signal generator (b)
rhode&Scharwtz vector network (c) PM8 system (d) scheme of backside probe contact (e)

picture of probe and ZnO transducers (contact mode).(ffMFCS(microfluidic Flow Control
Systems) are pressure-driven flow controlller

93



Pt(100nm)/Ti(10nm) electrodes

Figure 4.6  Scheme of the probe excitation of the ZnO transducer.

The rectangular piezoelectric area of ZnO transducer is 200m>=100m(Figure 4.6), which
ensures the real part of the impedance of 50Q at the resonance frequency[162]. The electrical

A .1 1

si2 e, 2,

impedance of a transducer is defined at the resonance frequency by Z(f,) =

In the case of ZnO:

e Alisa constant characterizing the piezoelectric material ( A=1.0458x10"Q-m*Hz?),
e Sisthe area of the piezoelectric transducer

e andc, is the static capacitance.

First, measurements were carried out on reference devices: ZnO/Si/air (1GHz transducer). In
this case, as the reflection coefficient at the Si/air interface is —1, Si; can be written as:

S, =S _Ked% 4 ...

Isolating the first echo allows us to obtain the acousto-electric parameter K.
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Figure 4.7 shows the impedance of the transducer deduced from the measurement of Si;. The
continuous line represents the numerical simulation derived from the KLM model [16] and the
dashed line results from experimental measurements.
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Figure 4.7 Electrical impedance of the ZnO 1-GHz transducer [Pt (100 nm)/ZnO (2.4 u
m)/Pt (100 nm)/Ti (10 nm)/Si] obtained by measurement of S11. The continuous line represents
the numerical simulation and the dashed line results from experimental measurements.

The manual probe system is composed of PM8 system and Karl Suss |z| probe. The PM8
system is the simple and highly precise to the probing solution. The MFCS provides pulseless
and highly stable (-0.1%) flows as well as great responsiveness and ensure the full integrity of
your samples for all your microfluidic applications.

We acquire the information by measuring the S; scattering parameters of acoustic test system.
The calibration of test system should be finished before measurement. With the calibration Kkit,
the compensation of cables and probes impedances is achieved using a TOSM
(Through-Open-Short-Match) calibration technique. As illustrated in Figure 4.5e, there are
two tips in the Karl Suss |z| probe, one tip contacts with the top electrode over the ZnO thin
film, the other tip contact with the bottom electrode over the Silicon substrate.
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Figure 4.8 The schematic of the workbench for characterization

4.2 Acoustic wave guiding characterization

4.2.1 Wave guiding inside silicon wafer using two 45°mirrors

A schematic view of the system is presented in Figure 4.9d. After the 45 mirrors were
achieved on one side of the silicon wafer, piezoelectric transducers were deposited on the
other side of the wafer. As shown in Figure 4.9d, a pair of transducers was aligned to be under
the mirrors and the other pair of transducers was aligned under the bottom of mirror.
Moreover, shifting the position of the transducer under this kind of 45<Mmirror makes it
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possible to choose the depth of the acoustic beam from the surface of the wafer. The
transducers can be achieved by bonding single crystals or depositing thin films on a host
wafer. We present ZnO thin films as transducers. The frequency of the transducer was
proposed to be around 1 GHz. An embedded acoustic wave propagating parallel to the surface
of the silicon wafer is then generated by using the mirrors mentioned above.

Here we measure the S;; and S,;scattering parameters defined as the ratio of the complex
amplitudes of the reflected and transmitted to the incident voltage thanks to a Suss Microtech
prober on PM8 manual probe system(CASCADE MICROTECH) coupled with a
ROHDE&SCHWARZ ZVAS8 Vector Network Analyzer (VNA). The impulse response of
the system S;;(t)(i, j = 1 or 2) was obtained by computing the inverse Fourier transform of the
complex data collected by the VNA. We observed the transmitted and reflected echogram and
used the physical analysis to validate their propagation delay using the wave velocity.

The thickness of the silicon wafer is about 370um. The distance between the top of the mirrors
and the distance between the transducers are about 370um and 390um, respectively. Short
edges of the transducers are a little bigger than the designed size due to the lithography process
during the fabrication, so a little part of the transducers is aligned below the horizontal surface
plane. This allows us to measure a little signal which propagates vertically and returns to the
emitter by the S11 parameter characterization. The energy of this signal is weak enough to
detect the shear wave which is also emitted at very low level. Because of the fabrication
limitation by RF sputtering technology, the ZnO thin film is not able to exhibit a perfect c-axis
orientation perpendicular to the substrate surface. The polycrystalline ZnO still exit in the thin
film, so when the ZnO thin film is exited, not only longitudinal wave but also shear wave will
be generated. It is observed that there are longitudinal and shear waves propagating on this
vertical path, see Figure 4.9a.

The predicted time of flight is about 87.6 ns for the longitudinal wave (LL, means the

longitudinal acoustic wave emitted by the transducer and reflected as longitudinal one by the

top surface of the silicon wafer) and 125.7 ns for the shear wave (SS, means the shear acoustic

wave emitted by the transducer and reflected as shear one by the top surface of the silicon wafer)
which are close to the measured values with only about 0.4% of error. One can also observe that

a part of longitudinal wave emitted obliquely was converted into a shear wave (named as LS)

which returned to the emitter thanks to the curvature of the slowness curve in silicon for this

orientation. A predicted time of flight of 107.2 ns is also close to the measured value with some

0.4% of difference. This first analysis validates the data used in the simulation (stiffness tensor,

density and size of the system).
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Figure 4.9 Real part of the impulse response of the system vs. time (ns): (a) Su, (b) Sx
without silicon oxide on the mirror and (c) Sz1 with a 4um silicon oxide layer on the mirrors (d)
Propagation paths inside microsystem.

The impulse response Sy; shows several pulses which can be explained analyzing the time of
flight in the system, as shown in Figure 4.9 b. LLL represents the longitudinal acoustic wave
emitted by the transducer has been reflected twice on the 45<mirrors before reaching the
receiver. LLS represents that the longitudinal acoustic wave converted into shear acoustic
wave after being reflected on the second mirror during the propagation. LSS represents the
longitudinal acoustic wave converted into shear acoustic wave when reflected on the first
mirror and remaining as shear acoustic wave after reflected on the second mirror during the
propagation. SSS represents the shear acoustic wave propagated from the emitter and being
reflected twice on the 45<mirrors before reaching the receiver. The results of the predicted
and measured time of flight of the waves are summarized in Table 4.1. The differences are
less than 3% for LLL and SSS and 6% for LLS. The LSS signal seems to be composed of a
lot of waves overlaps in time domain and we cannot measure it precisely.

Considering the amplitude of the longitudinal wave and shear wave converted from
longitudinal wave, we can deduce that the silicon mirrors are efficient to guide the
longitudinal acoustic waves. Figure 4.9¢ shows the S,; impulse response with a silicon
dioxide layer on the mirror. Without the silicon dioxide layer the amplitude of the peaks for
the S,y transmission is evaluated at 0.8 X 10 for LLL while with the silicon oxide layer The
transmission peak is 9.5 X 107 for LLL. It implies that the efficiency of the reflection of the
longitudinal wave on the mirror can be improved by means of the deposition of a SiO; layer
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on the two mirrors. The increase of amplitude of the LLL signal is more than 20 dB.

Table 4.1  The predicted time of flight and deduced from S,; impulse response with the two

45 Tirrors
LLL 128.1 124.7 2.7
LLS 150.3 142.9 5.2
LSS 180.4 160.7-172.0
SSS 184.8 180.0 2.7

4.2.2 Study of the microsystem including the microchannel
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The reflected impulse response S,,(t)shows three reflected signals due to the time of flight
shown in Figure 4.11.

LL-LL represents the longitudinal wave propagates through path | and path Il, then which is
reflected by the first sidewall of the microchannel and returned back to same transducer.

LS-SL represents the longitudinal wave which is converted into shear wave at the interface of
45°mirror (path I1).
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Figure 4.10 LL-LL and LS-SL: the refection interface is the first sidewall of the microchannel
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Figure 4.11 The reflected pulse echogram (the microsystem with the microchannel and
45Mirrors) (a) The real part of the transmitted impulse response (blue curve: the
microchannel without water, red curve: the microchannel filled with water), (b) The modulus of
the transmitted impulse response (green curve: the microchannel without water, black curve:

the microchannel filled with water)
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The total thickness of the silicon wafer is about 360pum. The distances between upper limit of
the mirrors and between the backside transducers are about 270pm and 430pm respectively.
The width of the microchannel is about 50pm. It is observed that longitudinal and shear
waves propagate on this vertical path, see also Figure 4.12. A continuously sinusoidal wave
was used as excitation. The central resonance frequency of the ZnO transducers was
characterized at about 1.3 GHz.

We can see the reflected impulse responses s,,(t) shown in Figure 4.11. Through the basic
calculation of time of flight, we can observe three amplitude peaks which are identified as
LL-LL and LS-SL reflected paths. The differences between theoretical and experimental values
are less than 5% for the paths LL-LL, LS-SL, which are shown in Table 4.2. When the channel
is filled with the deionized water, the amplitude of LL-LL peak is lower than when channel is
empty. The same situation happens in the peaks of LS-SL. We can conclude that a part of
acoustic wave is transmitted through the microchannel. The other phenomenon observed is that
the double peaks appear when the longitudinal wave is converted into the shear wave by 45<
mirror.

Table 4.2  The predicted and measured reflected impulse response (Inverse Fourier
transform of S3; and Szz)with 45 nirror and microchannel

LL-LL 1115 115.3 121.0 124.9 3.2
LS-SL 133.0 136.6 149.0 156.8 4.8

The relative difference of the time of flight between expected value and measurement is
calculated as follow (Figure 4.10):

D

_ |SllM + SZZM - (SllExp + SZ2Exp)|
|

SllM +Som ‘

where S, andS,,.  are the predicted time of flight, S,, and S,,, are the measured time

of flight. D is the relative difference.

Figure 4.12 shows a microsystem used to compare the transmitted impulse response S,,(t) in
two cases: microfluidic channel filled with deionized water and microfluidic empty channel.
There are five paths of the acoustic beam in the microsystem, which are labeled in Figure 4.12
(path I -path V). L and S mean respectively longitudinal acoustic wave and shear wave.
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Figure 4.12 The scheme of the microsystem including two 45° mirror and a
microchannel (illustration the transmission paths of acoustic wave: path 7 -path 1)

4 T T T T \ \ \

—Real part of impulse response (water) |
—Real part of impulse response (air)

impulse response {a.u.)
L=}

Transmitted

I
4 | | | 1 1 1 1 1
100 2 110 120 1 130 40 150 160 170 180 190 200
X 10 !
4 T T 1 T I T T T T T
35k t=125.3ns ——Modulus of impulse response (water) |
' A Modulus of impulse response (air)
2 3 1N .
= | wave propagation
@ 25- ! under the microchannel 8
g 1
[=]
B 2- ! J
E= bl
g 215 | wave transmission E
§ E i through the microchannel
=g 1k : t=156ns _
| | /
0.5 | 1 E
I
L LN e /1/';\7 e P _
?OO 110 120 130 140 150 160 170 180 19 200
Time(ns)

Figure 4.13 The transmitted impulse response echogram vs. time (ns) through the microsystem
including a microchannel and two 45 “mirrors (a) The real part of transmitted impulse response
(blue curve: the microchannel without water, red curve: the microchannel filled with water),
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(b) The modulus of transmitted impulse response (green curve: the microchannel without water,
black curve: the microchannel filled with water)

. in 6, _ sino
Using the Snell law =— = 22

Vi Vr

we can obtain the directions of the wave vectors of acoustic

waves. (v; is the velocity of the incident wave and 6; is the incident angle, v, is the velocity
of the reflected wave, which can support longitudinal or shear polarization, and 6, is the
reflected angle). The longitudinal wave is deflected by 90<on the 45 “mirror (i = 45 and the
shear wave cannot be converted on the second 45 °mirror depending on the Snell law. Only the
pulse corresponding to LLLLS and LLLLL signals can be observed.

The impulse response S,; (t) presents several pulses which can be classified versus the time of
flight in the system as shown in Figure 4.13. We have demonstrated that mode conversion
happened in the oblique surface of 45 “Mmirror and we also know that the shear wave could not
propagate through the microchannel filled with deionized water. So only two main transmitted
peaks can be observed. LLLLL represents the longitudinal acoustic wave emitted by the
transducer and reflected on the two 45°mirrors before reaching the receiver. After the first
reflection and being reflected toward the receiver by the second mirror, the longitudinal wave
went through the microchannel when it is filled with water. The results of the predicted and
measured time of flight of the waves are summarized in Table 4.3. The differences are less
than 2% for LLLLS. In Figure 4.13, we hardly distinguish the transmission signal comparing
two situations in the microchannel. With empty channel the theoretical amplitude of this
transmitted peak for S,; transmission should be zero, because of the acoustic parasitic noise,
the amplitude of S,; transmission signal is evaluated at time of 156.3ns and the amplitude is
1.93x10~* for LLLLL while for the channel full with deionized water the amplitude of the
peak is 3.6x10~*. The signal to noise ratio is approximately equal to 1.87, which is a very low
value for the targeted application. In parallel the amplitude of the parasitic signal transmitted
under the microchannel is 3.5x1073, which is ten times bigger than the useful acoustic signal,
leading to many identification troubles.

Table 4.3  The predicted and measured transmitted impulse response with 45<mirror and
microchannel

Predicted(ns) Measured(ns) Difference (%)
LLLLL 159.3 156.3 1.8
LLLLS 177.9 173.9 2.2
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4.3 Transmission microsystem improvement and

characterization

4.3.1 Acoustic parasitic signals and improvements

In the previous discussion, we mentioned the various acoustic signals in our microsystem. Now,
we will discuss the generation mechanism of these signals through the analysis of time of flight
in the transmission echogram. We will then propose a way to eliminate the noise so as to
increase the signal to noise ratio of our microsystem.
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Figure 4.14 The parasitic signals labeled with different contributions in the transmission
echogram.
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The parasitic signals have been labeled in the transmission impulse response, which is shown in
Figure 4.14. In order to explain the different sources of the parasitic echoes, we calculated the
different times of flight in the echogram in the case of four assumptions of acoustic wave
transmission paths which are shown in Figure 4.15

Figure 4.15 The different parasitic acoustic wave paths

As shown in Figure 4.15, the pair of transducers arranged on the same axis is the key factor
which explains the generation of the parasitic echoes. The acoustic waves can be reflected by
the 45 “mirrors, the surface of silicon wafer and the bottom of the microchannel. We can deduce
the propagation distance of the parasitic acoustic wave and calculate the time of flight in the
case of the four assumption paths (Table 4.4)

Table 4.4  The predicted and measured time of flight of the parasitic acoustic wave

Case A 181.8 182.8 0.5
Case B 147-158 141 or 154

Case C 85.5 88.5 3.4
Case D 128.1 125.3 2.2
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In case A the acoustic wave reflected third times by the surface of silicon substrate is not
transmitted through the microchannel. The time of flight difference between the expected and
measured values is less than 1%. The time of flight is around 180ns, which doesn’t affect the
transmitted acoustic wave through microchannel. Similarly, the delay of the parasitic acoustic
wave in case C is around 88ns, which cannot interfere with the useful signals.

In case D a part of acoustic wave is transmitted under the microchannel. The amplitude of this

echo is 3.5x10°, which is about 10 times bigger than the amplitude of the acoustic wave

transmitted through the microchannel. There is no doubt that this parasitic echo in case D has a
great influence on the observation of the useful transmitted signal.

In case B a part of the acoustic wave is reflected twice by the 45°mirror and once by the bottom
surface of silicon wafer. The reflection path depends on the reflected angle at the interface of
the 45 °mirror. The reflected paths of two peaks (141ns and 154ns) can be explained through
this hypothesis. The time of flight in this case is very close to the transmission signal delay
which can contribute to decrease the SNR. This leads to some difficulties in the
characterization of biological samples in the application of our microsystem.

According to the parasitic signal discussion above, no matter whether the microchannel is filled
with deionized water or not, we measured nearly the same echo amplitude around a time of
flight of 125ns. Based on previous analysis, we are convinced that the biggest amplitude of the
peak is a part of parasitic acoustic signal transmitted under the microchannel. An easy way to
solve this problem is to maintain the microchannel with the same depth as the 45 “mirror.
However, to increase the channel as same depth as mirror leads to the detection problem in the
later experiment. The main reason for this is that the objects in the fluid will fall down to the
bottom of microchannel while acoustic wave will transmit upon the objects. In order to solve
the cases B and D at the same time, the acoustic wave filter should be applied and the
transducers should be removed at different axis.

4.3.2 Wave guiding using 45° mirrors and vertical mirrors

A pair of vertical mirrors was fabricated between the two 45 “mirrors, as shown in Figure
4.16a. Using this configuration, the propagating direction of the acoustic waves can be
modulated much more conveniently.

The two vertical mirrors could be obtained by inductively coupled plasma (ICP) etching
(Figure 4.16b). The acoustic wave generated by the emitting transducer will be reflected four
times before it reaches the receiving transducer. Based on this design, the acoustic wave could
be well controlled in the plane parallel to the wafer surface.
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Figure 4.16 Guiding high frequency bulk acoustic wave transmission in 3D directions in
silicon: (a) a scheme of the design with four mirrors; (b) an optical microscopy image of the
mirrors, the dashed zones present the transducers on the backside of the silicon wafer and the
arrows show the propagation of the acoustic wave; (c) the impulse response of the system.

Figure 4.16c shows the measured transmitted pulse response as a function of time. As
explained before, water was deposited on the top surface to attenuate the propagation of the
surface acoustic wave if it would appear. However, no difference was found with or without
water during the measurements. It implies that the main peaks are not due to a surface
acoustic wave.

In Figure 4.16a, the distance between the transducer and the 45< mirror is 290 um. The
distance between the incident point of the acoustic wave on the mirror and the vertical mirror
is 220 um. The distance between the two vertical mirrors is 320 um. The speed of longitudinal
acoustic wave is 8432 m/s and the speed of shear wave is 5398 m/s. After considering the
possibilities of acoustic wave modes conversion after being reflected by the vertical and 45 <
mirrors and calculating the time of flight of the acoustic waves from the emitter to the
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receiver, the peaks in Figure 4.16c can be determined. The 159 ns peak presents the
longitudinal wave LLLLL (the sequence represents the propagation steps of the acoustic wave
emitted by the first transducer and which finally reaches the other transducer) which reaches
the receiving transducer and is reflected four times by the 45 “mirrors and vertical mirrors as
shown in Figure 1.16¢ without conversion into shear wave. The strongest peak (195 ns) can
be related to the longitudinal wave LLSSL received by the transducer. This echo implied that
some part of longitudinal wave is converted into shear wave when it reaches the first vertical
mirror and is finally again converted into longitudinal wave after being reflected by the
second 45 “mirror.

The peak around 180 ns is related to the LLSLL wave received by the receiving transducer.
The peak around 214 ns is related to the LLSSS wave received by the receiving transducer. In
this section, we show the possibility to control the direction of propagation and the
polarization of the acoustic waves in the silicon wafer.

In the Figure 4.16, it is observed that the longitudinal wave has been converted into shear
wave at the interface of vertical mirror. We can observe the same result mentioned previously,
if the thickness of SiO, coating layer is not 4pm on the vertical mirrors. In the following
section, we will discuss it in detail.

4.3.3 Fabrication of an improved microsystem

As mentioned previously, the new design of the microsystem contains two improvements:
1) two transducers not at the same axis,
2) two vertical mirrors added as an acoustic filter.

The new microsystem is illustrated in Figure 4.17.
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Figure 4.17 The scheme of the microsystem including vertical mirrors and the propagation
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paths of acoustic wave.

In the microfabrication process, the microchannel and the vertical mirrors should be etched at
the same time by the ICP process to make sure that the two structures have the same depth. It
will reduce the parasitic waves propagating under the microchannel as much as possible. The
fabrication flow of the new microsystem is basically the same as the process illustrated in
chapter 3.The thickness of SiO, layer deposited by the PECVD depends on the angel of source
with respect to the surface. In our microsystem, three different structure surfaces (45 <mirror,
vertical mirror and microchannel) should be deposited with SiO».

The deposition process of the SiO, layer is shown in Figure 4.18.
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Figure 4.18 Flow chart of vertical mirror fabrication and SiO, deposition
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Figure 4.19 The thickness of deposition SiO; film in different inclination surfaces.
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Due to the fabrication process designed, the thickness of SiO, layer on 45“mirror is 4um and
the thickness of SiO; layer on the vertical mirror and microchannel wall is 1.5pum. The different
thicknesses of SiO; layers are shown in Figure 4.19. On the top surface of silicon substrate, the
thickness of SiO; layer is 3.6um. The thickness of SiO, layer on the mirror surface is around
3um. On the top of microchannel wall, the thickness of SiO is about 1.8um and from the top to
the bottom the thickness of SiO, layer deposited on the channel wall decreases gradually as
well as for the vertical mirror wall.

As we added the vertical mirror, the thickness of SiO, coating layer at the surface of 45 “mirrors
can’t be as the same as on the surface of vertical mirrors. Because the average thickness of
SiO; layer is around 1um on the trench wall of vertical mirrors, mode conversion happened at
the interface of vertical mirrors when the longitudinal acoustic wave is reflected by the vertical
mirror wall.

It is verified and is shown in Figure 4.16. The LLSLL peak is bigger than the LLLLL peak,
which demonstrates that most part of the longitudinal acoustic wave has been converted into
shear wave at the interface of the first vertical mirror. In an anisotropic solid (e.g. silicon),
there are two quasi-shear waves after being reflected by the first vertical mirror. A small part
of shear wave has been converted into the longitudinal wave at the interface of the second
vertical mirror. It explains that the LLSLL peak is smaller than the LLSSL peak.

Between 45 °mirror and microchannel, a pair of vertical mirrors has been added. The depth of
the vertical mirror is the same as the depth of the microchannel, which eliminate the parasitic
acoustic wave transmitted under the microchannel. The top view and the cross-section view of
new structure are shown in Figure 4.20.
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Figure 4.20 The scheme of the microsystem: a. SEM image of top view of the Si
micro-structure, b. SEM image of the vertical mirror and the microchannel.
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However, for the limitation of the MEMSs technology, it is not possible to deposit the same
thickness of SiO; layer on the trench. For the coating layer of the vertical mirror, at the top part
of the vertical mirror, the thickness of SiO, is about 2pum and at the bottom part of the vertical
mirror the thickness is less than 1um and different thicknesses of coating layer will generate
much more complex situations in mode conversion.

The wave guiding microsystem has been integrated along the wall of microchannel which is
shown in Figure 4.20. As the high attenuation, the acoustic wave (longitudinal wave and shear
wave) cannot be transmitted through the empty channel and the shear wave also cannot be
transmitted through the microchannel filled with deionized water.

The biggest peak of LLSSL in Figure 4.16¢ cannot be used for chemical solution and
biological cell characterization because shear wave cannot cross the fluid inside the channel.
So the LLSLL peak will be used for the following applications.

4.4 Measurements in microfluidic channel

The proposed improvements contain the SiO; coating layer, integration with the vertical
mirrors and the piezoelectric transducers translated into the different axes. The acoustic wave
reflected by the 45< mirrors and vertical mirrors have been validated to be used for
measurements in the microfluidic channel. Two improved micro-devices with different
dimensions have been used for further experiments which are named Model i and Model ii in
this chapter.
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Figure 4.21 Geometry of the device model i (a) The dimensions on the top view of the
microdevice, (b) The dimension of cross-section view of the microdevice.

As shown in Figure 4.21, the thickness of the silicon wafer is about 360pm. The distances
between the top edge of the mirrors and between the backside transducers are respectively
about 270pm and 390pm. The horizontal distance between the edge of a 45°mirror and the
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vertical mirror is about 95pm. The distance of two vertical mirrors is 325pm. The channel
width is 50pm. The distance between channel and vertical mirror is 110um while the distance
between channel and the edge of the other 45°mirror is 15pm. The depths of 45<mirror and
microchannel are respectively about 120pm and 80pm. The speed of longitudinal acoustic
wave is 8432m/s and the speed of shear wave is 5398m/s. we can deduce the time of flight of
an acoustic wave shown in Figure 4.17.

Because of the fabrication process, the coating layer of the vertical mirror is designed to 2 um
thickness. As we discussed before, without the suitable thickness of SiO, coating layer (4jum
thickness of SiO, for 1GHz acoustic wave is suitable mentioned in chapter 2), most part of the
longitudinal acoustic wave will be converted into shear wave between these two vertical
mirrors.

We assume that all the pathways of the acoustic wave are the longitudinal wave except the
pathway between the vertical mirrors. The propagation pathway can be represented as
LLSLLLL. The flying time of LLSLLLL in the microdevice is about 204.2ns. The model i of
our microdevice is used in order to characterize liquid media.

4.4.1 Measurement through the microfluidic channel filled

with deionized water

Firstly we used deionized water (DIW) to characterize the model i microsystem. Figure 4.22
shows the S;; modulus versus time and a comparison between the empty microchannel and
microchannel filled with deionized water. We can consider seven section of the acoustic wave
transmission path in the microsystem (path I -VII), as shown in Figure 4.17. A continuously
sinusoidal wave is used as the excitation provided by the network analyzer. The central
frequency of the ZnO transducers was characterized at about 1.3 GHz. The acoustic wave mode
can be converted by the 45°mirrors and by the vertical mirrors and the letter L and S indicate
longitudinal acoustic wave and shear wave, respectively for each path section. Longitudinal
waves and shear waves were observed inside the silicon substrate.

The different echograms contain several peaks which can be classified due to the time of flight
as shown in Figure 4.22a. LLSLLLL indicates that the longitudinal acoustic wave was emitted
by ZnO piezoelectric transducer and reflected still as a longitudinal wave by the first 45 “mirror.
Then the longitudinal wave was converted into shear wave by first vertical mirror and the shear
wave was then converted back into longitudinal wave by the second vertical mirror. Afterwards
the longitudinal wave went through the microchannel filled with deionized water. Finally the
transmitted acoustic wave remained as the longitudinal wave reflected by the second 45 “mirror.
The differences in the time of flight are less than 5% for LLSLLLL, LLSLLLS and LSSLLLS,
which are shown in Table 4.5.
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Figure 4.22 The impulse response of the system vs. time (ns): (a)S,1, (b) Sy, (blue curve: real
part of the impulse response without deionized water; green curve: modulus of the impulse
response without deionized water, red curve: real part of the impulse response with deionized
water, black curve: modulus of the impulse response with deionized water)

Because of the mode conversion happened at the interface of vertical mirrors, the most part of
the longitudinal acoustic wave converted into shear wave. As shown in Figure 4.22, there is no
LLLLLLL amplitude peak observed.
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Table 45  The predicted and measured delay of transmitted acoustic waves

LLSLLLL 206.2 200.2 2.9
LLSLLLS 225.8 215.3 4.7
LSSLLLS 234.2 229.6 2.0

On the other side, acoustic wave should propagate through the microchannel filled with fluid,
so only longitudinal acoustic wave can be observed in the path IV-VI.

In the Figure 4.22a, the useful acoustic signal is increased with the introduction of deionized
water into the microchannel in comparison with the empty channel. The amplitude of S,;
transmission signal due to the parasitic acoustic signals is evaluated at 9.3 x 10~/ with empty
channel for the LLSLLLL wave propagation time while with channel filled with deionized
water the amplitude of the peak is 2.7 x 107>, The signal to noise ratio is 29dB. This value
allows us to use this acoustic wave to characterize liquid properties or achieve particles
detection.

The reflected impulse response includes reflected signals due to the different time of flight
shown in Figure 4.22b. LL-LL isthe longitudinal wave which propagates through path VIl and
path VI, then reflected by the microchannel and returned back to the same transducer. The
differences between theoretical and experimental values are less than 7% for the paths LL-LL
and LS-SL, which are shown in Table 4.6. Because of the mismatching between the
mechanical impedance of the silicon and that of water, the amplitude of the transmitted signal is
only 107>,

Table 4.6  The predicted and measured time of flight of the reflected acoustic waves
LL-LL 99.6 93.3 6.6
LS-SL 116.3 114 2.0

4.4.2 Different concentration of Kl solution characterization

Due to the low amplitude of useful testing signal (10~>), we use potassium iodide (KI) solution
to evaluate our microsystem because the velocity variation and attenuation in this solution as a
function of the concentration at a frequency of 1 GHz, which have been already published in
1976.

It is well known that this chemical solution keep the same acoustic wave velocity as a
function of the KI concentration whereas the propagation attenuation decreases with this
parameter unlike a lot of other chemical solutions. In order to use the ultrasound for chemical
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or biological sensing, the measurements have always to be performed in liquids solutions or
suspensions. The absorption of ultrasound in chemical solutions limits the accuracy and the
sensitivity of the characterization method. The attenuation of ultrasound in water is about
220dB/mm at 1GHz for a 24 <C temperature.

For many liquids, « is a function of the frequency and for water f% is a constant over a wide
range of the frequency. It is known that when an electrolyte such as sodium

chloride is added to water the absorption coefficient f% decreases. Potassium iodide

is well-known solution for ultrasound absorption research. The attenuation decreases when the
concentration of KI solution is increased.

Different concentrations of Potassium iodide (KI) solutions have been used to evaluate our
microsystem which also use the model i microdevice. Figure 4.23 illustrates different
magnitude spectra that can be observed around the delay of 200ns versus different
concentrations of Kl solution in the microchannel. The concentration of Kl solution varies from
1M/L to 8M/L and the magnitudes of the spectra are compared with that of the empty channel
and the channel filled with deionized water. In Figure 4.23a, the amplitude of S,q(t)
transmission peaks for LLSLLLL are measured from 2.7 x 107 to 5.7 x 10> for the
different concentrations of Kl solution while for the microchannel with deionized water the
amplitude reaches 2.2 x 107>, All the curves of KI concentrations show the same trend.

We can deduce from S,; (t) amplitude the attenuation f% as a function of the concentration of

KI solutions as shown in Figure 4.23b. Through the experiments, it is proved that the
attenuation decreases when the concentration of Kl solution increases.
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Figure 4.23 The impulse response of the system vs. time (ns): (&) S,; (different concentrations
of KI solution(C=1,1.5,2,3,4,5,6,7,8 mol/L)), deionized water(c=0 mol/L) and empty water
shown by different color curves), (b) Ultrasonic absorption in Kl solutions as a function of the
molar concentration.
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Typically, at 20C = is 2.56 x 10 16em=1sec? [163].
The attenuation coefficients in dB - cm~! - s? units were deduced using:

1
@Dt = (B = 710810 (At (/A (O]

Where Ag(f) and A,, (f) are the amplitude of the useful echoes, d is the width of the
microchannel.

Each amplitude, for different concentration of Kl solution, has been measured five times, as
shown in Figure 4.23b. for the lower concentration of KI solution, the measurement are
reproducible, but for higher concentration, the amplitude changes a lot.

The reasons are that: 1) the larger surface area to volume ratio of the microchannel will lead to
the faster evaporation rate and the air permeability of the PDMS makes t surface molecules in
the liquids are able to escape 2) for high concentration, precipitation of KI crystals and
recrystallization procedure happened, more and more Kl crystals are generated and lead to
block the channel. This explains that the transmitted amplitude shows such variations.

4.4.3 Variation of the microchannel width

In the microdevice model i, we found that the space between microchannel and one side of 45<
mirror is small, resulting in liquid leakage by PDMS bonding. In order to characterize new
material, we designed and named the model ii microdevice which enlarges the space between
different components of the microdevice as well as to introduce a variation of the channel
width from 35pum to 75um. The dimension of the model ii is illustrated in Figure 4.24
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Figure 4.24 The geometry of the device of model ii (a) top view of the microdevice, (b)
cross-section view of the microdevice.
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As shown in Figure 4.24, the thickness of the Silicon wafer is about 360pm. The horizontal
distance between two transducers is about 650pm.The distance between the incidence point of
the acoustic wave on the mirror and the vertical mirror is 210pm. The designed width of the
microchannel is altered from 35um to 80m, as shown in 0. The distance between the two
vertical mirrors is 300pm. The time of flight of the LLSLLLL wave has been chosen to
identify the different transmitted signals versus the width of the microchannel. Two
micro-devices with different channel widths have been fabricated in order to measure the
relationship between the time of flight of the LLSLLL echo and the microchannel width. This
study will led to estimate the ability of our microsystem to perform absolute measurements of
the attenuation and acoustic wave velocity in liquids.

Figure 4.25 Optical images of the microchannel for different width (around 2pm difference
with the designed channel width).

Table 4.7 presents the predicted and measured time of flight of the transmitted peak
(LLSLLLL) as a function of the channel width.

As shown in Table 4.7, the propagation distance of acoustic wave in our microsystem, which
we used for the calculation of expected time is the distance designed in the mask. The
expected times are calculated depend on a simple model of the ideal condition (supposed that
the acoustic wave propagates in the isotropic solid and the velocities of longitudinal and shear

118



acoustic wave are respectively 8432 m/s (v, ) and 5498 m/s (v,), as well as the velocity of
longitudinal wave in water is 1493 m/s (v,,) ).

In Figure 4.26, the slope of the line fitting theory is respectively 0.551 ns/pm, which are
calculate by

Slope = 1OO(Xi - i)

w L

So we can obtain the experimental acoustic velocity in water (v,,) by the slope of the line

fitting experiment. v, = 1475 m/s. The difference between expected time of flight and

measured time of flight is about 5ns, because we use the simple model of the ideal condition
and also the dimension of each micro-components fabricated is not the same as the designed
dimension. For example, the between designed and measured width is about 2jum, which will
bring about 1.3ns difference.

For the same width of the microchannel, the difference between the measured time of flight
and the predicted one is less than 3%. The black square points measured in the sample
distribute on both sides of the black line which is calculated with a linear fit, and the
theoretical values of the transmission time of the microsystem are shown in Figure 4.26. The
line fitting the experimental values is nearly parallel to the theoretical line. It is further
convinced that the LLSLLLL of acoustic wave can be used to detect the micro-objects.

Table 4.7  The predicted and measured transmitted impulse response (N indicate the bad
experiment result)

80 75 70 65 60 55 50 45 40 35
259.9 257.1 2543 2515 248.8 246 2432 2405 237.7 235

815 763 718 66.6 621 577 532 469 42 37.2

267.1 N 260 257.6 256 2526 N 2466 N 242

2.7 N 2.2 2.5 2.9 2.7 N 2.5 N 2.5
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Figure 4.26 Time of flight of the system vs. width of the microchannel

4.4.4 Detection in microfluidic channel

We used a microdevice model i to characterize the deionized water and Kl solution through the
analysis of the transmitted echogram. The LLSLLLL peak not only provides a good signal to
noise ratio, but also shows its ability to measure different concentrations of Kl solution. Then
we used a microdevice of model ii with different channel width to repeat the experiment
mentioned above. The predicted and measured values are in good agreement. We target now to
validate that LLSLLLL peak can indubitably be used for detection of micro particles and for
characterization of biological samples.

4.4.4.1 Latex particles detection

We chose two methods to inject of the polystyrene (PS) latex particles (granuloshop, 10%
monodisperse suspension, 30pm). On one hand, the monodisperse suspension of PS latex
particles has been diluted to 0.1% concentration and injected into the microchannel with the
quasi-static method. The MFCS controller can accurately control the driven pressure without
time delay. Due to the performance of MFCS controller, we can detect the latex particle with
30pm in diameter in a quasi-static fluid. As illustrated in Figure 4.27, 0.1% concentration of
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30pm PS latex particles is driven into the microchannel. Through the microscope integrated in
the PM8 probe system, we could observe the particle moving into the microchannel. The
pressure is decreased slowly when the particle is driven near the detection region to limit the
particle velocity. Finally the particle can be settled in front of acoustic wave transmission path
with the fine control.

We use the model i microdevice to realize this experiment. The transmitted echograms are
shown in Figure 4.27. The depth of the microchannel is about 80pm and the width of the
channel is about 50pum as well as the diameter of the latex particle is 30jm. It means that latex
particles cannot totally block the acoustic wave transmitted through the channel. Figure 4.27
shows transmitted impulse response as the function of the time of flight. As explained
previously, there are also seven sections in the transmission path of the acoustic wave. Thanks
to the 0.1% latex particles concentration in the microchannel, the amplitude of transmitted
impulse response is evaluated at 8.8x10® for LLSLLLL peak. Compared to the same channel
filled with deionized water, the amplitude is 2.6x107>. It shows that the sensitivity of our
microsystem allows detecting a latex particle.

3 T I I T I T T T I

—EDI| Water
— Air
— Particles

—
= 3,

o
3]

Transmitted impulse response(a.u.)

1 1 1 1 1
200 202 204 206 208 210
Time (ns)

1 | 1 1
?90 192 194 196 198
Figure 4.27 The impulse response of the system vs. time (ns) of S,; (black: empty channel,
blue: latex particle in deionized water, red: only deionized water), an optical image of 30pm

latex particles in deionized water stopped in front of the transducers.

On the other hand, latex particles injection by a continuous flow has been used and we realize
the experiments using the model ii. Three different concentrations of PS latex particles have
been prepared and injected into the microchannel. As shown in Figure 4.28, it illustrates the
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variation of the amplitude of the LLSLLLL peak that can be observed at the delay of around
200ns. The concentrations of latex particles vary from 1%, 2% and 5%. The amplitude of the
LLSLLLL peak evaluated are 2.17 x 10 to 1.99 x 10> as a function of the
concentrations of PS latex particles (1% and 2%), and compared to the microchannel filled with
deionized water 2.51x 107> . The amplitude decreases to 1.23 x 107® when the
concentration of PS latex particles is 5%, comparing to the amplitude of 3.97 x 10~ when the
channel is empty. The microchannel is filled with the particles and is nearly blocked, so the
acoustic waves transmitted through the channel and strongly attenuated. All the curves for
different concentrations of PS latex particles show the same tendency. Comparing the
amplitude of LLSLLLL peak, we are able to characterize latex particles solutions in this
microfluidics based platform.
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Figure 4.28 The impulse response of the system vs. time (ns): S,; (green: empty channel,
black: deionized water, blue: 5% latex particles in deionized water, red: 2% latex particle in
deionized water, yellow: 1% latex particle in deionized water).

4.4.4.2 Biological cells measurements

The model ii microdevice has been used to characterize biological samples. The measurement
with three concentration of hemolyzed blood has been achieved through a continuous flow. The
experimental results are shown in Figure 4.29. The time of flight of the transmitted impulse
response of LLSLLLL peak is around 255ns, three different amplitudes can be observed by the
introduction of three different concentrations of hemolyzed blood into the microchannel. The
concentrations of hemolyzed blood sample are 0.1%, 0.5% and 1%. These amplitudes of
LLSLLLL peak in the case of hemolyzed blood samples are compared to the amplitude when
channel is empty and the channel is filled with deionized water. In Figure 4.29 the amplitude of
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the transmitted impulse response for LLSLLLL peak are evaluated to 4.74 x 107, 4.52 x
107° and 3.95 x 10~° for respectively 0.1%, 0.5% and 1% concentration of hemolyzed blood.
When the microchannel is filled with deionized water it is 1.49 x 107>, All the curves of
hemolyzed blood concentrations show the same trend.

2 x 1 0 T T T T T T
1% hemolyzed blood sample
—0.5% hemolyzed blood sample
L sk Water\ —0..1 % hemolyzed blood sample |

A
—Deilonized water

empty channel

Transmitted impulse response (a.u.)

_.'-""—___-_
1 1 1
948 250 252 254

| | |
256 258 260 262
Time (ns)

Figure 4.29 The impulse response of the system vs. time (ns): S,; (green: empty channel,
black: deionized water, blue: 10% hemolysed blood in 0.9% NaCl solution, magenta: 5%
hemolysed blood in 0.9% NaCl solution, yellow: 1% hemolysed blood in 0.9% NacCl solution,).

445 Cylindrical lenses integration and validation of

focalization through the microfluidic channel

Due to acoustic wave propagation parallel to the sample surface, it is easy to integrate acoustic
components along the microchannel. We integrated a pair of acoustic confocal lenses in our
microsystem which focus the parallel acoustic incident wave by the first lens and convert the
divergent transmitted acoustic wave into parallel beam. The integrated microsystem using
acoustic lenses is shown in Figure 4.30.
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Figure 4.30 Scheme of the microsystem: (a) 45 “irrors, microchannel, vertical mirrors, lenses
and transducers.(b) The SEM image of the microlens (top view).
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4.4.5.1 Microfluidic measurements through the integrated

lenses
(a)
Vertical mijirror (b)
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Figure 4.31 Geometry of the microdevice integrated with cylindrical lenses (a) The dimension
of top view of the microdevice, (b) the dimension of cross-section view of the microdevice

The cylindrical lenses have been integrated into the microchannel. Two cylindrical lenses can
constitute a confocal lens system. The advantages of a confocal lens system are:

1) Compared to the parallel channel wall, the cylindrical lens confocal system can gather much
more acoustic energy diffracted by the encountered obstacles, such as blood cell.

2) The confocal lenses can concentrate the acoustic beam into a small area so as to improve the
spatial resolution and the sensitivity of the microsystem. Due to the confocal lenses, we expect
to detect small variation of biological cells elastic properties, even for a single cell.

Figure 4.32 Optical microscopy image of confocal lenses: (left) focal length 36pm, (right)
focal length 30pm.
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Using a sample geometrical model we can demonstrate, due to the high refraction index of the
lenses, which limits the geometrical aberrations, that the focal distance can be approximated

by F :n—Rl (focal length measured from the top of the lens).
n —

where n=—si~57 if vg; IS the velocity of the acoustic wave in silicon and v, isthe velocity

Vi

of the acoustic wave in liquid and R is the radius of curvature of the lens.

We design two groups of pair of cylindrical lenses which are integrated into the microchannel in
order to characterize the focalization response and to measure the amplitude response versus
the distance between the two lenses.

In one group, the radius and focal length of the cylindrical lens are respectively 30jm and
36pm. In the other group the radius and focal length of the cylindrical lens are respectively
25pm and 30m. The detail parameters of cylindrical lenses are shown in Figure 4.33 in Table
4.8.
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Figure 4.33 The scheme of the acoustic wave transmission through a confocal lens in the
case of 30pm lens radius. C is the center of curvature of the lens.

Table 4.8  Geometrical parameters of the cylindrical lenses

Lens distance(D) 66 68 70 72 56 58 60
Aperture (um) 418 432 452 466 34 354 36.8
Omax 44.2° 46.1° 48.9° 51.0° 42.8° 45.1° 47.4°

Above all, deionized water is used to calibrate the microsystem with a confocal lens system
(R=30pm).

In the Figure 4.344, the time of flight of the LLSLLLL peak is around 260ns. In this delayed
window, the amplitude of the transmitted signal due to the parasitic acoustic signals is
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evaluated at 1.2 x 10~® with an empty channel, while the channel filled with deionized water
the amplitude of the peak is 9.4 x 107°. We can use this peak to characterize liquid properties
or to achieve biological sample detection.
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Figure 4.34 The impulse response of the system vs. time (ns): (a)transmitted response S, (t),
(b)reflected signal S,,(t) (blue curve: real part of impulse response without deionized water;
green curve: modulus of impulse response without deionized water, red curve: real part of
impulse response with deionized water, black curve: modulus of impulse response with
deionized water)

The reflected impulse response is shown in Figure 4.34b. LL-LL is the longitudinal wave
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propagated through path VI and path VI, then reflected by the microlens and returned back to
the same transducer.

The time of flight of the reflected peak (LL-LL) isaround 115ns. For this delay the amplitude
of the LL-LL peak is 1.1 x 10~3 when channel is empty, as well as the amplitude of LL-LL
peak is 9.1 x 10~* when the channel is filled with deionized water. The difference amplitude
between these two peaks represents a part of the acoustic waves transmitted through the
cylindrical lens. The differences between theoretical and experimental values are less than 2%
for the paths LL-LL, LLSLLLL, as shown in Table 4.9.

Table 4.9  The predicted and measured impulse response of the transmitted and reflected a
acoustic waves

LLSLLLL 255.5 260 1.8
LL-LL 115.7 117.2 13

And then all the different dimensions of cylindrical lenses have been calibrated by deionized
water.
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Figure 4.35 The impulse response of the system vs. time (ns). Left: focal length is 36pm, right:
focal length is 30pm

We can see that in the case of the 30pm radius of the lens (F=36pm) it is difficult to
determine the confocal position. A delayed secondary maximum appears in the fall time of the
main echo which confirm that it is not the confocal position.. This can be a consequence of
some technological problems.

In the case of the 25um radius (F=30pm) the measured confocal position seems to support the
theoretical model.

Then KI solution has been used to evaluate the new microsystem integrated with confocal
microlenses. The measured results are shown in Figure 4.36. For the microlenses with a 36um
focal length, the time of flight of the LLSLLLL peak is around 260ns. The delay and the
amplitude of the maximum of the impulse response are shifted when the lenses distance is
modified. The same situation appeared for the microlenses with 30pm in focal length. For all
the dimension of the lenses, the amplitude of the LLSLLLL peak increases with the
concentration of KI solution increase.

Comparing the two confocal lenses, the amplitude of the LLSLLLL peaks shows the same
trend for all the concentration of Kl solution in Figure 4.37.

Traditionally acoustic wave transmitted through 30pm confocal lens has the lower attenuation
than the acoustic wave transmitted though 36 jum confocal lens.
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Figure 4.36 The transmitted impulse response of the system vs. time (ns) for different Ki
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But in our microsystem, the length of transducer is 200pm which is much longer than the
aperture of both confocal lenses. The wall profile between the lens edge and the main
microchannel, has a 10< incline angle with the channel direction. The acoustic wave
transmitted through this structure will be totally reflected by the wall. It explains when the
focal length of lens is 36um, the amplitude is stronger than that when the focal length of lens is

30pm
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Figure 4.37  The impulse response of the system vs.KI concentration

4.4.5.2 Biological cells measurements through the

confocal lenses

The microsystem evaluated with Kl solution has a good S/N ratio. For the different
concentration of Kl solution the microsystem using lenses demonstrated a good sensitivity. We
use the same micro-device to measure the transmitted acoustic signal for different
concentration of blood. The results are shown in Figure 4.38.

The focal length is 36jum. The impulse response through blood samples shows a time shift
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comparing to the impulse response through sodium chloride solution. Where lens distance is
72, the time shift is around 0.8ns and where lens distance is 60jum, the time shift is about
0.6ns. The accuracy of our measurements which need to be validated again doesn’t allow
giving a strong scientific interpretation of this result. Nevertheless the relative variation of the
mean amplitude of the transmitted wave with respect to the red blood cell concentration in the
fluid seems to be in good agreement with the physics.
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Figure 4.38  The impulse response of the system vs. time (ns) with S,;: (a) the focus
length of lens 36m, the distance between two lenses 72m (b) the focus length of lens
30pm, the distance between two lenses 60pm

Figure 4.39 represents the real part of impulse response versus the different blood
concentration.

The data of red circle are obtained from lens with a 36jm focal length and 72pm between
lenses distance. The data of black squares has been obtained from the lens with focal length of
30pm and between lenses distance of 60pm. The tendency of the two symbol lines is nearly
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the same.
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Figure 4.39  The impulse response of the system vs. blood concentration

4.5 Summary

We presented in this chapter the performances of a new microfluidic device which can widen
the applicability of BAW for the elastic characterization of biological samples and also provide
a micro-platform which is versatile and easy to be integrated.

The basic components of our microsystem are microchannel, ZnO transducers and 45 “Mirrors.
Inside silicon wafer the research of acoustic wave guiding has been studied. Using a 4jum SiO»,
layer, we can increase the amplitude impulse response of transmitted acoustic wave. The
efficiency of this oxide layer can be estimated through the amplitude variation of the acoustic
wave starting from 0.8 <10~ for LLL without the layer and reaching a value of 9.5 <10 * with
the oxide layer. It implies that the efficiency of the reflection of the longitudinal wave on the
mirror can be improved by means of the deposition of a SiO- layer on the mirrors. The increase
of amplitude of the LLL signal is more than 20 dB.

Due to the low signal to noise ratio in a first achievement, the pair of vertical mirrors, acting as
a spatial filter, has been integrated into the microsystem.. The depths of vertical mirrors and of
the microchannel are the same. This led to separate the two ZnO transducers axis, which
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remove a part of spurious acoustic signals. Based on the improvement, the S/N ratio has been
increased up to 29.

The integrated microdevice with vertical mirrors has been used in order to characterize the
different concentrations of Kl solutions and to detect 30pmin diameter latex particles. The
experimental results show a good sensitivity and are in good agreement with the theory.

In order to further improve the sensing accuracy and sensitivity, microlenses have been
integrated into microsystem. Different results for a set of concentrations of Kl solution and
blood suspensions have been presented. The results show that with microlens integration the
amplitude of impulse response has been enhanced, especially for blood measurements.

Based on the sensing microsystem, ultrahigh frequency acoustic waves can be used to
characterize and detect a lot of chemical and biological samples.
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Conclusion

In this thesis, an integrated system for characterization in transmission mode through a
microfluidic channel using wave guiding micro-components has been developed on a silicon
wafer. It was experimentally calibrated using deionized water and K1 solution, in order to detect
the latex particles and measure the concentration of blood cells.

In order to profoundly understand the bulk acoustic wave transmission in the silicon substrate,
the theoretical fundamentals of acoustic wave have been presented, especially acoustic wave
reflection and transmission in anisotropic solid (silicon) have been studied. Normal incidence
and the oblique incidence at the solid-air interface have been discussed, especially the incidence
angle is 45< The mode conversion happens when the acoustic wave is reflected by the oblique
interface. The coating layer of SiO, was studied to improve the efficiency of the propagation of
the longitudinal wave and limit the conversion of longitudinal wave to shear wave. The
anti-reflection layers of quarter wave length which are used for solid-liquid (silicon-water)
interface matching also have been studied. The mechanical impedance matching with the
bilayer of SiO, and SU-8 was observed better than that of only SiO; at the silicon-water
interface. Eventually, we calculate the absorption losses of the microsystem with and without
the different types of layers. The absorption losses can be decreased of about 40dB when the
microsystem is optimized with good electrical and mechanical impedance matching.

Due to acoustic wave reflection, the surface roughness and the profile of the micro-components
have a great influence on wave transmission. Only 45 Snirror can guide the acoustic wave to the
direction parallel to the surface so as to propagate through the microchannel. The roughness of
mirror surface will cause the acoustic wave scattering and attenuation, so the reduction of the
mirror surface roughness was necessary. The bottom pyramids would break the edge of the
45Mirror and affect the acoustic wave transmission to some extent. In the experiments, the
average of the mirror roughness was lower than 200nm which is much smaller than the acoustic
wavelength at 1GHz. The pyramids were eliminated totally which is not only useful for the
acoustic wave transmission but also convenient for the following micro-fabrication. As far as
the microchannel is concerned, the perpendicular trench, the scallops and the bottom grass have
a great influence on wave transmission. In order to avoid the oblique incidence of acoustic
wave, the perpendicular trench is necessary. The scallops will cause the acoustic wave
scattering and attenuation for the mirror roughness. Silicon grass will make micro size objects
move irregularly, which will impact the sensing accuracy and generate some acoustic noise. By
the above experiments, the perpendicular trench fabricated is around 89.7 290.3< The scallops
of the microchannel is less than 150nm and the silicon grass was eliminated.

The basic components of microsystem are microchannel, ZnO transducers and 45 nirrors.
Inside silicon wafer the research of acoustic wave guiding had been studied. By deposited with
4pm SiO,, we could increase the impulse response of transmission acoustic wave. Without the
silicon oxide layer the amplitude of the peaks for the transmitted acoustic wave was evaluated

135



at 0.8 <104 for longitudinal wave transmission while with the silicon oxide layer it is
9.5 <104 . It implies that the efficiency of the reflection of the longitudinal wave on the 45°
mirror can be improved by means of the deposition of a SiO; layer on the mirrors. The increase
of amplitude of the LLL signal was more than 20 dB.

We also compared two situation of the microchannel with or without deionized water by echoes
of acoustic transmitted wave. Due to the low signal to noise ratio, the pair of vertical mirrors, as
a filter, had been integrated into the microsystem. The depth of vertical mirror and
microchannel is the same. At the same time, the two ZnO transducers (as emitter /acceptor)
have been horizontally separated. Based on this improvement, the S/N ratio has been increased
up to 29dB. It was possible to measure the velocity of longitudinal acoustic wave in water
with a deviation less than 2% in comparison with the literature references. As far as
attenuation is concerned, we used different width of the channel, so the couple of transducers
were different. These changes would have to be taken into account to achieve an absolute
measurement of attenuation of water. Nevertheless, the microdevice integrated with vertical
mirrors was used to characterize the different concentration of Kl solution and to detect the
30pm latex particles. The result shows good sensitivity and agreement between the
experimental results and theoretical results.

In order to further improve the sensing accuracy and sensitivity, the cylindrical
microlenses(radius curve of 30m or 25pm) have been integrated into microsystem. The
microlenses can converge the acoustic waves to increase the S/N ratio. Different concentration
of KI solution and blood were presented. The result shows that with microlens integration the
amplitude of impulse response has been enhanced, especially to the blood detection. Based on
the sensing microsystem, ultrahigh frequency acoustic waves could be used to characterize on
line and detect a variety of chemical and biological samples.
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Laboratoire sur puce pour la caracté&isation acoustique haute fré&uence

Ce travail de thése s’est porté sur le développement technologique d’un laboratoire sur puce
permettant la caracté&isation ultrasonore de milieux biologiques en canal microfluidique gré&ce
ades transducteurs de ZnO fonctionnant &aune freguence centrale de 1 GHz. Ce systame
permet de caractériser, par la transmission d’ondes longitudinales de volume au travers de ce
canal, les propriéé& méaniques du milieu sous investigation. Les ondes de volume sont
guidées dans une direction parallele a la surface du substrat grace a I’introduction de miroirs a
45<obtenus par gravures humides.

Cette these s’est portée plus particulierement sur les développements technologiques des
briques de base (transducteur ultrasonore en couche mince, miroirs acoustiques, canal
microfluidique, lentille cylindrique) ainsi que leur intégration dans un laboratoire sur puce a
base de silicium et PDMS. Ces éémnent ont &€é&udié et optimisés afin de reussir le guidage
d’ondes dans le substrat de silicium vers le canal microfluidique d’un transducteur émetteur
vers un transducteur réepteur.

Ce systane a permis de réliser des essais de déection de particules, des mesures de
concentration de milieu de réfé&ence et éalement de faire des premiées mesures sur des
liquides biologiques

Mots clés : transducteur ultrasonore haute fréguence, caracté&isation acoustique, laboratoire
su puce, microfluidique, ondes de volume.

Lab-on-a-chip for high frequency acoustic characterization

This thesis presents an acoustofluidics platform for elastic characterization of biological
samples using ultra high frequency (~1GHz) ultrasonic bulk acoustic waves (BAW).

Passive 45< mirror planes obtained by wet chemical etching can be used to control bulk
acoustic wave to transmit in the directions parallel to the surface of the silicon wafer. Zinc
oxide (ZnO) thin film transducers were deposited by radio frequency sputtering on the other
side of the wafer, which act as emitter/receiver after aligned with the mirrors.

A microchannel fabricated using ICP technology was inserted between 45 “mirror and vertical
mirrors to realize the real time biosensing applications. To validate the design and technology
of the silicon and PDMS-based platform, the propagation of bulk acoustic waves through the
microfluidic channel was studied. This lab-on—a-chip platform was used to characterize
different concentrations of chemical solutions in the microfluidic channel and detect latex
particles passing through the channel.

Moreover, with this design, a confocal cylindrical lens using ICP technology was integrated
in the microsystem. The confocal lens controls the phase of acoustic waves for focusing
which is used to characterize and detect biosamples (e.g. blood cells), especially on-line to
evaluate the concentration of red blood cells.

Key words: ultra high frequency transducer; acoustical characterization; Lab -on —a- chip;
microfluidics; bulk acoustic wave



