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INTRODUCTION

In this chapter, we introduce the topic and objectives of the thesis: Surface acoustic mode
aluminum nitride transducers for micro-size liquid sensing applications. A brief overview
of the developments in microfluidics in relation to acoustic wave devices is given. Classifi-
cation and existing problems of the acoustic wave modes are presented in order to provide
reasons for choosing aluminum nitride based on surface acoustic waves for microfluidics
applications. Finally, the structure of the thesis and the issues addressed in each chapter
are outlined.



2 1. INTRODUCTION

1.1. ACOUSTIC WAVE DEVICES FOR LIQUID SENSING

HE development of the integrated circuit (IC) in the 1970s (like monolithic process-
T ing, printed circuit board technologies, hybrid and multichip module technologies)
and microelectromechanical systems (MEMS) in the late 1980s (like thin film materials,
silicon micromachining, 3D lithography) have made a large variety of integrated sensors
possible. These continuous developments in the microelectronics industry on one side
and the increasing demand from the industry on the other side have further pushed the
miniaturization of these sensors, both at chip level and for the overall system [1-4]. An
interesting class of these microsensors is fluidic sensors, i.e. sensors for the detection of
substances in the liquid state, or fluidic flow. For example, some typical applications are
flow sensors for measuring the amount of fuel flowing inside an engine, or liquid level
sensors for monitoring liquid level or liquid leaks in variety of home appliances (dish-
washers, washing machines, detergent dispensers, clothes steamers, espresso machines,
and heating-ventilation-air-conditioning HVAC), in vending machines, and industrial
compressors, in food and beverage manufacturing, and many medical, transportation,
aerospace and military applications [2, 4, 5].

First common methods used to recognize liquids are based on chemical reactions
changing the coloring of the liquid and forming bubbles. However, in fact, when the
analytes cannot be recognized, it needs chemical sensing technology. Fluidic sensors
can be classified into six main types according to the signal domain used, i.e. based on
the conversion of nonelectrical energy like thermal, radiation, mechanical, magnetic or
bio (chemical) energy or images changes into an electrical or optical one [4]. Another
classification for fluidic microsensors is based on the electrical output signal. This can
be voltage (piezoelectric devices), current (photoelectric, ion sensitive field effect tran-
sistor ISFET devices), capacitance (co-planar, capacitive liquid level microsensors using
dielectric permittivity variation), resistance (piezoresistive pressure microsensors) [4—
6]. Capacitive sensors, available as commercial products, are often used to sense liquid
properties such as liquid viscosity, liquid salt concentration, and liquid-level. The sens-
ing mechanism is mostly based on changes in density. Disadvantages are shorter range
(sensing scope from 3-60 mm [7]), bigger device [8-10] (for example, capacitive proxim-
ity sensors 10-30 mm [10]) and more sensitive to changes in environmental conditions
such as temperature, and humidity and needs a non-conductive sublayer contacting the
liquid medium [7, 11, 12]. Photoelectric devices are also used in commercial liquid sen-
sors. However, they has some disadvantages, such as being affected by target materials
or colors, shorter detection distance (50 m for the thru-beam type and 5 m for the diffuse
reflective type while ultrasonic devices are up to 10 m), and lens are easily altered easily
by contamination [13].

Among of them, piezoelectric devices are still largely preferred because of benefits
of the piezoelectric effect, such as a small sensitivity to electrostatic-based and thermal-
based actuation effects, faster response and greater efficiency (than other thermal de-
vices). Besides, they have a greater energy density, a lower operating voltage, and a
greater force-resisting capability than electrostatic devices (co-planar, capacitive devices),
and a large range of the operating frequency [1, 4].

It is quite common that microsensors in liquid applications employ acoustic wave
devices. The sensing mechanisms are based on the influence of mass loading, mechan-
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ical properties, rheological properties, electrical properties and thermal effects on the
mechanical wave velocity, magnitude attenuation or phase, frequency shift [6]. A re-
markable property of acoustic wave sensors is to provide a direct response to physi-
cal and chemical properties of piezoelectric substrates and substances, such as surface
mass, stress, strain, liquid density, viscosity, permittivity and conductivity [4]. Compared
to other sensors, acoustic wave sensors have a larger attenuation range; a quick response
of the piezoelectric effect; utilize an interdigital transducer (IDT) array, a comb structure,
that can be fabricated using conventional CMOS and advanced MEMS technology; and
can be embedded in a compact package (chips in microsize) [1-4]. Due to use the stan-
dard IC fabrication technology, it can be manufactured in large quantities at competi-
tive cost. The basic mechanism is a change in velocity, in shift, attenuation and acoustic
impedance of acoustic waves [6, 14, 15] caused by a change in the fluidic flow or the liq-
uid composition. Thanks to the miniaturization the used technology permits and the
response these devices can give, it is possible to use just a very small volume of the liq-
uid sample, typically from a few picoliters (pl) to a few microliters. The integrated fluidic
microsensor using acoustic wave devices has a dimension from a few square millime-
ters (mm?) to a few square centimeters (cm?) [3, 4, 16]. Typical commercial devices are
acoustic wave filters, amplifier, pressure piezoelectric sensors and bio/chemical sensors
which are integrated into a bigger system; for example having actuators, manipulators
and even other sensors [1, 6, 17-19].

The piezoelectric effect was discovered in 1880s but it took until 1917 for the first
quartz resonator, the first sensor based on acoustic waves, to be demonstrated [20, 21].
Until now, it has been applied for a wide range of sensors [6]. The operating mechanism
is the conversion to an electrical output signal of nonelectrical input signal related to the
impact induced by surrounding factors, like temperature, mass loading, magnetic waves
or pressure. Like sensors in general, acoustic wave devices can be also classified accord-
ing to the energy domain as shown in Fig 1.1. The first acoustic wave microsensors, the
quartz resonators, belong to the group of mechanical sensors. They are still one of the
most widespread applications of acoustic wave devices because of their high sensitivity
and various measurable mechanical parameters from static, kinematic ones (such as ex-
ternal force, velocity, acceleration, vibration and flow rate) related to physical properties
of materials (such as density, mass, strain, and viscosity) [4]. The second major appli-
cation of acoustic waves is in radiation sensors. Commercial products which are often
mentioned as highly effective acoustic wave microsensors are ultraviolet radiation and
magnetic field sensors [22, 23]. Applying acoustic waves for biochemical sensors is an
upcoming area, especially for the surface acoustic wave mode devices [6].

Generated acoustic waves can be longitudinal and transversal waves, traveling inside
the piezoelectric plate or on the surface. Surface acoustic waves are often used in most
of sensing applications in Fig 1.1 because of the high sensitivity (effects such as physical,
chemical and biological properties of the substance can cause electrical perturbations
of the device) and the simple design (pairs of interdigital electrodes lying on the surface
of the piezoelectric material). Besides, they are also used in bio and microfluidics ap-
plications like transporting, mixing, atomizing and jetting microdroplets [6, 17, 24-26].
The developments in promising piezoelectric materials, such as quartz (SiO»), lithium
tantalate (LiTaOs), lithium niobate (LiNbO3), sapphire (Al,0O3), lead zirconate titanate
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Figure 1.1: Classification of microsensors using acoustic waves and typical examples of microsensors based on
acoustic waves [4], [6].

(PZT), zinc oxide (Zn0O), and aluminum nitride (AIN) [15], have also contributed to an
increase of the use of surface acoustic wave devices in microfluidics applications. Sur-
face acoustic waves can be generated by a crystal or thin film on silicon, glass or flexible
PDMS substrate. Parameters of the piezoelectric material, such as velocity, hardness,
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piezo-constant d3; and ds3, effective coupling coefficient, coefficient of thermal expan-
sion and sensitivity to substances, are considered when the material or configuration is
selected. For example, for liquid in large volumes, flexural plate wave (FPW) devices are
used instead of surface acoustic wave (SAW) devices because of the non-leaky charac-
teristics of FPWs into liquid. However, for micro-volume liquids, SAW devices are often
used because of the high sensitivity, easier fabrication, and more robust structure.

1.2. THE CHOICE OF THE SURFACE ACOUSTIC WAVE MODE FOR
LIQUID SENSING

N general, for the configuration and system integration, the SAW device has a simple
I and rugged structure. The SAW device is extremely sensitive to tiny mass changes
and is capable of detecting 100 picogram/cm? (approximately 0.01 monolayer of carbon)
[12]. Therefore, various commercial SAW devices are applied for sensing temperature or
humidity [1, 4, 14].

For liquid applications, more physical effects, such as residual stress, material tex-
ture, discrepancies in the thermal expansion coefficients in the used non-CMOS materi-
als, appear and they need to be taken into consideration. So, compatible CMOS materi-
als and CMOS processing technology are preferred for microfluidics applications due to
low power, dissipation, current, voltage and high device density that can be achieved. A
low velocity and operating frequency are also required for liquid applications. A surface
acoustic wave device is a good approach because it can operate at low radio frequency,
be fabricated using CMOS compatible materials and in a CMOS-based process. Besides,
the SAW device operates as perfect actuator or manipulator for liquid. So it can be de-
signed and implemented both as sensor and as actuator or manipulator.

However, the SAW device has also some disadvantages for liquid sensing. Although
a surface acoustic wave mode is quite common for liquid actuation and manipulation,
it has some limitations for sensing due to the acoustic streaming and leakage. These
phenomena cause excessive energy attenuation into the liquid medium. It leads to no
output signal at the IDT receiver of the SAW device. A component of the SAWs causing
an energy emission is a longitudinal component. The velocity of this component which
is much larger than the velocity of the liquid causes this emission [14]. The attenuated
energy of this component depends on the contact area between the piezoelectric mate-
rial and the liquid medium. The contact area is often used to evaluate the perturbation
level of the SAW device and the decay coefficient per propagation path of the longitudi-
nal component into the liquid medium. Therefore, limiting the longitudinal component
and the contact area is a potential approach for bypassing the restriction of SAW devices
for liquid sensing applications

1.3. RESEARCH OBJECTIVE

His thesis focuses on applying a miniaturized SAW chip based on aluminum nitride
for liquid sensing at micro-volume level. To achieve the objective of this research,
the different parameters of the SAW device have been investigated and optimized by 3D
numerical simulation (finite element method) and experimental validations. The inter-
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action mechanism and emitted energy between SAWs and micro-size droplets is pre-
sented to design a suitable SAW device for a given volume of the liquid. The effect of
the evaporation rate, the shape, micro-volume of the liquid and the surface wettability
of the piezoelectric material on the SAW response is also reported. The SAW sensor has
been developed for identifying liquid samples at microliter volume range. Another de-
sign of the miniaturized SAW chip integrated on a printed circuit board (PCB) has been
developed for detecting liquid level inside the microhole. For the liquid flowing inside
the microhole, the effect of the evaporation phenomenon, the difference in density and
pressure are considered and preliminary results of the SAW beam response are reported,
further demonstrating the potential capability of SAW devices for liquid sensing. Finally,
some new optimized SAW structures, specifically designed for liquid sensing applica-
tions are proposed.

1.4. OUTLINE OF THE THESIS

I N the next chapters, the modeling, optimized structures, design, fabrication and liquid
characterization of the realized SAW device are presented. Briefly the content of the

following chapters is summarized as follows:

Chapter 2: The choice of SAW devices for bio- and microfluidics applications is mo-
tivated. Sensing mechanisms in general and applicable mechanisms of SAW sensors for
liquid are presented. Besides, to determine the suitable design of the SAW device (such
as material, deposition method for achieving the best piezoelectric quality and param-
eters of IDTs), three-dimension (3D) modeling of SAW devices based on finite element
method (FEM) is performed and analyzed.

Chapter 3: The effect of a micro-size droplet shape, specifically the liquid contact
angle, radius and area, on the SAW response is described. When a micro-size of the ses-
sile droplet is dropped on the surface of the SAW device, the shape of the micro-size
droplet can change during the experiment, due to physical phenomena, such as evapo-
ration, wetting, spreading, and surface tension. It leads to an unstable response of the
SAW device for sensing, manipulating and actuating applications. For liquids having a
slow evaporation rate (BuAc*<0.8), for example water, and consequently a contact an-
gle shrinking more than the contact radius, the SAW response can be stable for a longer
time.

Chapter 4: In this chapter, a simple experiment to further prove sensing capabil-
ity of the SAW device for microfluidic applications is shown. Taking advantage of the
changeable SAW response related to the different shrinking shape and stagnant liquid
molecules of each liquid, it is possible to detect samples in the microliter volume range.
The mechanisms for identifying the liquid are physical properties (liquid density sound
speed in liquid and evaporation rate) and mass loading (concentration of stagnant liquid
molecules).

Chapter 5: This chapter shows a novel interrupted structure of the SAW device for
sensing liquid. The device is miniaturized to be integrated on a printed circuit board
(PCB). From the probable impacts happening at the nozzle during the liquid flowing,

* The term BuAc is n-butyl acetate which is a general reference material for evaluating evaporation rates. It
is commonly abbreviated as BuAc and its relative evaporation rate is 1.0. When other materials, compared to
BuAc = 1.0, have an evaporation rate smaller than 0.8, they are defined having slow evaporation speed.
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individual studies of the on-chip SAW device, including sensing the changing density
and pressure of the liquid inside the interrupted propagation path, are presented. Pre-
liminary experiments are performed by sensing liquid inside the chamber of the SAW
structure during the evaporation process.

Chapter 6: Optimized structures of the SAW device are proposed for liquid sensing
applications. Comparison to the conventional SAW transducer shows that the focused
IDT structure has a more concentrated acoustic wave beam at the center of the propa-
gation path. This is determined by the more excessive loss due to the obstacles on the
propagation path. Also in this chapter, a mixing IDT structure for the SAW device is pre-
sented. It shows the sensing potential of the SAW device based on the phase shift, while
conventional devices cannot receive an output signal due to leaky energy of the longitu-
dinal component inside the liquid medium.

Chapter 7: Main conclusions and suggestions for future work are given in this chap-
ter.
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CHEMICAL SAW SENSORS

This chapter presents the advantages of using SAW devices based on aluminum nitride
(AIN) for liquid sensing compared to other kinds of acoustic wave devices. A classification
of the mechanism of common SAW sensors in general and applicable sensing mechanisms
in liquid are presented. Also, the reason of choosing a CMOS compatible material like
AIN is motivated. Thence, three-dimension modeling of SAW devices based on finite ele-
ment method (FEM) is performed to determine the behavior of generated surface acoustic
waves for specifically designed structures of the interdigital electrodes, and the attenua-
tion caused by internal (topography of SAW devices) or external (liquid or gas samples,
additional film or environment) effects on the device.
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2.1. INTRODUCTION

ASED on modes of the acoustic waves, microsensors are classified into two main
B groups, bulk waves and surface waves based on the main energy concentration through
the piezoelectric substrate. Bulk waves are a group of acoustic waves mostly gener-
ated and propagating through the substrate bulk whereas surface waves are generated
and travelling mainly on the surface. Some are categorized into groups of bulk waves
and surface waves, because they have displacement components traveling on the sur-
face and through the piezoelectric bulk, like shear-horizontal acoustic plate waves (SH-
APWs), flexural plate waves (FPWs) of Lamb waves as shown in Fig 2.1. In general, bulk
acoustic waves include longitudinal waves (also referred to as compressional or exten-
sional waves) and transverse waves (also referred to as shear waves) traveling mostly
underneath the surface. Surface waves propagate mainly on the surface of the piezo-
electric substrate. Commonly applied modes of the acoustic wave for microsensors are
thickness-shear mode (TSM), SH-APW, SAW, and FPW (also called asymmetrical Lamb
wave mode) [1-4]. The primary acoustic wave sensor for liquid sensing is a TSM res-
onator [1]. Since 1990s, research and utilization of the other acoustic wave modes, like
shear-horizontal plate wave mode and flexural plate wave mode of SH-APM and FPW
devices, which are not excessively damping into liquid, has led to a wide range of acous-
tic sensors for liquid applications.

Acoustic waves

|
! 1 , !

‘ Bulk waves Surface waves ‘
] I -
) ] ‘ L2 ] ) ] R ] y i ) 1 ‘
. ( Surface " Pseudo or (L. o)
Sl el ‘ ] ‘ ‘ Lamb waves Love mode acoustic waves leaky surface qumq ikl
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\ N ) § ) _ (SAW) \ waves \ y
C_WSWl Thm film Flexural S#ear— Rusilsihe Sl}ear—
thickness thickness lat Horizontal SAW horizontal
shear-mode mode plate waves ) APM _ SAW
Figure 2.1: Classification of acoustic wave types [1, 4, 5].

Depending on the substance, size, shape, material, sensitivity level and operation
frequency suitable to a specific application, one of the available types of acoustic wave is
chosen. For example, surface acoustic wave sensors are often used for pressure sensors
because of the high sensitivity to changes generated by small effects on the surface. Bulk
waves are used for vibration sensors, like quartz crystals because the device is fabricated
by a thicker film or crystal and consequently more robust and resistant to stronger forces
than surface wave devices. However, these applications rarely use flexural acoustic wave
devices because the thickness of the substrate can be only a few micrometers, thus still
fragile for external forces. But for liquid sensing applications based on acoustic waves,
the flexural acoustic wave device is one of the best choices [4].

A typical piezoelectric structure is an interdigital transducer (IDT), which includes
input and output comb-shaped arrays of metallic electrodes, and generates several acous-
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Figure 2.2: Basic interdigital transducer with a pair of IDT arrays.

tic wave modes as shown in Fig 2.2. The most used electrodes are aluminum (Al), gold/chrome
(Au/Cr), and gold/titanium (Au/Ti). An applied voltage on the input IDTs excites me-
chanical waves by the piezoelectric effect. The signal is in the radio frequency range (sev-
eral decades of kHz to a decade of GHz) [1-4, 6]. These waves travel through the piezo-
electric substrate to the output IDTs. Depending on the structure of the device, different
modes of mechanical waves are generated. Commonly used modes using a thin piezo-
electric film, like thin-film shear-mode bulk acoustic wave (thin-film shear-mode BAW),
shear horizontal acoustic plate mode (SH-APM), surface acoustic wave (SAW) mode and
flexural plate wave (FPW) mode, have been utilized for many microfluidic applications
[4, 7, 8] as summarized in Table 2.1. The reason is that it can provide higher sensitivity,
integrated circuit (IC) compatibility and lower cost [9].

Table 2.1: Development of thin-film acoustic wave microsensors [4, 5, 8, 10-12].

. Sensin; Substance
Type Example Discovery Applicftion Gas Liquid
Thin-film Thin film 1959 2000s X X
shear-mode bulk wave
BAW resonator
Shear- Immunosensor, 1908s 1990s X X
horizontal urease
acoustic biosensor
plate sensors
Flexural plate Liquid sensor 1917 1988 X
wave Sensors
Surface SAW vapor, 1978 1970s X
acoustic pressure and

wave (SAW) humidity
sensors
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2.2. ACOUSTIC MODES FOR LIQUID APPLICATIONS

2.2.1. THIN-FILM SHEAR-MODE BAW

HE first idea using a thin film for shear mode BAW sensors is from the assumption of

Sauerbrey in 1959 [13] and King in 1964 [14]. It is employed for a micro-gravimetric
in the gas phase as equivalent mass change on the quartz crystal sensor. Later Thompson
proposed a liquid-phase thickness shear mode (TSM) sensor using Langmuir-Blodgett
film of stearic acid [11, 15]. Then, a new technique for the thin film deposition was em-
ployed, namely epitaxial growth, which had some limitations in crystalline orientation
control. Lattice mismatch between the piezoelectric film and the substrate results in
poor quality of the piezoelectric layer. By selecting the most appropriate ion beam depo-
sition techniques (evaporation, sputtering), the orientation mismatch between in- and
out-of- plane could be solved and opened a new era for the thin-film based piezoelec-
tric sensors [9]. Common materials for the thin film TSMs are ZnO and AIN due to their
wurtzite structure. The first commercial products, such as viscosity sensors and biosen-
sors with c-axis tilted ZnO or AlN films, appeared in 2000s [9].

Electrodes Electrodes

SR

AIN

Substrate / .

Figure 2.3: Schematic view of a TSM resonator based on (a) Quartz crystal and (b) AIN thin film (also called
thin film bulk acoustic resonator — FBAR).

Quartz

A crystal TSM sensor includes a metal electrode at the bottom and at the top of the
quartz, while a thin film bulk acoustic resonator (FBAR) is placed on a silicon substrate
as shown in Fig 2.3. Shear mode FBAR structures are used for gas and liquid sensing,
especially highly sensitive to liquid biosensors [16]. Compared to the crystal TSM, the
FBAR has some advantages such as a scalable fabrication using an IC-compatible pro-
cess, smaller size, larger operation frequency range (from few hundred MHz to several
GHz) and easily selectable operation frequency. The thickness of the thin film ranging
from several micrometres to tenth of micrometres is relative to the frequency ranging
from 100 MHz to 10 GHz.

A disadvantage of the thin-film shear-mode BAW device is the crystalline orientation
control for both in- and out-of-plane direction to excite more shear waves and reduce
longitudinal waves [9]. A c-axis inclined piezoelectric thin film (like ZnO and AIN) is the
best way to avoid this attenuation [9, 17]. Besides, to attain the extremely high resonant
frequency of the FBAR device, e.g. several GHz, it is necessary to reduce the thickness
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of the piezoelectric layer to tens of nanometres. This also leads to reducing significantly
the electromechanical coupling coefficient (k%) and the quality factor (Q). For a low res-
onant frequency, e.g. several MHz, the thickness of the piezoelectric film should be high,
but this can increase stress and uniformity of the piezoelectric thin film [18]. There-
fore, when the thin film TSM (or FBAR) device is used, the more relevant parameters
to consider are the control of the crystal direction, limitation of the thin-film thickness,
requirements of the read-out ICs, noises and Q factors.

2.2.2. SHEAR-HORIZONTAL ACOUSTIC PLATE MODE (SH-APM)

HEAR-HORIZONTAL acoustic plate mode (SH-APM) sensors, first introduced in 1980s,
S can be made from a thin plate of piezoelectric materials or crystal [19]. It combines
shear horizontal waves on the surface and bulk waves through the plate. Energy is there-
fore spreading at the top and bottom of the substrate as shown in Fig 2.4. It can be
applied for both gas and liquid applications, but is mostly used for liquid applications
because of lower energy loss into liquid medium. The typical range of the operation fre-
quency is 25-200 MHz [19]. The most commonly used thin plate for the SH-APM sensors
isa 0.5 mm Z-X LiNbOs [5].

Input IDTs Surface displacement

I AHS T AR T A
SIS SIS S S S AS S S S S A
4 { { / {

Piezoelectric plate

Figure 2.4: 3D SH-APM device with the schematic diagram of the wave motions on the surface and inside the
plate.

Like BAW devices, its sensitivity is inversely proportional to the substrate thickness
but it can work better in the higher frequency ranger than BAW devices [4].

The structure of the SH-APM device is quite similar to the SAW device which is con-
figured by in- and output IDT arrays. This electric part can be placed at the bottom of
the piezoelectric plate to isolate it from the liquid medium, thus avoiding possible metal
corrosion and contamination problems from samples. However, both high and low order
modes are excited simultaneously, while the frequency separation of modes is restricted.
Besides, the acoustic wave response is affected by the mechanical and electrical loading
of the piezoelectric surface. These are reasons that SH-APM is not really compatible to
standard oscillator circuit [19]. Some reports indicate possible improvement by a guid-
ing layer such as an AIN thin film [19, 20] placed on the bare silicon. However, compared
to SAW devices, it is less sensitive because the energy of SH-APM waves at the surface
does not reach the maximum at the surface.
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2.2.3. LAMB WAVE OR FLEXURAL PLATE WAVE (FPW)

LEXURAL plate waves are antisymmetric Lamb waves. Like longitudinal and shear-
F vertical components of SAWSs, its particles travel in elliptical shape. The typical struc-
ture of the FPW device is similar to the SAW device as shown in Fig 2.5. The only differ-
ence is that the piezoelectric thin film is often placed on a layer of several micron oxide,
nitride, or directly on the thick silicon substrate. The frequency range is from hundreds
kHz to few MHz [1]. The operation mechanism of the FPW device is based on added
mass to membrane instead of detecting changes in the operating frequency, like for the
other acoustic devices [19]. Typically, FPW chips, operating at low frequency, often have
larger size than other devices, so they would get benefit from integration. FPW sensors
can analyze samples in real-time and compatibly with aqueous sample and changes in
surface chemistry [19].

s Input IDTs Output IDTs
o
.
- FF
5

Membrane

Figure 2.5: 3D schematic drawing of the flexural plate wave (FPW) device.

2.2.4. SURFACE ACOUSTIC WAVE (SAW)

AW devices are developed and applied originally for filters and delay line devices in

the 1970s [8, 21]. Integrated SAW chips have scaled from tens of mm? in the 1990s
to a few mm? nowadays [22]. The surface acoustic wave (SAW) device has two typical
modes, Rayleigh-SAW (R-SAW) and shear-horizontal SAW (SH-SAW) as shown in Fig 2.6.
R-SAWs have particles moving in elliptic shape and perpendicularly to the propagation
path, whereas SH-SAWSs, also referred to as surface transverse waves (STWs), have par-
ticles moving perpendicularly to the wave direction [4]. The energy of the SAW device
concentrates mostly on the surface. A possible furthest penetration of the SAW beam
into the substrate is smaller than several wavelengths and the penetration energy is in-
versely proportional to the frequency [1]. However, the higher the operating frequency
is, the higher the sensitivity of SAW devices can reach.

Compared to the above thin film acoustic devices, SAW devices can work at much
higher frequency and is more sensitive to perturbations on the surface [18, 21].

The first SAW sensors for detecting gas was reported in 1979 and then some attempts
for liquid substance were engaged, but severe attenuation and high insertion losses of
the compressional waves radiated into liquid medium were observed [19].



2.3. DETECTION MECHANISMS OF SAW MICROSENSORS 15

Shear-horizontal
Input IDTs * gyrface displacement Output IDT

Input IDTs Output IDTs

Longitudinal surface
displacement

Figure 2.6: 3D schematic drawing of two types of the surface acoustic wave (SAW) device: (a) shear horizontal
mode and (b) longitudinal mode.

2.2.5. COMPARISONS OF SENSORS FOR LIQUID APPLICATIONS

HE SAW sensors have a higher stability, resolution and sensitivity than other acous-

tic sensors because energy of the SAW beam focuses mainly on the surface, making
them more sensitive to perturbation on the propagation path [23, 24]. Specially, pertur-
bations on the surface can be induced by factors in the environment, such as ambient
temperature, heavy molecular particles, humidity and small external force (or pressure)
[25-27]. Besides, the structure of the SAW device is more simple and easy to be fabri-
cated with thin film technology, thus making them economically more attractive than
devices manufactured by piezoelectric bulk materials.

The SAW device has some disadvantages when it is applied for liquid sensing appli-
cations because of the excessive radiation of the longitudinal component. Therefore,
it is rarely applied for liquid sensing applications. TSM, SH-APM or FPW devices have
been used instead. Liquid samples are droplets (several decades of microliters) or a flow
[1, 3, 28]. Therefore, the devices often need to be large in size, 2 mm x 2 mm or more, to
provide sufficient interaction area for the liquid samples [1, 3].

SAW devices are commonly used for actuation or manipulation of micro-size droplets
[2]. The energy of SAWs radiates into droplets and becomes kinetic energy. For low in-
put power, if there are particles like polystyrenes inside the droplet, they will move in
ellipse shape. For higher input power, this kinetic energy can make the droplet move.
How fast the droplet moves depends on the size of the droplet and the type of liquid.
Some researches show it is possible to measure the position and sound velocity of the
droplet, measure evaporation rate of the liquid, or biochemical recognition by SAW de-
vices [2, 29, 30]. This means that the energy of SAWs is not completely absorbed into
liquid medium and therefore, it is possible to use SAW devices as sensors for detection
of a micro-volume liquid medium.

2.3. DETECTION MECHANISMS OF SAW MICROSENSORS

N all commonly used biosensors for microfluidic applications, such as interdigital sen-
I sors (SH-APM and FPW mode [31]), transducer resonators [32] and capacitive sensors
[33, 34], the detection mechanisms of the SAW device include mass loading (effects on an
operation frequency) [1], physical properties (changes in operating frequency and atten-
uation effects induced by rheological properties or thermal effects of any liquid medium
in contact with the piezoelectric layer) [1, 35], resistance and capacitance properties
(changes induced by the dielectric constant of the medium between the plates or flu-
idic pressure variation) [33, 34]. For SAW sensors, besides the common mechanisms as
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mentioned above, electrical properties are also used as the detection mechanism. Clas-
sification of SAW microsensors can be listed as shown in Table 2.2.

Table 2.2: Mechanisms of SAW microsensors [1, 4].

. Application
Type Affected SAW factor Perturbation Gas Liquid
Mass loading  surface mass, displace- frequency X X

ment

Mechanical viscous, elastic, vis- magnitude and fre- X X
properties coelastic quency
Rheological displacement, electric magnitude and fre- X
properties output quency
Thermal substrate density, mostly frequency X X
effect acoustic wave velocity

2.3.1. MASS LOADING

ASS loading is the most used mechanism of the SAW sensor, and is due to trans-

lation of the surface mass, or the surface displacement of SAWs. It can be caused
by mass addition or removal at the surface of the sensor. However these perturbations
do not produce an attenuation effect on the wave velocity [1]. Changes in surface mass
or surface displacement of SAWSs only result in a frequency or phase velocity shift of the
signal. Surface mass changes in gas or liquid sensing applications can be due to sorp-
tion (adsorption or absorption), or chemical reaction. The first sensor using SAW de-
vices based on this mechanism is a gravimetric sensor. Mass changes, caused by a thin
isotropic film overlaying the propagation path or sorption of the vapor on the polymer
top-layer, drive the phase velocity shift [36, 37].

It is also used for detecting heavy gases that cause an increase in mass density and
produce a decrease in frequency without any attenuation in magnitude [38]. The ad-
sorption of gas molecules on the thin film is linearly dependent on the mass/density
change of the film surface as written below [1]:

Af ~ SpAm 2.1)

where S, is the device-specific coefficient which depends on the nature of the piezo-
electric substrate, device dimension, operating frequency, and the acoustic mode while
Am is the change in mass per area of the SAW surface. For mass loading applications,
only phase velocity or frequency shift is considered here during the measurement. At-
tenuation in magnitude can be ignored because the loss is insignificant.

2.3.2.

P ERTURBATIONS in the mechanical properties of the surface are related to film defor-
mations. These perturbations generate changes in both magnitude and frequency

[1]. The properties of a thin film that can be affected are elastic, viscous or viscoelastic
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(both elastic and viscous). In practice, the viscous and elastic parameters are often con-
sidered together, thus this mechanism is also referred to as viscoelastic effect of the SAW
sensor [1, 24]. The typical polymer-coated SAW sensors based on mechanical properties
changes are used for sensing gas molecules and gas concentration [39]. The polymer
coating on the sensing area is considered as a sublayer of the viscoelastic film. The SAW
response is induced by the shear modulus G, the bulk modulus K, film thickness h and
mass density p. The change in SAW propagation induced by this perturbation is given
by [1]:

Ay Aa | Av 3 EY
—=——j—=jwh) cp—-— 2.2
ko Ko vo J i§:1 i(p V2 ) 2.2)

where E® is the complex modulus of K and G; Ay is the complex propagation factor
which has AA—;VO and %: asreal and imaginary part, respectively. This change is induced by
two parts, one (proportional to p) caused by kinetic energy relative to the film translation
and another (proportional to E?”) caused by potential energy relative to the film strain.
Kinetic energy arises from the mass loading mechanism. Therefore, two mechanisms,
mass loading and mechanical properties, are often studied together in gas sensors be-
cause the reaction or impact of gas molecules can lead to a deformation of the sublayer
on the propagation path of the SAW sensors [39, 40]. For the elastic films, elastic prop-
erties and the thickness of the sublayer influence the SAW velocity change. Sometimes,
it only influences either the operating frequency or phase velocity without magnitude
attenuation or with insignificant loss. For example, the operation range of the pressure
SAW sensors can be 0-200 kPa [41].

For sensing liquid viscosity, when the concentration of the sample increases, it leads
to changes in density and viscosity. The magnitude of Rayleigh waves is a function of
the viscosity of the liquid while both its magnitude and phase depend on the acoustic
impedance of the liquid [42, 43]. For example, the sensitivity of a low-frequency viscos-
ity SAW sensor (29.7 MHz) is 171.9 Hz (% glycerin) or 5.57 kHz (kg/m?,/s) in frequency
shifts, 0.09° (% glycerin) or 0.92° (kg/m?,/s) in phase difference while that of the high-
frequency device (86.1 MHz) is 937.5 Hz (% glycerin) or 37.15 kHz (kg/m?/s) in absolute
frequency shifts, 0.37° (% glycerin) or 14.7° (kg/m?/s) in phase difference [42].

2.3.3. RHEOLOGICAL PROPERTIES

HE rheologically-based detection mechanism implies changes in properties of the
T sensing medium in contact with the piezoelectric surface. For chemical sensing ap-
plications, changes in physics properties of the liquid, such as flow, density, viscosity
and concentration, which result in attenuation of SAW sensors, are often considered.
This attenuation can be caused by both mechanical and electric perturbations [44, 45].
The used mode of the SAW sensors is often shear horizontal mode instead of Rayleigh
mode because Rayleigh mode waves are significantly leaky into the liquid medium with
the attenuation coefficient larger than the ratio of piezoelectric velocity to liquid veloc-
ity. Other physics properties of the liquid medium, such as evaporation or vaporization
rate, are also investigated using SAW sensors [30, 46, 47].
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2.3.4. ELECTRICAL PROPERTIES

N electrical field which accompanies propagating waves through the substrate can
A interact with the mobile charge carriers on the surface. This affects both velocity and
amplitude of the waves. Therefore, it is also called acoustoelectric interaction in SAW
sensors [39, 48]. For example, the acoustoelectric interaction between electric fields is
generated by SAWs and charge carriers in a conductive film. This property is mostly used
in telecommunication applications where the carrier waves, as mobile charger carriers,
cause perturbations on surface waves. Another example, a conductive thin film SAW
sensor is used for sensing conductive gas. The sorption of the water molecules in gas
phase on the conductive material makes the film change its electrical conductivity [1].
The magnitude of the acoustoelectric response depends on the electromechanical cou-
pling coefficient K2, the bulk conductivity o and the film thickness k. Bilayer structures,
such as ZnO/WO3 on Y-X LiTaOs; or copper, nickel, metal freephthalocyanine layer and
palladium film on Y-Z LiNbOj3 substrate are utilized for detecting hydrogen [49-51]. This
perturbation can result in more attenuation in magnitude than in operating frequency,
which is considered a better effect than the mass effect. Another example for uncoated
SAW sensors still using this mechanism is humidity sensors. The humidity in ambient
condition can affect this electric field through electrical leakage between the electrode
pairs.

2.3.5. THERMAL EFFECT

N general, the velocity of acoustic waves in the piezoelectric media is affected by tem-
I perature [1]. The piezoelectric crystals or thin films have high coefficient of thermal
expansion. In most practical sensors, temperature influences the acoustic wave velocity
on the propagation path [52, 53]. Temperature sensors using SAW technology nowadays
have become commercial device without battery [54, 55]. Technically, an electromag-
netic wave sent by the interrogator is received and then converted into an acoustic wave.
Temperature variations in the environment directly influence physical properties of the
acoustic waves propagating along the surface. The modified acoustic waves are trans-
formed back into an electromagnetic waves to be retrieved by the receiver. For another
example, a temperature sensor based on the SAW device was proposed for a small vol-
ume liquid medium like a droplet. The liquid temperature, heated by the radiated energy
of the longitudinal waves, can be measured and controlled by the applied voltage [56].
The operation range of SAW sensors is from 20 to 100°C [41].

For applications with liquid volumes in the microliter range, there is no deformation
of the SAW device and no mobile charge carriers, thus mechanical and electrical prop-
erties are not considered here. It is not easy to control the temperature of a large volume
liquid medium, so thermal mechanism is also rarely used. Mass loading and rheological
property are instead often used and will be considered in this work. Next, we need to
identify suitable piezoelectric materials for liquid sensing using SAW devices. In the next
section, the main characteristics, advantages and drawbacks of common piezoelectric
materials are discussed.
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2.4. PIEZOELECTRIC MATERIALS FOR SAW SENSORS

HERE are plenty of materials for piezoelectric applications, such as quartz (SiO,),

lithium tanlalate (LiTaO3), lithium niobate (LiNaOs), PZT (lead titanate PbTiO3 and
lead zirconate titanate Pb[ZryTi;.4x]O3, 0 < x < 1 known more commonly), zinc oxide
(Zn0O), and aluminum nitride (AIN) [19]. Depending on operating frequency, samples
to be studied, thickness of materials possible, thermal resistance and flexural strength,
the most suitable material is selected. For example, quartz, lithium tantalite, lithium
niobate and sapphire (Al,O3) are often used for bulk piezoelectric devices while PZT,
Zn0 and AIN are considered as good piezoelectric layers for thin film devices. Although
bulk piezoelectric materials are often used for bio- and microfluidics applications based
on BAW or SAW technology, they show disadvantages. In fact, most of bulk piezoelec-
tric materials are non-CMOS compatible materials, more complicated to integrate with
electronics (needed for control and signal processing); expensive and have a low wave
velocity. Piezoelectric thin films are preferred because of being suitable for CMOS-based
process fabrication and advanced MEMS technology (deposition on silicon wafer, sput-
tering, evaporation, photolithography, etc.) [57, 58].

Among the available thin film piezoelectric materials, the most promising for bio/fluidic
applications are PZT with its high piezoelectric coefficient, ZnO and AIN, which are CMOS
compatible and suitable for mass production, thus reducing costs [59]. They can grow
on a variety of substrates, especially bare silicon wafers. The main properties of these
materials are shown in Table 2.3. Advantages and disadvantages are briefly discussed
below.

Table 2.3: Main properties of common thin-film piezoelectric materials [60, 61].

Material PZT ZnO AIN
Density (g/cm®) 7.8 5.6 3.3
Modulus (GPa) 61 110-140 300-350
Hardness (GPa) 4-5 15 7-18

SAW velocity (m/s) 4500 6336 5000-6000
Coupling coefficient, k 0.49 0.15-0.33  0.17-0.5
Electromechanical coupling coefficient K? (%)  20-35 1.5-1.7 3.1-8

Ceramic PZT, a perovskite crystal structure, is one of the most common piezoelec-
tric materials in acoustic wave devices because it has the highest piezoelectric constant,
electromechanical coupling coefficient, density and hardness [19, 58-62]. Another re-
markable advantage of the PZT is its ferroelectricity. As its polarization can be reoriented
along different directions, PZT does not require a specific step during deposition to ob-
tain alignment of the polarization direction, but needs poling after deposition to achieve
a good piezoelectric effect [59]. However, for biosensing and liquid applications, it shows
some disadvantages such as higher acoustic wave attenuation, lower sound wave veloci-
ties, lower mechanical stability and poorer biocompatibility than ZnO and AIN. Besides,
the high temperature sintering and high electric field polarization required, make PZT
unsuitable for monolithic integration with electronics [19].
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Zinc oxide is a piezoelectric material with a wurtzite-structure with polar direction,
which can be grown in thin film form with stable structure, high crystal quality, good sto-
ichiometry, smooth surface, low roughness and uniform structure and thickness. Most of
its piezoelectric properties, such as high piezoelectric coupling, high dielectric constant,
large transverse piezoelectric coefficient es;, r, high quality factor Q and coefficient of
thermal expansion are similar to AIN [59]. Being a nonferroelectric film, its grain growth
during deposition has to be controlled to obtain the expected polar direction. ZnO is
also considered as a biocompatible material and suitable for biomedical applications
because of high sensitivity, selectivity of surface to samples and the possibility to immo-
bilize and modify biomolecules on it [59, 61]. However, ZnO shows some limitations. As
a semiconductor, any off-stoichiometry in ZnO deposition can drive to increased con-
ductivity. It means high dielectric loss at the low frequency range due to interstitials of
the zinc material [59]. Finally, some works reported that it is reactive in air, resulting in
an unstable sensor signal [59].

Aluminum nitride, although it is has slightly lower piezoelectric coupling than PZT,
is considered as an attractive alternative for its high frequency response, sensitivity and
stability [59, 61]. It also offers a better signal to noise ratio (SNR), large output voltage,
high thermal conductivity, good electrical isolation, wide band gap and high thermal
expansion coefficient [61]. In addition, AIN has all advantages offered by ZnO in bio-
and microfluidics applications. The Rayleigh wave velocity of ZnO is smaller than AIN,
especially c-plane AIN. The operating frequency of ZnO is also smaller than that of AIN
[63]. Finally, AIN is considered a harder material, with very large volume resistivity and
the most compatible piezoelectric material with microelectronic CMOS processes. One
concern (or point of attention) is that AIN has a stronger internal stress which can lead
to rather critical microcracking [63].

Considering the physical and chemical properties of AIN and the possibility to inte-
grate these films in a silicon based manufacturing process, AIN is a promising material
for active, passive bio- microfluidics applications, in bulk and thin film structure. The
rest of this chapter will focus on the morphologic and piezoelectric properties of thin
films of AIN deposited by RF sputtering.

2.4.1. ALN THIN FILMS

LN thin films can be deposited by reactive evaporation, molecular beam epitaxy

(MBE), pulsed lased deposition (PLD), chemical vapour deposition (CVD), and sput-
tering [61, 64]. MBE was first used for the AIN deposition in 1980s [65] and then further
developed in 1990s [66, 67]. It can grow a single-crystal epitaxial AIN film. However, this
method has a low growth rate, requires an expensive equipment and extremely higher
temperature (up to 950°C) than others methods [66, 68]. CVD, including metal organic
chemical vapor deposition (MOCVD) or plasma-enhanced chemical vapor deposition
(PECVD), is considered as a better solution for AIN thin film deposition at lower temper-
ature, with high-qualify crystallinity [68]. However, the temperature is still higher than
what desirable for CMOS compatible processes [61]. PLD is a better solution for deposit-
ing AIN thin films on other substrates, like Si or sapphire, at temperature between 300 —
750°C [69, 70]. Another issue is the residual compressive stress due to the oxygen incor-
poration and the substrate temperature lower than that of the target during deposition
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[71]. This stress appears when the AIN thin film is deposited at 600°C, on high resistivity
silicon wafers.

Sputtering is a physical vapor deposition (PVD) process where atoms of the solid
target are rejected by the bombardment of accelerated ions and impact energetically on
the substrate. When a chemical reaction happens between atoms from the target and
reactive gases inside the sputtering chamber before coating the substrate, the process is
referred to as reactive sputtering. Reactive magnetron sputtering is a better method for
the deposition of AIN thin films over a large area and at lower temperatures (25 — 500°C)
[61, 71, 72]. Thanks to the magnets, electrons are trapped towards the cathode region
and more ionizing collisions lead a higher deposition rate.

The reactive sputtering deposition provides films with a fairly smooth surface, uni-
form grain size, stable and reproducible quality. It is a commonly used technique in
CMOS processing, thus largely available and suitable for large volume manufacturing
(64, 72, 73]. Moreover, it uses lower deposition temperature (25-500°C), provides higher
deposition rates and lower residual stress than other methods. The best deposition method
of AIN thin film (crystallizes in a hexagonal wurtzite structure) uses both RF and pulsed-
direct current (DC) reactive sputtering deposition on bare silicon wafers [61].

In this study, a pulsed Trikon Sigma DC magnetron sputtering reactor is used for de-
positing AIN thin film in TUD-EKL lab. Using the reactive sputtering mode, the power,
with the frequency of 250 kHz and pulse width of 1616 ns, was used and the value can be
set up to 3 kW. As known, AIN deposition by sputtering is affected by nitrogen concen-
tration, plasma pressure, temperature, and sputtering power [72]. Two recipes, shown
in Table 2.4, are tested to evaluate piezoelectric quality and uniformity of AIN thin films
through the performance of SAW devices fabricated using these films.

Before sputtering AIN thin films, the native oxide layer on the top of the bare silicon
is removed by a quick radio frequency (RF) etching step in the same sputtering system.
During the long sputtering deposition for the 1 um upper AIN layer, gas molecules, like
argon (Ar*) and nitrogen (N3), can be incorporated inside the layer. A short annealingis a
good way to release them from the film. For thicker AIN films (more than 1 um), an extra
cleaning step of the chamber between deposition steps has been employed to avoid this
inclusion, however this can affect the uniformity of the piezoelectric characteristic of the
layer, for example non-uniform grains on image of 2-um AIN film as shown in Fig 2.7.

Table 2.4: The main parameters for AIN thin film deposition by pulsed DC sputtering method.

Substrate  Sputtering Platen RF Argon Nitrogen
Parameter A

tempera- power power (Ar™") (N2)

ture

o) (kW) (W) (sccm) (sccm)
Recipe 1 50 1 0 19 38

Recipe 2 400 3 40 20 80
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Figure 2.7: Cross-sectional SEM image of a 2-um AIN film on bare silicon with intermediate cleaning steps.

2.4.2. TEST SAW DEVICES

0 evaluate the quality of the AIN sputtered films, we investigate the insertion loss of

SAW devices fabricated by the recipes above with and without an extra cleaning step
during deposition, and the attenuation of the SAW signal on the propagation path for
films deposited on bare silicon wafers with different resistivity.

The SAW device used for this test includes 50 x 50 pairs of input and output Al IDT
fingers (see Fig 2.8), which was repeated twelve times on the wafer. It only consists of
three layers (Al/SiN/AIN) deposited on bare silicon wafers. Al electrodes are chosen be-
cause of the low resistivity, low acoustic impedance, and high Q factor. Therefore, the
theoretical operating frequency is 126.7 MHz when the velocity is about 5068 m/s.

The measured data is reported in Fig 2.9 For a 1-um AIN film sputtered with recipe
1 (the lower substrate temperature and gas rate of N,/Ar), the magnitude fluctuation of
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Figure 2.8: Schematic drawing of the test SAW device with the pitch (the finger width) d = 10 pm.

the insertion loss S»1 is weaker than that of 0.5 and 1 um AIN films sputtered by recipe
2. From the data in Fig 2.9, it is clear that when the grains of AIN thin film are not grown
continuously, the signal is slightly weaker. For the SAW device with 1-um AIN film sput-
tered by recipe 2 (see Fig 2.9d), the cleaning step after depositing 0.5 um AIN was per-
formed. Only five dies among the tested twelve dies of the whole wafer have an output
signal as expected.

Fig 2.10 shows the insertion loss of SAW devices fabricated with different thickness
of AIN thin films. For a 1 um AIN thin film SAW device, the best signal was measured
because of two reasons. Firstly, as mentioned before, the penetration depth of the SAWs
into the substrate is inversely proportional to the operating frequency and the energy is
concentrated mostly in half wavelength close to the surface, so the SAW device with the
thinner AIN film can have a weaker signal. However, in practice, the SAW device with the
thicker (2 um) AIN film is worse than the 1 um AIN film. The reason is that the longer re-
active sputtering process negatively influences the AIN quality due to residual particles
from the target or abundant gases stagnant on the AIN layers. To remove these particles,
we tried both a final annealing and a cleaning step after each 1 um of deposition. How-
ever, these make the signal of the SAW weaker because the grain growth of the AIN film
is interrupted as shown in plots (a) and (b) of Fig 2.10 and visible in Fig 2.7.

AIN thin film sputtered on low resistivity silicon wafers using recipe 2 result in sta-
ble and smooth layers. The higher sputtering temperature requires a shorter deposition
time. Fig 2.11 shows AFM images of a 1 um x 1 um area, indicating an average roughness
of 37 nm.

Besides the grain uniformity and the surface smoothness, other parameters evalu-
ated are residual stress, and piezoelectric coefficients. Piezoelectric characteristic de-
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Figure 2.9: AIN thin films of different thickness and sputtered at different temperatures (a) 500C (recipe 1), (b),
(c) and (d) 400°C (recipe 2). The (c) AIN sample is sputtered continuously whereas the (d) film is sputtered
discontinuously and interrupted by the extra cleaning step for the target.

pends on the resistivity of the bare silicon wafer. When AIN thin film is sputtered on the
high resistivity wafer, the SAW signal is stronger because the longitudinal and transverse
coefficient ds3 and ds; are larger [73, 74]. However, sputtering AIN thin film on the high
resistivity wafer increases the stress in the layer. The results of sputtering different thick-
ness of AIN thin films on different wafers are shown in Table 2.5. The thicker AIN films
suffer from larger compressive stress.

Table 2.5: Stress measurement by Tencor Flexus stress meter.

o AIN thickness Radius’ Bow" Stress

Type of silicon
(nm) (um) (um) (MPa)

P-type <100>(1 -5 Q.cm) 93313 30.8 -26.2 100.8
P-type <100>(1 - 5 Q.cm) 933 +13 30.8 -26.2 100.8
P-type <100>(1 - 5 Q.cm) 2812 + 47 17.0 -45.4 227.4
P-type <100>(>500 Q.cm) 950 + 14 69.2 -13.5 68.8
P-type <100>(>500 Q.cm) 6000 3.5 -235.2
P-type <100>(>1000 Q.cm)  898.8 +13 124.3 -15.0 45.6
P-type <100>(>1000 Q.cm)  1884.5+ 27 32.2 -355 152.2
P-type <100>(>1000 Q.cm)  2819.4 + 42 14.3 -57.7 234.4

The piezoelectric quality of AIN thin film deposited by sputtering on the higher re-
sistivity wafer is better as indicated by the piezoelectric coefficient ds3, a longitudinal

2Radius of the substrate curvature after deposition.
3Bow of the substrate after deposition.
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Figure 2.10: AIN thin films with different thickness sputtered on (a), (b) silicon wafer resistivity >500 Q.cm, (c),
(d) silicon wafer resistivity >1000 Q.cm.
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Figure 2.11: AFM images of the top surface of the AIN thin film on bare silicon (P-type <100> (1 -5 Q.cm)) in
(a) 2 dimensions and (b) 3 dimensions.

coefficient, which evaluates magnitude of the Rayleigh component of the SAW beam
propagating on the AIN thin film, which is higher[75]. Measurements of the piezoelec-
tric characteristics are performed in piezoresponse force microscopy (PFM) mode with a
commercial AFM (NTEGRA PRIMA NT-MDT AFM). A conductive AFM tip (CSG11/Pt) in
contact interaction mode is used to evaluate the piezoelectric characteristic of the AIN
layer. An effective longitudinal piezoelectric constant dss is measured by the tip deflec-
tion signal sent to a lock-in amplifier. Amplitude A and phase ¢ of the normal oscillation
are with respect to the vertical piezoresponse as shown in Fig 2.12. A bias voltage of 10
Vis applied to the 1 ym x 1 um area between the bottom electrode and the SPM tip, and
the piezoresponse Acos ¢ is studied in the bias voltage range from -10 to 10 V. This AFM
spectroscopy data of AIN films on silicon wafers with the different resistivity is obtained
by the bias voltage excitation as shown in Fig 2.12. For AIN thin films on the higher resis-
tivity silicon wafer, signal variations of the amplitude, phase and piezoresponse are more
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pronounced. The strongest piezoresponse belongs to the 1 um AIN film on the highest
resistivity wafer.
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Figure 2.12: PFM spectroscopy curves: vertical PFM amplitude, phase, and piezoresponse versus bias voltage.
They are measured on AIN thin films on bare silicon wafer with resistivity of (a) 1 -5 Q.cm, (b) 10 - 20 Q.cm
and (c) 1000 - 104 Q.cm. An electric excitation of 10 V at 51 kHz was applied to all samples. The bias sweep
originated in the left corner follows the red trace, while the blue trace is for the reverse sweep.

2.5. MODELLING SAW DEVICES

ODELING M SAW devices is needed to determine the major parameters and suit-
M able dimensions, namely size, shape, number of the finger pairs, finger width and
spacing, delay line distance, and mode of wave propagation, for the design definition.
It is also possible to have an initial evaluation of internal (topography of SAW devices)
or external (liquid or gas samples, additional film or environment) effects on the device
[76,77].

There are several analytical modeling methods for SAW devices, such as impulse
response model [78], delta function model [79], the crossed-field and in-line equiva-
lent circuit models [80, 81], the coupling-of-mode (COM) model [82] or conventional P-
matrix model, angular spectrum of wave models [21] and finite element method (FEM)
model [33].

The impulse response model and delta function model are the earliest and basic
modeling techniques of SAW devices. The impulse response model is known as an ap-
proach for transducers where IDT arrays are assumed to have a constant aperture, spac-
ing and finger width as shown in Fig 2.13. The main aim is to analyze baselines such as
frequency response, loss, admittance, and parameters for the circuit simulation of SAW
devices [78, 83]. This first order model can show mechanical and electrical character-
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istics of the SAW device in general. However, if the layered-structure SAW filter has a
velocity dispersion, the equation of the null frequency band width is not suitable. This
method is only valid for symmetrical designs of SAW devices [30]. Although for the delta
function model, an impedance level and second order effects of the SAW devices are not
considered [82], it still provides relevant information about bandwidth, insertion loss,
rejection level, and side lobes.

Input IDTs Output IDTs

G.(D1 1G,(H)

B.()
1531
“;<4 .
[N ]

Figure 2.13: Circuit model based on the impulse response method where Cr is the transducer capacitance,
Ba(f) is the acoustic susceptance, and G4 (f) is the radiation conductance.
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Figure 2.14: Mason equivalent circuit based on P-matrix method for an IDT array.
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For the COM model, various wave phenomena in periodic structures are shown clearly,
such as electromagnetic waves in periodic grating, ultrasonic and optical waves in multi-
layered media and so on. It provides parameters for the next P-matrix model like veloc-
ity, reflectivity, attenuation, transduction coefficient and capacitance. The conventional
P-matrix, the first model describing IDT arrays, is equivalent to a three-port network
with two acoustical ports and a third electrical port as shown in Fig 2.14 [82, 83]. After
that, this conventional method was extended to obtain more accurate results and called
equivalent circuit model. The matrix of the SAW device in general can be given by the
multiplication of the matrices for input and output IDTs and the delay line or space be-
tween IDT arrays by:

[SAW ()] = UDTin(NIID(NUDTou: ()] 2.3)

Therefore, it is considered as the best option to analyze transmission of the SAW de-
vices in the equivalent circuit model, which accounts for mechanic and electric proper-
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ties of devices such as wave velocity, electromechanical coupling coefficient, operating
frequency, and number of electrode pairs. A more recent method for modeling SAW de-
vices is a FEM, a combination of COM and equivalent circuit model.

2.5.1. FINITE ELEMENT MODEL

HE finite element model is a numerical solution method for one layer or multilayer

SAW devices. Like the above mentioned methods, it is also based on the major di-
mensions of the IDT structures (number of fingers, finger width, aperture, and shape) to
obtain frequency response and impedance. This model shows the relations among me-
chanical and electrical variables. These relations are between strain — stress, stress — dis-
placement, displacement — electric field, electric field - strain, through elasticity, direct
piezoelectric effect, permittivity and converse piezoelectric effect [1]. From equations of
the elastic constitutive and piezoelectric constitutive relations, general equations about
wave displacement components u;(x, y, z, t) and electrical potential ¢(x, y, z, t) are given
by [1]:

3 3 62(/) azui
Y Cijta——t Y eiji—— = p—t 2.4
W Cijkl ’ + L e”kaxkax]' Y 912 (2.4)

i Eik (=
ik l=1 axkax,- ik=1 axkax,-

where c¢; ki, ek, €k, 0 are the elastic tensor, the piezoelectric tensor, the dielectric ten-
sor and the mass density of the piezoelectric material, respectively. Advantages of the
FEM model are the modeling of arbitrary geometries for undisturbed SAW propagation
and even excitation, detection and scattering of mechanical and electrostatic problems
of the SAW during the experiment. Unlike other methods, mechanical and electrical
field varied at the boundary of layers, wave velocity, displacement components and elec-
tromechanical coupling factor are considered and analyzed as well. The FEM model pro-
vides a good first evaluation for designing SAW devices because of the presence of both
acoustic and electric properties to acoustoelectric interaction. It is also the most com-
mon numerical model for design, calculation and analysist of SAW devices in 3D domain
and commercial simulation software like COMSOL, ANSYS and Convertor is available
[82, 84].

2.5.2.3D SAW MODELING

0 understand the acoustoelectric interactions that take place on the piezoelectric

material and closely investigate different topographies of IDTs and the correspond-
ing SAW response, COMSOL software with FEM analysis is used to model the SAW de-
vice. In COMSOL software, the simulation for SAW devices can be performed by elec-
tromechanical or magnetomechanical transduction.

The structure proposed in this study is a typical in-output IDT array with a micro-
hole in the middle of the propagation path. This microhole can be filled of liquids with
different properties, water in this example. A 3D model of the SAW device has defin-
ing parameters and is meshed as shown in Fig 2.15. This device based on aluminum
nitride (AIN) can be simulated by Multiphysics (solid mechanics and electrostatic) in
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Figure 2.15: (a) 2D SAW device with the microhole. SAWs generated by the input transducer travel in +x di-
rection and through the piezoelectric medium and the liquid medium. For the piezoelectric medium, den-
sity (pp), SAW velocity (vp), elasticity matrix (c), coupling matrix (e), and relative permittivity matrix (¢) are
constants whereas density (p;) and sound velocity (v;) are constants for the liquid medium (see Appendix-A:
Parameters of piezoelectric and some liquids). At the contact between the two media, Rayleigh component
of SAWs is attenuated with the absorption coefficient a = pl:; lvl;l 7 (parameters see Appendix-A: Parameters of
piezoelectric and some liquids); and (b) meshed SAW model.

COMSOL. Components of the piezoelectric device are simplified and the piezoelectric
effect is induced by the coupled interface between electric and solid mechanic domain.
Multiphysics component is a solution for configuration of the expected acoustic wave
mode and electrical and mechanical conversion of the piezoelectric characteristics. The
used mode is here Rayleigh damping on the piezoelectric material. The wave velocity on
the aluminum nitride is calculated as 5049 m/s. The parameters used for modeling the
SAW device are given in Table 2.6. A sine voltage of 10 Vis applied to the input IDTs. The
edges of the piezoelectric substrate are setup as a low-reflecting boundary to avoid the
reflected waves as shown in Fig 2.16. In FEM calculations, all parameters and charac-
teristics of the considered materials, like the elastic tensor, the piezoelectric tensor, the
dielectric tensor and the mass density as well as pseudo number of IDT pairs and mesh
can be modified and simplified.

Table 2.6: Simulation parameters and device dimensions.

Electrode Electrode Wavelength Depth Aperture Microhole
Substrate pairs

width
) (d) %)) () (») (D)
AIN 3 10 um 40 um 8 um 150 pm 50 pm in
diame-
ter

In the case of this study, when the incident waves from the piezoelectric media travel
to the microhole, there are two types of losses, attenuation by Rayleigh component of
SAWs and frictional loss. The Rayleigh component and density changes between two
media cause an emission whereas the transversal component leads to frictional loss de-
termined by the viscosity of the liquid medium. At the studying frequency of 126 MHz,
the frictional loss is much smaller than the attenuation by Rayleigh component, thus it
is not often considered in calculation of interaction between the liquid and the piezo-
electric media [84-86]. SAWs traveling through liquid medium are attenuated by the
absorption coefficient a of 1.35 dB/cm. When the size of the hole equals to 1/3 the size
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Figure 2.16: Y-component displacement of SAWs at time ¢ = 237 ns.

of the SAW aperture, the output voltage of the SAW device with water inside the hole
is reduced 10 times compared to the one without the hole as shown in Fig 2.17. When
the density of the assumed liquid is double to water inside the hole, its output signal is
smaller than that of the water.

2.6. CONCLUSION

HIS chapter gives a general view of the acoustic wave devices used for bio- microflu-
T idics applications and motivates our choice for SAW devices. Detection mechanisms
of the SAW devices are often used for sensing liquid. Aluminum nitride thin film is cho-
sen as an attractive promising material for SAW applications due to the good material
properties, compatibility with the microelectronic process, high acoustic velocity and
high electromechanical coupling coefficient. From a dedicated investigation of the pro-
cess parameters and substrate, AIN layers with a thickness of 1 um, sputtered on high-
resistivity silicon wafers were selected as they offer the best quality of piezoelectric char-
acteristics and the strongest fluctuation in insertion loss.

The equivalent circuit model of the SAW device is a quick design in 2D and has been
used for the transmission of IDT arrays and the delay line into the scattering matrix. It is
also used for modeling obstacles on the delay line which generates attenuation in phase,
magnitude or frequency shift. The FEM model is a common way for expanding the de-
sign in 3D and explaining better the relations among mechanical and electrical variables.
In this thesis, FEM (with commercial COMSOL software) was used for designing and sim-
ulating novel SAW devices and configurations to observe acoustic wave generation and
signal response of these SAW devices.
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Figure 2.17: Output voltages of the SAW device with and without the hole in the middle of the propagation
path. Liquid 1 is water with density p while liquid 2 is another liquid with the density 2p.
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SURFACE ACOUSTIC WAVE
RESPONSE TO MICRO-SIZE
DROPLET

This chapter presents the effect of a micro-size droplet shape, specifically the liquid contact
angle, radius and area, on the SAW response. Besides, when a micro-size droplet is dripped
on the surface of the SAW device, the shape of the micro-size droplet can also changes due
to physical phenomena, such as evaporation, wetting, spreading, and surface tension. It
leads to a change in the fractional coefficient of the SAW response. This change depends on
the contact area between the sessile micro-size droplet and the SAW device more than the
contact angle of the droplet. Besides, the effect of the hydrophobicity versus hydrophilic-
ity of the contact surface on the duration of the fractional coefficient change is studied by
comparisons of SAW devices coated with and without a silicon oxide or hexamethyldis-
ilazane (HMDS) thin layer. It indicates a probable unstable response of the SAW device
for micro-size liquid samples in sensing, manipulating and actuating applications. This
chapter also shows that for liquids having a slow evaporation rate (BuAc < 0.8), e.g. water,
the SAW response can be stable for a longer time due to the shrinking if the contact angle
more than the contact radius.
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3.1. INTRODUCTION

EAKAGE phenomena of surface acoustic waves into a liquid medium form a signifi-
L cant limitation for the employment of SAW devices in liquid applications. However, if
the propagation path of typical SAW devices is surrounded by inlimited liquid medium,
most of the SAW energy is emitted into the liquid medium [1, 2]. This emitted energy
is related to the longitudinal component of the SAWs which is referred to as compres-
sional waves, Rayleigh surface acoustic waves, or longitudinal waves [3-5]. In practice,
when the liquid medium has an insignificant volume (less than a microliter) like a small
droplet, the emitted kinetic energy can transport and manipulate fluids such as separat-
ing, trapping, driving, mixing, jetting and atomizing [6-8]. Diverse mechanisms, such
as microfluidic sensor, actuation and manipulation of micro-objects have been studied
[7-10]. Depending on the envisioned SAW microfluidic application, the applied power
and operating frequency need to be determined. For example, the centre frequency of
the SAW fluid actuation and manipulation at microscale can be in the range of 0.01 -
1000 MHz. Low input power (in the order of mWatts) generates a preliminary acoustic
streaming on the free surface of the sessile droplet for vibration, mixing and driving ap-
plications while higher input power (from 1 Watt) leads to breakup of the steady state of
the sessile droplet [11, 12].

For a micro-size sessile droplet, typical phenomena in the sensor, actuation and ma-
nipulation are acoustic streaming flow, acoustic radiation force, jetting which are influ-
enced by the formation of the droplet on the surface. Besides, evaporation plays a cru-
cial role in microfluidic SAW applications owing to the presence of the changeable con-
tact angle and contact area between the liquid and the piezoelectric substrate in a short
transient time [8, 10, 13]. One obvious aspect of the droplet evaporation is an unsta-
ble SAW response during and after the short duration of the evaporation. Therefore, the
shrinking sessile droplet placed on the propagation path can have a relevant effect on the
microfluidic-actuation and -manipulation applications of the SAW device. The presence
of energy from the adjacent liquid-solid interface is influenced by the behaviour of the
droplet (surface tension, density, contact area and shape of the shrinking droplet) [14]
and the properties of the piezoelectric device (surface wettability, surface roughness, in-
put power and centre frequency) [7, 8]. The shrinking of the sessile droplet related to
the contact angle and radius between the piezoelectric and liquid media has a direct ef-
fect on the SAW response. This is expressed by changes in the fractional coefficient of
the SAW response before and after dropping the liquid and during the evaporation pro-
cess of the droplet. Next, the theoretical analysis and experimental results show how
the shrinking behaviour of both the contact angle and droplet radius during the droplet
evaporation process can influence the variation of the SAW response.

3.2. EMISSION OF THE SAW ENERGY INTO EVOLVING MICRO-

DROPLET

A COUSTIC waves are radiated from the denser medium to the less dense one. Rayleigh
surface acoustic waves are emitted at the Rayleigh angle because the sound of speed
in the liquid is much smaller than that of the longitudinal waves [15, 16]. This refracted
angle in the liquid medium is given by [17]:
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Ve _ Ay
VR - A
where v I A rare the velocity and wavelength of the liquid; while vz and A are related to
the piezoelectric material. At the contact surface of the piezoelectric material, the am-
plitude of the normal particle displacement is at a maximum and is equal to that in the
liquid medium [16, 17]. For a liquid medium with rectangle-shape domain V;(a, b, 1),
the average SAW energy is transported from the contact surface to a maximum depth
(up to 1) and to a width b because its energy concentrates mostly on the surface and can
spread below the surface up to one [5] or a few wavelengths [18]. For an ideal, homoge-
nous and isotropic piezoelectric surface, the fractional coefficient « is calculated using
the following relationship:

sin(0g) = (3.1)

b 1%
o 2aPIVE

3.2
bA pvgr (8-2)

where p, pr and a are the piezoelectric density, the liquid density and the length of the
liquid medium, respectively. The attenuation of the SAW beam into each micrometre
length of the liquid domain is expressed by a@/a [dB/um]. As indicated in Eq. 3.2, this
attenuation depends on the properties of the liquid and piezoelectric material (density,
sound speed and wavelength) considered. The larger volume of liquid is, the larger the
attenuation of acoustic waves at the boundary of the two media is.

HEE N

SAWs

(a)

Piezoelectric material

Figure 3.1: A schematic view (a) of the cross-section of a typical SAW-based microfluidic device and (b) the
geometrical parameters of the (zoomed-in) 2D droplet view.

If we consider a microliter droplet, the droplet height is much smaller than the liquid
wavelength (See Fig 3.1a). However, it becomes a dynamic medium due to the evapo-
ration process. For example, if the considered droplet has a height k, a contact radius r
and a contact angle 8 as shown in Fig 3.1b, the liquid volume V} is then given by:

T3 sin@ (2 + cos )

v
0= 3T T4 cos0)?

(3.3)

As the above fractional coefficient is relative to the space domain V; (2r,2r,1) = 4r2),
the fractional coefficient for the sessile droplet with a volume Vj is rewritten as:
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a(r.0) N(z PfVf . ,sinB(2+cosb) rzsin0(2+c059)
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with the condition 7 > 8 > 0. The fraction coefficient depends on the both contact angle
and radius of the droplet.
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Figure 3.2: The fractional coefficient corresponding to the variation of the contact angle and radius of the
droplet on a hydrophilic (8 < 90°) and hydrophobic (6 = 90°) surface.

Therefore, the fractional coefficient changes during the evaporation process. The
variation of the fractional coefficient in the shrinking contact angle case is slower than
that in the shrinking contact radius as shown in Fig 3.2, especially for a hydrophilic sur-
face (0 < 90°). Averagely, for a 1-mm decrease of the contact radius, the descending ve-
locity equals 4.39 times that of the 1-radian decrease of the contact angle. The variation
of the contact angle can be neglected for hydrophilic and super-hydrophilic surfaces (O
< 0 <90°) when the droplet volume decreases mainly due to the contact radius change
[14]. The two evaporation cases of droplets often investigated are the shrinking droplet
with a constant contact angle and a variable contact radius, and the one with variable
contact angle and radius.

3.2.1. IDEAL CASE: CONSTANT CONTACT ANGLE AND VARIABLE CONTACT

RADIUS
I F only the contact radius changes, the fractional coefficient for the sessile droplet with
volume V) is rewritten as:

(3.5)
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where A, 1o, pf, p, v and vg are the wavelength of SAWs, the initial radius of the droplet,
the liquid density, the piezoelectric density, the sound of speed in liquid and the SAW ve-
locity, respectively. As the contact angle 6 = 6y is assumed to be almost constant and
always larger than the Rayleigh angle, the change in droplet radius is related to the en-
ergy loss during the evaporation process. With each liquid, the initial contact angle is
different and measured by the video-based optical contact angle measuring instrument.
The droplet radius is a function of the time as given by [19, 20]:

2D(cs — Cxo)
- ;—fg(@o) FO0)t 3.6)

oo
_ (3 (1+cos€0)2 1/3 _ sin3 (6o) _ sinfy 1+cosh(20y 1) _
where To= (n VO sin90(2+c0500)) ’ g(@o) ~ (1-cosfp)?(2+cosBy)’ and f(e()) ~ l1+cosfy +4Of sinh(277) tanh[(n

Oo)tldt. B9, 1o and Vj are the initial contact angle, the radius and the volume of the
droplet, respectively. Parameters depending on the liquid medium are the diffusion co-
efficient of the vapor in the atmosphere D, the vapor concentration in the saturation
atmosphere c; and at infinity ¢, = Hc. These parameters depend on the ambient tem-
perature T and humidity H during the evaporation time.
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Figure 3.3: The dependence of the fractional change on the evaporation time of deionized water which has the
initial contact angle of 7/6 and different initial volumes of 0.05, 0.1 and 0.13 pl.

Fig 3.3 shows an example, an evaporation process of the micro-size deionized wa-
ter on the hydrophilic surface 8y < 90°). The larger the droplet volume is, the longer
the evaporation duration is. The decay is divided into two parts: a gradual decay called
slow attenuation, and a dramatic decay called fast attenuation. The duration of the slow
attenuation is related to the initial volume of the sessile droplet.

3.2.2. VARIABLE CONTACT ANGLE AND RADIUS
D URING the evaporation process of the sessile droplet, the domain of the liquid medium
varies continuously because of the shrinking contact angle, radius and height. There-
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fore, the measured insertion loss changes during the evaporation process. To analyse
this variation, the evolution of the droplet in the time domain and the variable fractional
coefficient of the lost energy are considered. To investigate emission of the SAW beam
into the micro-size droplet at time #, the evolution of the droplet during the evaporation
process needs to be considered.

The evolution of a droplet is the variation of the contact radius and contact angle to
reach a quasi-equilibrium shape at the transient instance. This variation is due to one
or two parameters. If only the contact radius changes, it is called constant contact angle
(CA) mode and if only the contact angle change, it is constant contact radius (CR) mode.
If both parameters change, it is a stick-slide (SS) mode [19]. Based on the rate of the mass
loss as reported by Popov [20-22], the time derivative equation for any contact angle and
radius is:

;d_rz_;,_ rz ﬁ_D(CS_Coo)
gO)f©O) dr  (1+cos®)?f(©O) dt  py

(3.7)

. o0
where f(0) = {308 14 f lzg)}fgff)” tanh[(7 — 0)7]d7 is a function of the variable 6§ and
0

g0 = (l_cossg‘;% with cs, ¢ and D being the saturation concentration, the ambi-
ent concentration and the diffusion coefficient of the liquid vapour in the atmosphere,
respectively [21]. When the evaporation process is on a hydrophilic surface and under
a homogeneous environment, the most commonly reported form is a serial order of
the three modes, CR (r = rg and 0 = 6y — 07), SS (r = ry — r1 and 6 = 67 —J) and CA
(r=r1 —0and 0 = 0;) [22, 23]. Sometimes, it is simplified into two modes (CR and CA)
as shown in Fig 3.4.
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Figure 3.4: The lifetime of the common real and assumed droplet evaporation process on a hydrophilic surface.

The lifetime of the liquid evaporation process, f;o;, is the total of three modes (;o; =
tcr + tss+ tca) when 0 = 0y — 05 and r = rg — 0. It can be simplified as the lifetime of
the droplet evaporation includes only CA (6 = 8y — 05 and r = o) and CR (6 = 05 and
r = ro — 0) modes; thus the total time is calculated as:

% pfrg pfr(%
tror = f D(cs — Coo) (1 +c0s0)2 f(0) a6+ 2D(cs — €0)803) f(03) oo
03

For the CR mode, the contact angle recedes from 6 = 6, to 0 = 9;‘. From Eq.3.8, the
duration of a droplet related to the variable contact angle is calculated as:
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TS
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o7

For the CA mode (6 = 9; and r = r; — 0), the change in the contact radius leads to
a decrease of the liquid volume. This duration related to the variable contact radius is
rewritten as:

_ prri
2D(cs - €x0)g03) f(63)
For the SS mode, 0(t), r(t) decreases and the volume reduces until the contact angle

reaches the minimum value 65 (Or < 0; < 07 < 0y) and the contact radius reaches . The
duration for the SS mode is fgs.

Ica (3.10)

o 2 2_ .2
tss= [ Ol g, PrT T 3.11)
A D(cs— cx0) (1 +cos0)= f(0) 2D(cs - ¢x0)g(0;) f(07)
2

The relationship among 6, 01* and 95‘ is based on the unbalanced surface tension or
unbalanced Young's force. It is determined by the maximum pinning force f, which is
a ratio of the practical pinning force at the reachable minimum angle and the prelimi-
nary pinning force at the initial angle. It depends on surface roughness, substrate-fluid
interface and the constant surface tension of the fluid vapour [19]. The contact angle 6
shrinks until it reaches 6 = arccos(f, +cos8g)with f, in the range of (0, 2) [19]. For the CR
mode, the contact angle with the maximum pinning force f, ; varies until it reaches the
critical contact angle 6 = arccos(f},1 + cos(8p)) with the condition 0 < f;,; =1 - cosfp.
For the SS mode, the contact angle corresponding to f, . continues to vary until a new
minimum critical contact angle value 9; = arccos(fp2 + cost)) is reached. The duration
of the CR mode depends on the first pinning force f},1 while that of the SS mode depends
on the second pinning force f;2. The condition 0 < f;1 + f2 < 1 - cosfp has to be sat-

isfied because 07 and 0, are real numbers. The pinning force ratio % depends on the
hydrophilic or hydrophobic characteristic of the contact surface, the liquid properties
(like surface tension and density), the contact area of the liquid on the surface and the
ambient conditions. A few values of the maximum pinning forces (fy,1; fp,2) are shown
in Fig 3.5.

The smaller the ratio is, the shorter the SS mode duration. For the super-hydrophobic
surface corresponding to the infinitely small values of this ratio, only two distinct modes
(CR and CA) appear, corresponding to fp2 = 0. When the angle ratio 6 /0] approaches
to one, the pinning force ratio f} 2 is close to zero and the duration of the SS mode goes
to 0. In case, the pinning force ratio goes to infinite or the first pinning force equals 0
(fp,1 = 0), only SS and CA modes occur. When the second pinning force f» is larger
than the first one f), 1, the angle ratio 8 /6] always lies in the small range bounded by
thered (fy,2/ fp, = 1) and green (fp,2/ fp,1 = o0) line. It also means that the SS mode lasts
longer.
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Figure 3.5: The dependence of the critical contact angle ratio g—i on the initial contact angle corresponding to
1

various values of the pinning forces.

From the analysist above, the fraction coefficient of the SAW device depends on each
evaporation period of the droplet. For a hydrophilic surface, the evaporation process
normally has three modes, thus the fractional coefficient varies through three modes.
From the above equations (Egs. 3.4, 3.9), (Egs. 3.4, 3.10) and (Egs. 3.4, 3.11), the frac-
tional coefficient of the SAW energy emission in the CR, SS, CA modes is calculated (sim-
ply referred to as CR, SS, CA modes for brevity). The whole dynamic microdroplet evap-
oration process is then rewritten as:

a(f) = ACR(t=0—1tcp) + aSS(t=fCR—>fCR+fss)+(lCA(z:zCR+tss—»tCR+zSS+zCA) (3.12)

The attenuation duration of each mode is relative to the evaporation time of the
droplet. For example, all probable cases of the droplet evaporation process are shown in
Fig 3.6a, and the corresponding attenuation behavior of the fractional coefficient are re-
ported in Fig 3.6b. The CR mode takes place more quickly than the other modes while the
CA mode is the slowest one. The fractional coefficient in the CA mode reduces slightly at
first and then considerably at the end. It is relative to the physical behaviour of the dra-
matically shrinking contact radius in the end of the droplet evaporation process. Fig 3.6
also shows that the droplet volume is affected by the descending contact angle whereas
the faster attenuation of the fractional coefficient is caused by the shrinking contact ra-
dius in the CA mode. The slope of the fractional coefficient is similar when the CR and
SS mode in the droplet evaporation occurs. The shrinking of the sessile droplet in the CR
and SS modes leads to a slow attenuation duration of the fractional coefficient, while in
the CA mode, it causes fast attenuation duration.

The values of the pinning forces (fp,1; fp,2) are also shown in Fig 3.6b. If the pinning
forces (fp,1 and fp2) are generally similar, the total evaporation duration is similar like
CR-SS-CA, CR-SS and SS case, thus the variation duration of the fractional coefficient is
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mostly equal (for example, CR-SS, SS and CR-SS-CA case; CR-CA and SS-CA case). If the
total pinning forces is small, it leads to a long evaporation process and a long variation
duration of the fractional coefficient. For example, the CA case (fy,1 = fp2 = 0) is the
longest case whereas the CR case (fy,1 + fp,2 = 0.04) is the shortest one.

04r 0 70 4 CR-SS-CA case: f —0 25, f —02
V_=0.05 pul, § =60 — [TTme———— —_
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Figure 3.6: (a) Evolution with time of the droplet volume during the evaporation sequence and (b) fractional
coefficient of the SAW response in all probable modes (10 dB and 0.05 pl offset in Y axis has been added to
separate (a) the fractional coefficients and (b) the volume in modes).

Fig. 3.7a shows the variation of the fractional coefficient corresponding to different
initial contact angles. For the hydrophilic surface, the smaller the initial contact angle
is, the shorter the CR and SS modes are, whereas the longer the CA mode is. For the hy-
drophobic surface, if the initial contact angle is larger, the CR mode is shorter, whereas
the SS and CA modes are longer. The total attenuation duration of the fractional co-
efficient is also longer. When the CR and SS modes are simplified into the CR mode,
the attenuation duration of the fractional coefficients in the same initial contact angle
(0p = 60°) are approximately similar. If the surface of the liquid-solid interface is hy-
drophobic (6 > 90°), the variation duration of the SAW response is longer than that on
the hydrophilic surface (6 < 90°).

In practice, the values 6] and 0;can be simplified into a single value if there is a
small change in the contact radius in the SS mode on the hydrophilic surface. For exam-
ple, the radius reduces only to 95 % in the SS mode of the CR-SS-CA and the simplified
CR-CA case in Fig 3.7a. On the super-hydrophobic surface, only the CA and CR mode ex-
ist [13]. The transformation duration from 6} to 65 sometimes occurs quickly, especially
for a liquid having a high evaporation rate and weak surface tension (for example: ace-
tone, ethanol, isopropyl alcohol) [13, 24] or for the hydrophobic surface [13, 22]. These
angles depend on the characteristic of the substrate surface, the liquid, the ambient at-
mosphere. Note that the case 0] = 0 is a common example for the droplet evaporation
process on a super-hydrophobic surface including two modes (CA and CR mode).

The droplet volume also causes the variation of the fractional coefficient (Fig 3.7b).
If the physical parameters (for example, pinning forces, and contact angle) change, all
modes get affected. The attenuation duration of the fractional coefficient in the CR, SS,
CA modes islonger, namely 55, 118 and 174 seconds if the droplet volume increases from
0.05 to 0.1 pl. It means that the larger the droplet volume placed in the propagation path
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Figure 3.7: (a) Fractional coefficient corresponding to various values of the initial contact angle, namely 60°,
900, and 120°. (b) Various ascending values of the initial volume Vj = 0.05, 0.1, 0.13 and 0.2 pl; r1/r9 =95 %
and the spinning forces (fp‘l;fp‘z) =(0.25; 0.20).

is, the longer the variation of the insertion loss Sy; lasts.

The SS mode in the droplet evaporation process depends not only on the second pin-
ning force f},» but also on the contact radius decrease (r = ro — r1). It can occur for a
longer time and affect the slope of the fractional coefficient more if the decrease of the
contact radius is larger as shown in Fig 3.7b. For the 95 % decrease of the shrinking con-
tact radius in the SS mode, the whole attenuation duration of the fractional coefficient is
constant but in the CA mode is more tilted.

Consequently, the variation duration of the SAW response is caused by the surface
properties (expressed by the total of the pinning forces and the initial contact angle) and
the liquid properties (expressed by volume, density, sound velocity, evaporation rate and
surface tension). The physical shrinking of the contact angle and radius in the CR, SS and

CA modes in the droplet evaporation rate is the cause of the small and fast slope of the
fractional coefficient.

3.3. EXPERIMENTAL PROCEDURE

3.3.1. CONFIGURATION OF THE SAW DEVICE
HE fabrication procedure for the SAW device includes two main parts, namely pat-
terning the interdigital transducer (IDT) fingers on a 1 pm aluminium nitride (AIN)
thin film and two top-surfaces (one hydrophilic and one hydrophobic surface).

For the 125.7 MHz SAW device, a 50-Q IDT impedance requires an acoustic aperture
of 50 wavelengths [5]. The IDTs of 40 straight electrode pairs are patterned by the optical
photolithography on a silicon nitride (SiN) layer (Fig 3.8a), added to protect the piezo-
electric surface during the inductively coupled plasma-reactive ion etching [24]. The
other parameters are summarized in Table 3.1.

The hydrophilic surface used in the experiments is a 6.9 pm-thick silicon oxide (SiO3)
thin film, deposited by PECVD (Fig 3.8b). A cavity of 2 mm x 2.5 mm is created in the ox-
ide to form a dip at the centre of the band. This means that the in-band response is dis-
torted one time at the centre frequency as shown in the comparison of the conventional
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Table 3.1: Parameters of the SAW transducer.

Parameters Value Unit
Number of the input and output fingers 40x40

The aperture of input and output IDTs 2 mm
IDT finger width d = 1/4 10 pm
IDT finger height h 0.5 pm
The propagation path between input and output 1000 um
IDTs

Insertion Loss Dipped Insertion Loss Dipped Insertion Loss

(a) (b) (0

== §j == AIN =1 SIN == Al Si0, HMDS

Figure 3.8: (a) Conventional and experimental SAW structure with the typical and dipped insertion loss caused
by (b) the SiO» and (c) HMDS thin-film cavity.

and dipped insertion loss of Fig 3.8. For the conventional SAW device, the insertion loss
after dropping the liquid varies around the primary insertion loss measured before drop-
ping the liquid [24]. For the dipped SAW device, the variation of the insertion loss after
dropping stays at one side of the primary insertion loss. Hence, this variation during the
shrinking process of the droplet is easier to observe. To increase the contact angle of the
sessile droplet, a thin layer (a few monolayers) hexamethyldisilazane (HMDS) is applied
by exposing the surface of the sample to HMDS vapour for 15 minutes in a controlled
oven. The insertion loss before liquid dropping for the SAW device covered by HMDS is
similar to that of the SAW device with only the SiO; thin film (Fig 3.8b, c).

3.3.2. MEASUREMENT SETUP

HE scattering matrix data of the SAW device is measured by HP 8753E RF vector net-

work analyzer and collected continuously every 10 seconds by using the Cascade
Microtech software. The applied power (5 dBm) is small enough not to influence sig-
nificantly the evaporation process. The droplet is applied with a pipette (Rainin Classic
Pipette PR-2). The samples are placed in a closed chamber to keep a stable measurement
environment. The experiments are performed in a controlled laboratory environment
(humidity 68 + 2 % and temperature 19 + 0.5 °C) so to have a controlled evaporation
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Figure 3.9: Measurement setup for (a) the electrical data and the contact area; (b) the contact angle; and (c)
camera synchronization algorithm.

Deionized water (DW) with a volume in the range of 0.05-0.13 plis used in the exper-
iments. This volume is selected to study the lower limit of detection of our SAW device
and to avoid overflow from the cavity to the electrical contacts to take place. The droplet
evaporation process is tracked by a top-view camera as shown in Fig 3.9a. The contact
radius and the bright intensity are recorded by this camera. The propagation path is a
reference for measuring the droplet contact area, width and length. The top-view opti-
cal images, collected by the CCD camera in Fig 3.9a, are converted into grayscale images
and their salt-and-pepper noise is filtered. Before processing the image, the ambient
background of the droplet is removed. The brightness intensity of the spot is related to
the number of pixels with a grey intensity smaller than the threshold. The threshold is
adapted to the average threshold of the individual optical image and ranges from 35 to 90
because of the automatic focus mode of the recorded video. The contact area is limited
by the boundary black pixels.

The second system has a top-view and a side-view camera (Fig 3.9b). The contact an-
gle, temperature and line base diameter are recorded and measured by the contact an-
gle system OCA20. The DINO top-view camera recorded initial optical images which are
compared to those of the CCD top-view camera. The optical images of the top-view and
CCD side-view cameras are synchronized by the line base diameter during the droplet
evaporation process (see Fig 3.9¢).

As an example, data for the droplet volume of 0.13 pl are reported in Table 3.2. The
data extracted from the top-view optical images is processed to remove noise and back-
ground before contact area, length and width of the sessile droplet are measured. The
contact angle is found after the synchronization of the side-view and top-view cameras.
The initial data of the optical images, such as contact angle 6y, droplet volume Vj, are
used for the theoretical data. The variation of the contact angle is also considered and
possibly anticipated by the bright intensity of the droplet which is processed by the op-
tical images of the top-view camera. Based on the opglcal 11}91 7%? gata, the fractional co-
efficient is approximately rewritten as a(s,0) = 57 S‘?lﬁgscg)sz ) 5 pfv L where s the contact
area of the sessile droplet at time .
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Table 3.2: Matching line base diameters of the synchronized cameras for the 0.13 pl sessile droplet case.

. . Side-view
Time Top-view camera camera
(seconds) .
ContactArea S LengthL  Width W  Contact Angle 6
(mm?) (mm) (mm) ®
0 1.31647 1.52419 1 65.5
100 1.30187 1.51210 0.991935 57.0
200 1.2992 1.47984 0.983871 49.1
300 1.29834 1.47984 0.983871 39.6
400 1.29761 1.47984 0.983871 26.7
500 1.29709 1.47581 0.983871 19.0
600 1.29619 1.47581 0.983871 17.5
700 1.04996 1.21774 0.9717740 16.8
730 0.0036583 0.20161 3 0.0322581 16.7
750 0 0 0 0

3.4. RESULTS AND DISCUSSIONS

3.4.1. MICRO-SIZE DROPLET ON HYDROPHILIC SURFACE

HE data from the top-view optical image and the corresponding SAW response are
T shown in Fig 3.10a. In the first 450 seconds, the contact area of the sessile droplet
(1.45 % evaporated contact area) is mostly constant, thus the insertion loss does not
change significantly. We refer to this situation as the CR mode which has a constant ra-
dius and changeable contact angle (from 65.5° down to 20.0°). This contact angle change
can also be observed by the bright spot on the optical images, caused by the reflected
light of the top-view microscope. The SS mode is lightly stronger receding from 450 to
680 seconds because of only 3.07 % reduced contact area and slightly reduced contact
angle (from 20.0° down to 16.7%). During the first 680 seconds, corresponding to 4.52 %
reduced contact area, the intensity of the bright spots changes continuously because of
the changeable contact angle. Afterwards, the colour observation of the bright intensity
of the sessile droplet shows that the contact angle is mostly constant while the contact
radius changes quickly. Here, the insertion loss starts to have a small fluctuation and
then quickly returns to the initial status.

The parameters of the deionized water for the theoretical data are based on physical
properties, and specific conditions as indicated in Table 3.3.

Fig 3.10c shows that the measured electrical data are in better agreement with the
theoretical data than the optical image data. The reason is that the automatic focus
mode of the top-view camera can produce small nonlinear values of the contact area.
A pseudo-increase error is eliminated by the nonlinear filtering using the comparison
of the contiguous values. However, errors caused by the pseudo-decrease values or the
synchronization process of the top-view and side-view cameras can still occur. It is a
limitation of the optical image processing.

The bright intensity observed by the top-view camera shows the droplet evaporation
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Figure 3.10: (a) The variation of the insertion loss and the optical images from the top-view camera at several
times of the 0.13 pl droplet on the hydrophilic surface. (b) The contact angle and radius change during the
evaporation process of the sessile droplet recorded by the top-view camera. (c) Comparison of the variation of
the fractional coefficient calculated using the theoretical data, optical-image data and electrical data.

experiences the CA-SS-CR mode sequence and at the end, the dramatic drop is related
to the shrinking contact radius of the CR mode. The evaporation time of the same size
droplet on the hydrophobic surface is longer than that on the hydrophilic surface [13]
because the pinning forces are larger. It means the variation duration of the contact an-
gle can last longer. Similarly, if two droplets of the same volume but with the different
contact angle and area are placed on the same surface, the one with the larger contact
area evaporates faster because of the smaller pinning forces. The droplet keeps a sim-
ilar shape as the contact area until the contact angle reaches a critical value 6. For a
0.05 pl droplet on the same hydrophilic surface, as the initial contact area of the sessile
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Table 3.3: Parameters of the sessile droplet used for the theoretical data.

Parameter Value Unit
Diffusion coefficient D at 20°C 2256x10°  m?/s
Saturated vapor concentration c; 0.015 kg/m3
Initial contact angle 6 66 0
Spinning force f, 0.447

Spinning force f» 0.125

Radius ratio (r; /1) 95 %
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Figure 3.11: The scatter plot of the variation of the fractional coefficient in the time domain when deionized
water is dropped on the hydrophilic SAW surface (O, X,V, + from different experiments; blue scatters for the
volume of 0.05 pl, red ones for the volume of 0.1 pl and yellow ones for the volume of 0.13 pl). (a), (b), (c) Optical
images from the top-view camera corresponding to the droplet volume of 0.05, 0.10 and 0.13 pl.

Fractional coefficient [d

droplet (see image (a) + in Fig 3.11) is 1.41 times that of the droplet (see image (a) O in
Fig 3.11), and its initial contact angle is smaller, its evaporation time is faster. Therefore,
the fractional coefficient returns to zero more quickly. Fig 3.11 also shows that the evap-
oration duration of the bigger droplet volume results in longer duration of the fractional
coefficient variation, namely 420, 573 and 760 seconds for 0.05, 0.1, 0.13 pl. It is caused
by the longer duration of the shrinking contact angle when the bigger droplet evapo-
rates on the propagation path of the SAW device. In all cases, the fast attenuation of the
fractional coefficient is caused by the dramatically decrease of the contact radius in the
droplet evaporation process.

3.4.2. MICRO-SIZE DROPLET ON THE HYDROPHOBIC SURFACE

HE same volume droplet is experimented on the hydrophobic surface of the SAW
device when covered by a thin layer of HMDS layer.

In Fig 3.12, results related to the same-volume droplet on the hydrophilic (0 << 90°




54 3. SURFACE ACOUSTIC WAVE RESPONSE TO MICRO-SIZE DROPLET

30 - X noHMDS O HMDS (1%
x noHMDS

© HMDS(1%)
v HMDS(2")
+ HMDS(3™)

V HMDS (2nd)

5t HMDS (31)

Fractional coefficient [dB]

xx

0 . . . 2% +a4,57 YgnT,
0 100 200 300 400 500 600
Time [s]

Figure 3.12: The variation of the fractional coefficient during the 0.05 pl droplet evaporation on the hydropho-
bic (HMDS) and hydrophilic (no HMDS) surface of the SAW device.

because of the silicon oxide film) and hydrophobic surface (8 > 90° because of the HMDS
layer) are shown. The contact angle of the droplet on the hydrophobic surface is larger
because this contact area is smaller (91 % to 98 % contact area of the sessile droplet on
the hydrophilic surface). The magnitude of the bright spot on the CCD top-view optical
image shows the larger initial contact angle on the hydrophobic surface (O, V and +).
The droplet evaporation time is influenced by the contact angle because if the contact
angle is smaller, the contact area is larger and the liquid layer is thinner. The saturation
vapour pressure at the droplet surface is increased. The pinning force of the hydrophilic
surface becomes smaller, the pinning time becomes longer; thus the evaporation time
is shorter [13, 25]. The measured variation duration of the fractional coefficient for the
hydrophobic surface (HMDS film) is 110 seconds longer than for the hydrophilic surface
(SiO7 film).

3.5. CONCLUSION

HE energy emitted into the liquid medium is different for the dissimilar contact area

between the sessile droplet and the piezoelectric material. In additions, the evap-
oration phenomenon of the sessile droplet contributes as well. The dynamic change
caused by the contact angle and radius of the sessile droplet occurs during the evapora-
tion process. The change in contact radius influences the insertion loss more than the
change in contact angle, especially on the hydrophilic (6 < 90°) and super-hydrophilic
surface (8 << 90°). The variation duration of the fractional coefficient is proportional
to the droplet volume and the surface wettability. For example, it is 420, 573 and 760
seconds for the 0.05, 0.10 and 0.13 pl sessile deionized water droplet respectively, on the
top hydrophilic film (SiO; film) of the SAW device. In average, it is 110 seconds longer
if the droplet is placed on the hydrophobic layer (HMDS) compared to the hydrophilic
layer (SiO;). This work highlights the need to include, for proper use of SAW devices in
microfluidic applications, the shape of the droplet on the surface, the effect of the evap-
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oration, the droplet volume and the surface wettability, especially for experiments which
requires long-time actuation and manipulation.
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EVAPORATED LIQUID SAW
MICROSENSORS

In this chapter, a surface-acoustic-mode Aluminum Nitride (AIN) transducer is utilized to
investigate the sensing ability of the SAW device for the detection of liquid types. Taking
advantage of the changeable SAW response related to the different shrinking shape and
stagnant liquid molecules of each liquid, it is possible to detect small amounts of liquids,
in the microliter range. The mechanisms for identifying the nature of the tested samples,
are related to both physical-property (liquid density, equilibrium vapor pressures, molec-
ular weights, boiling points, sound speed in liquid and evaporation rate) and mass load-
ing (concentration of stagnant liquid molecules). Eight liquid samples, isopropanol (IPA),
ethanol (ETH), deionized-water (DW), tap water (TW), heptane (HEP), propylene glycol
monomethyl ether acetate (PGMEA), hexamethyldisilazane (HMDS) and acetone (ACE),
with either similar or rather diverse characteristics have been tested.
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4.1. INTRODUCTION

s mentioned in section 2.3, the surface acoustic wave (SAW) mode is very appeal-
Aing for gas sensing applications due to the sensitivity to surface perturbations in-
duced by pressure, environment, or mass loading [1-3]. Itis rarely used for liquid sensing
because of the leakage phenomenon of the longitudinal wave component into a liquid
medium. The signal of the SAW device is not received at the receiver when a large liq-
uid volume is placed on the whole propagation path [3, 4]. However, this component
is extremely sensitive to surface mass density induced by the active force of an object,
such as a thin gold film [5], a microliter droplet [6], a moving liquid [7-9], microparticles
[1, 10, 11] and a contaminated liquid [10] on or through the piezoelectric surface. For
liquid applications, a measurable energy loss detects the type of liquid. It is possible to
identify the liquid on the propagation path based on stagnant liquid molecules on the
surface [6]. Here, we employ physical properties, such as the liquid evaporation rate,
density and sound speed, to enhance the accuracy of surface-acoustic-mode Aluminum
Nitride (AIN) transducers.

The most common mechanism employs mass loading which results a frequency shift
due to the adsorption of chemical substances on the functionalized surface. Another
mechanism is the change in operating frequency and attenuation induced by rheologi-
cal properties or thermal effects of any liquid medium in contact with the piezoelectric
material [11, 12]. For example, investigated chemical substances are some teas [13], oil
contamination [14] and heavy metal in ground water [15, 16]. Here, we employ both
physical properties (liquid density, sound speed in liquids and evaporation rate) and
mass loading (concentration of stagnant liquid molecules) during and after the evap-
oration process to identify the liquid type. Specifically, during this process, a phase
transition from liquid to gas phase of the molecules at the droplet surface takes place
quickly or slowly depending on the evaporation rate of each liquid [17]. It leads to differ-
ent attenuation duration for SAWs for each liquid. This attenuation variation depends
on the density and sound speed in liquids. When the dynamic equilibrium is reached,
the evaporation process stops. There are liquid molecules left on the surface, which alter
the mass density of the piezoelectric surface. Taking advantage of these distinct physi-
cal properties, we have developed a potential method to identify the type of liquid being
studied. This novel method uses a SAW transducer with a large IDT aperture and with
a cavity to accommodate small volumes (ul range) of liquids. The oscillation variation
and duration in the magnitude of the insertion loss during the evaporation process are
analyzed and experimentally recorded. The evaluation of the relation between surface
mass loading of the SAW device and stagnant liquid molecules is described. These are
validated by experimental results obtained with eight liquids. The chosen substances in-
clude liquids that have similar physical properties (evaporation rate and density), such
as isopropanol (IPA), ethanol (ETH) and acetone (ACE), as well as with quite different
properties (evaporation rate, density, sound speed or chemical bond), like deionized -
water (DW), tap water (TW), hexamethyldisilazane (HMDS), heptane (HEP) and propy-
lene glycol monomethyl ether acetate (PGMEA).
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4,2.1. THE ENERGY ATTENUATION OF THE SAW DEVICE

HE deformation of the evaporated droplet can affect the contact angle, radius or

both. If the evaporation process of the liquid happens quickly, the evolution of the
evaporated droplet is simplified into the shrinking of the contact radius. If the surface
for carrying the liquid is hydrophilic, the emitted energy of the SAW device is caused
only by the shrinking contact radius. As the evaporation process of micro-size droplet
is significantly influenced by the shrinking contact radius, the evolution of the droplet is
considered as a constant contact angle (CA) mode.

After the liquid to be identified is dropped on the propagation path of a SAW trans-
ducer, the evaporation process of the droplet starts. Before the dynamic equilibrium
is reached, the droplet radius decreases and creates a ‘blank’ area on the surface like a
non-leaky medium, and there is a signal at the receiver. Consequently, the transducer
response is attenuated due to the smaller energy absorption inside the liquid medium
at Rayleigh angle 0 as shown in Fig 4.1. It changes continuously in correspondence of
the variation of the ‘blank’ area on the surface. The rate of this variation depends on
the evaporation rate of the liquid. The power dissipation into the liquid medium is a
much more remarkable effect than the frequency shift caused by the change in the sur-
face mass density. The emission energy depends on physical properties of the liquid (see
section 3.2). It is calculated approximately by the Eq. 3.5 and the contact radius between
the liquid and the piezoelectric media is based on Eq. 3.6 for the constant contact angle
mode.

Figure 4.1: Schematic view of the SAW energy radiated at the contact between the piezoelectric surface and
liquid media.

The vapor concentration parameters are different for different liquids and sensitive
to the ambient temperature T and humidity H during the evaporation time. For exam-
ple, values of some liquids in air at a temperature of 20°C are shown in Table 4.1 [18-20].

From Eq. 3.5 ad 3.6, the fractional change depends on physical properties of the
liquid such as density, sound speed in the liquid and rate of evaporation. The fractional
change of the CA mode in Fig 4.2 is a function of the liquid contact radius related to
the initial contact angle 6y = 7/3 and to the liquid volume. It has two descending parts
during the transient evaporation time. One refers to a fast attenuation region when the
fractional change descends quickly and the other is a slow attenuation region when it




60 4. EVAPORATED LIQUID SAW MICROSENSORS

Table 4.1: Diffusivity and vapour concentration of liquids in air at 20°C.

Liquid D (105 m?/s) cs (kg/m3)
Water 24.46 0.017
Heptane 7.06 0.0941
Ethanol 12.68 0.0375
Acetone 12.12 0.0522

varies more slowly. These regions are separated by two tangents of the fractional change
line, with a factor 10 difference in slope.
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Figure 4.2: The dependence of the fractional change on the evaporation time of some liquids for an initial
volume of 0.05 pl.

4.2.2. MASS SENSITIVITY OF THE SAW DEVICE AFTER COMPLETE DROPLET

EVAPORATION

HE second detection mechanism employs a comparison of the variation of the trans-

ducer response due to the change in the density mass on the surface. When it reaches
the equilibrium, there is no change in the amount of liquid or vapor. Ultimately, as liquid
molecules are left after the evaporation process, a change in the surface mass density of
the piezoelectric surface is observed. Each liquid has a different pattern formation by the
self-assembly of the molecules at the end of the evaporation process. For example, when
they have rather different properties like the case for IPA or ETH with HEP, or even when
the physical properties such as the boiling point, the vapor pressure, and the molecu-
lar weight are quite similar (IPA and ETH), the concentration and pattern formation of
the stagnant liquid molecules are dissimilar (see Fig 4.3). At the dynamic equilibrium,
the measured transducer responses are almost constant. The fractional change a(r) is
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approximately zero because the radius of the liquid droplet and the contact angle of the
concentrated liquid molecules go to zero (see Eq. 3.6). Therefore, the absorption caused
by the leakage phenomenon is ignored. The remaining liquid molecules after the evapo-
ration form dense monolayers or multilayers k; of molecules [21] which are also referred
as clusters. This leads to perturbations on the surface and change the areal mass density.
As chosen liquids are pure and are tested in the same condition, this change only de-
pends on the size (molecular weight) and concentration of the molecules. The stagnant
liquid molecules on the solid surface refer to hard macromolecules adhering to the thin
AIN film, which cause a roughness increase of the film surface. Regarding the formation
of the liquid molecule layers on the thin film, the surface mass density, also called areal
density, is given by the ratio of the mass to the area. The area includes the AIN surface
azny which is not covered by the liquid and total meniscus areas a; of n liquid clusters.
The height of the monolayer cluster meniscus is negligible and the meniscus area is ap-
proximated to its 2D projection on the thin film surface. Hence, the average areal density
is written by:

n
n maN+ X m;
main + X m; ———when  k; = 1(monolayer)
i=1 n
PR p— N . @.1)
aan + ap =

———when k;> l(multilayer)
ayn+ X Pd_’lfi

I
_

Figure 4.3: The pattern formation for (a) IPA, (b) ETH and (c) HEP after the evaporation process.

where m N, m;, a;, d are the mass of the AIN thin film and of the stagnant liquid
cluster i, the surface area of the thin film before dropping liquid and the thickness of a
layer, respectively. If there are N; stagnant molecules in the cluster i*", the cluster mass
is given by:

= _Ni*M 4.2)
' 6.02%1023 ’

where M is the molecular weight of the liquid and K = 6.02% 10?3 (mol!) is Avogadro’s
number. So, the average surface mass density is rewritten as:
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hK+NM
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Ps = > hK NM hK NM (4-3)
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where p ;n, h, N, N are the density and the thickness of the thin film, the total stagnant
liquid molecules and the average molecule concertation in the layer of the cluster in
contact with the thin film, respectively. After the evaporation process, the variation of
the surface mass density leads to the fractional change in the kinetic energy density of
SAWs as well as the negative fractional change of the wave velocity and the operating
frequency which is given by [21]:

AU  Av 2.

To ™ ps (vx0+vy0+vzo)—pssmfg (4.4)
where vy, vy and v, are the unperturbed SAW velocities on the surface along X, Y,
Z axis, respectively while P and Uy are the power density and the peak of the kinetic
energy of SAWs on the AIN thin film. The mass sensitivity factor S, = :—]"3 (UxO + Vyo + sz)
only depends on electromechanical properties of the surface material, thus this factor
is mostly constant for any liquid. If the remaining liquid molecules on the surface are
negligible, like for deionized water, the mass density change is almost constant. Hence,
the change in the kinetic energy density only depends on the mass sensitivity factor of
the material. On the contrary, if they are rather significant like for IPA, ETH and HEP
(see Fig 4.3) the output signal of the SAW device is significantly perturbed. By using a

network analyzer in the measurement setup, the SAW device is incorporated as a feed-
back-loop oscillator' so that, the fractional frequency variation % follows the fractional

velocity varlauon [21] From Egs. 4.3 and 4.4, the fractional change of the frequency
is calculated as:

M

dAf ~ak where ki=1
T() = S,S1dN where S§;= { —- KM+”MN where k;>1 (4.5)
AIN

Here, S; is the molecule sensitivity factor which depends on the type of liquid. Besides
the characteristics of the thin film, the fractional change of the SAW frequency caused
by surface perturbations is dependent on the molecular weight, the average molecule
concentration in the layer of the cluster, the number of clusters and the density of the
liquid. Especially, for the monolayer pattern of the liquid molecules, it depends only on
the molecular weight and the total number of molecules on the propagation path.

4.3. EXPERIMENTAL PROCEDURE

4.3.1. DESIGN AND FABRICATION OF SAW DEVICES
HE device used for these experiments are shown in Fig 4.4. It is based on our previous
design (see section 3.3.1), but optimized by enlarging the aperture size and imple-
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menting a deep cavity for containing very small liquid volumes (up to 0.05 pl). With this
modified configuration, a more precise detection mechanism based on physical prop-
erties and mass loading as presented above, can be experimentally validated. The dry
etching method is used for fabricating anisotropic etch profile of small IDT fingers. The
aim of the fabrication of the deep cavity using the SiO; thick film, a hydrophilic layer, (see
Fig 4.4a) is to prevent contact between the measurement probes and the liquid during
the measurement process.

Si HAIN W Al Si0,

l Cavity

Figure 4.4: (a) Microfabrication process of the device and (b) optical microscope images of the fabricated SAW
device.

4.3.2. MEASUREMENT SETUP

HE measurement setup includes an Agilent 8753E network analyzer connected to a

RF probe station as illustrated in Fig 4.5. An immediate frequency (IF) bandwidth
of 100 Hz is setup to reduce noise sidebands and residual frequency modulation (FM)
when the radio frequency (RF) signal is mixed with local oscillator (LO) signal of a local
oscillator in the network analyzer. Simultaneously, the highest power, 5 dBm, is applied
at the input port, thus the measurement dynamic range is improved [22]. The measured
center frequency fp is 125.3 MHz.

The evaporation rate of each liquid depends on some physical properties such as
boiling point and vapor pressure. In this study, we used eight liquids with different boil-
ing point, vapor pressure and molecule weight, as reported in Fig 4.6a. The evaporation
rate and the concentration of the stagnant liquid molecules, ordered from low to high,
are shown in Fig 4.6b. Tap water is quite similar to deionized water but the stagnant
molecule concentration is denser and the evaporation rate is estimated to be quicker
because of the presence of mineral ions (sodium iron, copper, bromide and calcium).
Water has the slowest evaporation rate because it has a dipole-dipole interactions O-H
with the others molecules. Water molecules are interconnected by the hydrogen bond-
ing O-H which is much stronger than the other hydrogen bonding like H-F or C-H. The
dipole-dipole interactions O-C for ACE, IPA and HEP are weaker than for water [17]. All
tests are executed at the same environment conditions (like temperature, humidity) and
initial conditions for each liquid type (like volume). As the surface tension and the cohe-
sive force of some used liquids are weak, they overflow around the cavity after dropping.
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Figure 4.5: The measurement setup of the SAW device for liquid sensing.
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Figure 4.6: (a) Physical properties related to the liquid evaporation and (b) the observed order of the increasing
liquid evaporation rate and increasing liquid molecule concentration remaining on the surface, consistent
with their physical properties.

4.4, RESULTS AND DISCUSSIONS

PTICAL micrographs of a droplet evaporation process are shown in Fig 4.7a. For

the first 140 seconds, the slow attenuation region, the droplet shape varies rather
slowly and then extremely quickly till it evaporates completely in 257 seconds. At the
beginning, the measured insertion loss IL has a minor oscillation because of the slight
non-uniform energy distribution on the propagation path, the deformation of the con-
tact angle, as well as the slight deformation of the contact radius. In fact, there is a grad-
ual movement of the attenuation. The fraction change of the SAW device is calculated
by the difference of sequential insertion losses a(dB) = AIL=IL;—IL;_;. The fractional
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change varies rather slowly like the change of the droplet shape in the slow attenuation
region, as shown in Fig 4.7b. When the droplet starts to shrink and changes quickly till it
evaporates completely, a fast attenuation occurrence is observed. The duration of these
regions depends mostly on contact area deformations of the droplet which is a contact
boundary of leaky SAWs from piezoelectric medium to liquid medium. These attenu-
ation regions, in both theoretical and experimental data, are divided by tangent lines
with the same factor difference in slope. The region boundary created by a set of tangent
lines is a boundary for gradual da; and sudden da, variation regions of the insertion
loss. The comparison of day,peory = —-2.78x107! dB to dayexperiment = —2.61x107!
dB for the first region and da theory = —6.06x107" dB to daz experiment = —6.75x107"
dB for the second region, demonstrates a good match between theory and experiment.
The contact area is calculated by theory, experimental data of the fractional change and
optical image as illustrated in Fig 4.7c. The Kalman filter method, also called a linear
quadratic estimation (LQE), for the object detecting and tracking method is used to cal-
culate contact area of the optical droplet image [23]. The shape of the optical image
is a good match compared to the theoretical data and experimental data. Root mean
square deviations of the theoretical data with respect to the experimental data are 0.18,
0.3 mm?2. If the sensitivity is defined by S = da _ 1 LIY 42939 dB/ pm? for DW. This

da — 2 Argug
means that for each 1 pm? of the evaporated liquid area, the insertion loss will decrease
by 29.39 dB. Sensitivities of the device to the rest of liquid samples are shown in Table
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Figure 4.7: (a) The evaporation process of a 0.05 pl droplet, at the middle of the SAW propagation path within
257 seconds. (b) Theoretical and experiment data of the fraction changes in insertion loss. (c) Contact area
calculated by theoretical, experimental and optical image data.
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This analysis illustrates the fractional change parameter of eight samples in the time
domain under the mostly constant ambient conditions as shown in Fig 4.8. Observing
the variation of the parameter « of eight liquids in the slow and fast attenuation region
during the entire evaporation process, we see that water, which has the slowest evapo-
ration rate, has the longest variation of the insertion loss. Both slow and fast attenua-
tion regions of water are quite evident. The slow attenuation region of DW, TW, PGMEA,
HMDS and HEP appears clearly whereas that of IPA, ETH and ACE disappears. Due to
the weak surface tension and cohesive force of liquids such as IPA, ETH, ACE and HEP,
the droplet fills the entire propagation path. Thus the area contacting the air is larger
and makes the evaporation faster. Therefore, the slow attenuation almost disappears
and the fast attenuation region is reached quickly. From the fractional change data of
each liquid and Eq. 4.5, the deformation of the contact area A can be calculated by
% = —%g(@o) f(Op). For the fast attenuation region, the measured deformation
velocities of the contact areas together with the sensitivity values for all liquid tested are
reported in Table 4.2. This deformation is caused by the evaporation rate, density, sound
speed and shape alteration of the droplet inside the cavity.

Table 4.2: Measured samples of velocity of the shrinking droplet and sensitivity of the SAW device.

Sample Deformation velocity of the shrinking contact area Sensitivity
(x1071%m?/s) (dB/pm?)

DW -3.14 -29.39

™ -3.27 -29.53

PGMEA -3.76 -31,79

HMDS -7.84 -34.12

HEP -8.73 -33.62

IPA -1.83 -32.87

ETH -2.92 -32.67

ACE -4.40 -32.82

The presence of the stagnant liquid molecules leads to change in the mass density
on the surface, thus making the output signal frequency shift and the noise increases
as compared to the signal before dropping the liquid. Based on the uniform color of
recorded micrographs, the form of PGMEA, TW, and DW molecules left are almost mono-
layer patterns, while that of others has almost multilayer patterns. The variation of the
mass density is proportional to the increase of the stagnant liquid molecules on the sur-
face. The generated noise-to-signal ratio (NSR) is shown in Fig 4.9. Micrographs of the
propagation path of the SAW device after the evaporation process of IPA, ACE, ETH,
HMDS and HEP show rather concentrated molecules. Based on the interference pat-
terns of the liquid meniscus, liquid molecules are packed inside varying multiple layers.
Their noise signal ratio oscillates more, especially at the center frequency. Therefore, like
the order of the liquids as shown in Fig 4.6b, the noise signal ratio (NSR) of DW, TW and
PGMEA is the smallest and sparsest whereas the others have more oscillation at the cen-
ter frequency, especially ACE because of the obstruction of the many layers of molecules
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Figure 4.8: Fractional change a in insertion loss for (a) HEP, HMDS, PGMEA, TW and DW; and (b) ACE, ETH
and IPA.

and the higher molecule concentration.

Table 4.3: Characteristics of eight liquids identified by the SAW transducer.

Physical property Mass loading
Substance  Slow attenuation  No slow attenuation Noise Average frequency shift
Aatax Duration Tatax Duration NSR  NSR Af Af

of a>0 of a>0 <5dB >5dB >100kHz <100kHz
ACE 14 dB 20s X 2411
HEP 5dB 50s X 206+9.4
HMDS 6.6 dB 70s X 17211
ETH 5dB 20s X 117+ 4.7
IPA 4 dB 15s X 76+8
PGMEA 8dB 160 s X 27.3+7.6
™ 20dB 200s X 11.6 4.9
Dw 20dB 250s X 0

As the frequency shift is proportional to the molecule concentration of the stagnant
liquid on the propagation path, the order of the decreasing frequency shift of ACE, HEP,
HMDS, ETH, IPA, PGMEA, TW and DW is in good agreement with the predicted one
based on the theoretical analyses presented in chapter4.2.2. The frequency shift is cal-
culated from the frequency difference of the attenuation peaks before and after the lig-
uid evaporation process, and is shown in Fig 4.10. If tap water is referred to a reference
sample for noise caused by stagnant liquid molecules on the propagation path, a prod-
uct (NVS;) of the molecule sensitivity factor and the stagnant liquid molecule, referred
to a liquid sensitivity factor, is calculated by the measured frequency shift as shown in
Eq. 4.5. Values of 20.66, 17.69, 14.71, 10.29, 6.51, 2.34 and 0 g/cm2 are in regards to
liquid sensitivity factors of ACE, HEP, HMDS, ETH, IPA, PGMEA and DW, respectively. It
demonstrates a match of optical images (see Fig 4.9) and experimental data (see Fig4.10)
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Figure 4.9: Noise signal ratio (NSR) of the output signal before and after dropping the liquid for (a) DW, (b) TW,
(c) PGMEA, (d) IPA, (e) ETH, (f) HMDS, (g) HEP and (h) ACE.

of eight liquids. For quite different samples like DW and IPA, it can be detected by a pa-
rameter like the presence of slow attenuation region of the fractional change, variation
duration of the fractional change or noise. For quite similar samples like ACE and IPA or
DW and TW, the detection process needs more observations like deformation velocity of
the contact area, noise and frequency shift. Table 4.3 summarizes the characteristics of
the eight liquids tested, demonstrating that it is indeed possible to identify these liquids
using the AIN-based SAW transducer we developed.
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Figure 4.10: Frequency shift of the SAW transducer for different liquids tested.

4.5. CONCLUSION

HIS chapter presents a potential method for identifying liquid samples of micro-

liter volumes in microfluidic biosensors. It is based on a surface-acoustic-mode
AIN transducer using two detection mechanisms, physical properties and mass load-
ing, corresponding to the shrinking droplet radius and stagnant liquid molecules during
and after the evaporation process of the liquid. The fraction change of the attenuation
is proportional to physical properties, such as evaporation rate, sound speed and den-
sity of the liquid. The concentration of stagnant liquid molecules produces a change in
the surface mass of the micro-electro-mechanical transducer, which causes a frequency
shift and increases signal noise at the receiver after the liquid evaporation process. Ex-
perimental results of the oscillation magnitude and duration of the fraction change «,
noise-to-signal ratio NSR and frequency shift A f are in good agreement with the theo-
retical analysis, thus validating the effectiveness of the proposed AIN-based SAW device
for the identification of the type of liquid under investigation.
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INTEGRATED SAW LIQUID SENSING
SYSTEM

This chapter presents a novel liquid microsensor based on an on-chip aluminum nitride
surface acoustic wave (SAW) device. The device miniaturized and integrated on a printed
circuit board (PCB) is used for sensing the liquid flow. The mechanism is based on pressure
and liquid density changes of the liquid flowing inside the microhole during the evapora-
tion process. Two experiments are performed to observe each effect, pressure and liquid
density change inside the microhole, separately. In the first one the liquid density is var-
ied by inserting samples, such as pure aluminum, gold, and human hair inside the hole.
For the second one, the pressure effect is validated by pumping air from a chamber under-
neath the hole and then detecting the response related to the influence of the pressure on
the thick membrane of the SAW device.
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5.1. INTRODUCTION

OME research and our experiment above showed that the SAW device is quite sensi-

tive to the microliter volume liquid [1-4]. For the microliter volume liquid, energy
attenuated into liquid medium even can drive, atomize droplet [5, 6]. This transferred
energy depends on the density and viscosity of the liquid medium, on the contact area
and contact angle between the piezoelectric layer and the liquid medium [3, 7, 8]. Liquid
medium is often placed on the propagation path for actuation, manipulation and sensor
applications of the SAW device [7, 8]. A cavity is proposed for containing liquid medium
[1,9, 10]. This controls the contact area between the piezoelectric and the liquid medium
which makes uniform and stable experimental results. So a hole is proposed for bring-
ing liquid medium which possibly contacts surface acoustic waves at the nozzle. This
only uses benefits of the formerly proposed cavity, but also makes manipulation of liquid
contacting the piezoelectric substrate easier. It avoids excessive attenuation of Rayleigh
component of the SAW device into a liquid medium thatleads to no signal at the receiver.
If the SAWs are generated on low quality piezoelectric material, the entire SAW energy is
attenuated into the liquid medium, which is a disadvantage of the horizontally placed
microhole. Besides, the contact of the SAW configuration with the horizontally placed
microhole and the liquid medium is often fabricated as a flat configuration, while the
shape of the vertically placed microhole is more flexible (eg. circle). It is suitable for
applications which have liquid flowing inside a tubular structure (eg. injector).

A propagation path between input and output IDTs of the typical surface acoustic
wave (SAW) device is often non-interrupted path. Disturbances placed on the surface of
the SAW sensor affect the signal and consequently can be detected. However, in some
cases, trapping micro-particles in the droplet and sensing the presence of particles in-
side a droplet, a vertical impact area like a hole or a cavity placed on the propagation
path, is preferred [9-12]. This can make device fabrication more complex. To form the
vertical channel, a long etching process is needed. Consequently, a thicker masking layer
is applied and subsequently removed, which can cause unwanted edge roughness of the
cavity and alter its shape [13, 14]. This can result in unwanted frequency shift, excessive
energy loss, non-uniform and rough surface, cracks on the structure of the piezoelectric
film. However, this vertical structure crossing the propagation path can be realized in
various sizes and shapes of defining the microhole, which makes it possibly to investi-
gate different types of liquids or particles. In the proposed vertical structure, a different
attenuation is detected when Raleigh damping is radiated into the contact area between
the piezoelectric layer and the liquid medium confined in the microhole.

The novel on-chip vertical structure for microfluidic applications of SAW sensors
proposed is schematically shown in Fig 5.1. It consists of an aluminum nitride (AIN)
—based SAW sensor with an embedded microhole positioned on the middle of the prop-
agation path. The device in diameter is mounted on a printed circuit board (PCB). The
generated acoustic waves from the input IDTs concentrate mainly on the surface and
travel to the micro-size hole. The Raleigh component can be perturbed from effects in-
side the microhole thus changing the SAW response. Therefore, first, we study the ex-
pected effects on the microhole filling through the simulation of the liquid evaporation
phenomenon. The parameters considered are the pressure on the wall of the micro-
hole and the changeable concentration of the liquid at the nozzle and at the wall caused
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Figure 5.1: 3D schematic of the on-chip SAW device with the vertical microhole on the middle of the propaga-
tion path.

by capillary evaporation. Then, the evaporation of the liquid inside the hole is experi-
mentally investigated. It is in fact possible to observe the change of the output voltage
during the evaporation of the liquid inside the nozzle. Both the variation in pumping
air pressure and the addition of micro-size samples inside the microhole are studied. In
this way, the SAW response is correlated to changes of pressure and density of the liquid
inside the microhole.

5.2. EFFECT OF THE INTERRUPTED PROPAGATION PATH ON TRANS-

DUCER RESPONSE

M ICROCAVITIES or microholes are rarely implemented in commercial devices as they
negatively affect the performance of the SAW devices which is strongly dependent
on the smoothness of the piezoelectric surface and the anisotropy of the etched profile.
In fact, the etching of these deep microcavities or microholes causes unwanted surface
roughness in the piezoelectric thin film as illustrated in Fig 5.2. Moreover, over-etching
of the layer or lack of anisotropy of the cavity sidewalls result in the diffracted SAW beam
being fed back to the input IDTs or being disturbed, thus leading to unwanted changes
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in both signal magnitude and operating frequency.
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Figure 5.2: Frequency shift of SAW devices having a 30 um diameter microcavity or microhole as interruption
on the surface, compared to the ideal SAW device.

However, by using protecting sublayers patterned on the piezoelectric layer, it is pos-
sible to fabricate deep microcavities and microholes with an acceptable attenuation in
signal magnitude and without the frequency shift. Interruptions such as microholes with
adiameter of 30, 50 and 100 um placed on the propagation path of the Aluminum Nitride
SAW devices are prepared and the sensor response is compared to the one of a conven-
tional SAW device in both simulation and experiments.

The SAW device based on the AIN thin film is modeled in three-dimensional geome-
try in the time domain. As the medium inside the microholes is air, Rayleigh waves travel
through the contact coupling the air and piezoelectric medium. The model with 3 finger
pairs on each IDT is meshed and computed by the finite element analysis (FEA) method.
To reduce the high nonlinearity of the computation and the large storage in memory re-
quired, only an AIN film with a thickness much smaller than the wavelength, is set as
substrate.

Hole 30 pm

A 001 (b) V¥ -0.01 [ e ] Ao001

Figure 5.3: Rayleigh displacement of the SAW device with (a) the ideal propagation path and (b) the path inter-
rupted by a 30 pm diameter microhole.
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Figure 5.4: The output voltage in the (a) time and (b) frequency domain corresponding to the ideal path, and

to the path interrupted by the microholes of 30, 50 and 100 um in diameter.
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Figure 5.5: The insertion loss of the SAW devices corresponding to the ideal propagation path and the inter-
rupted propagation path for the three microhole diameters (30, 50 and 100 um) investigated.

The FEM simulation results (Fig 5.3) show that the Rayleigh-SAWs (R-SAWs) traveling
through the interrupted path are not diffracted or fed back to the input IDTs. The output
voltage versus the time and in the frequency domain is shown in Fig 5.4. The center

frequency is not influenced by the presence of the microholes,

but there is a strong effect

on the signal magnitude. This effect is due to the complete loss into the medium (air).
This also corresponds to an insertion loss of the SAW devices measured experimentally.
The magnitude reduces with increasing diameter of the microholes, but an insignificant
change in the operating frequency was recorded (see Fig 5.5). This shows the fabrication
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technology for the realization of an arbitrary interruption in the propagation path to
achieve the smallest frequency shift is possible. The magnitude attenuation depends on
the size of the interruption on the propagation path, ideally 30 or 50-pum diameter size of
the hole or cavity are preferred due to the smaller attenuation. To increase the contact
area, we selected 50-pum diameter size for the hole.

5.3. EFFECT OF CHANGEABLE MEDIUM OF THE INTERRUPTED

PROPAGATION PATH ON TRANSDUCER RESPONSE

HE liquid inside the microhole on the middle propagation path of the SAW device
T is studied. The influence of the liquid inside the microhole is analyzed through the
evaporation phenomenon of the sample. The evaporation process of deionized water is
a slow-time phenomenon which is very useful to observe the general SAW response to
the changes in the liquid through the microhole. We assumed that the hole is filled with
water and surrounded by air. The air flowing through the hole causes the evaporation
of water. Three effects are considered in this model: the turbulent flow of air around
the hole, heat transfer in all domains, and transport of water evaporation in air. The
velocity and pressure field in computing are independent of the air temperature and
moisture of the environment. During the evaporation, the values of mass concentration
and pressure at time ¢ =0, 5, 10 and 20 minutes are reported in Fig 5.6a. These values are
measured at the top surface of the liquid. The non-symmetric, changeable distribution
of the surface shows the non-uniformity of the liquid concentration. The color of the
contour shows the pressure also varies. The liquid concentration versus time is shown
in Fig 5.6b.

As known, both density and concentration describe the amount of a solution per
unit of volume. While density measures mass per volume, concentration measures the
number of moles of atoms per volume. The relation between them can be calculated by:

2., _ _Imass concentrationxvolumexmolar_mass
Densi ty= volume volume (5.1)
=concentration * molar_mass

So, changing the concentration of a solution changes its density. As shown in Fig
5.6b, the reduction of the liquid molecules concentration over time during the evapora-
tion process is similar to the decrease of the liquid volume. Therefore, to investigate the
on-chip SAW response to concentration changes, the evaporation process of the liquid
inside the hole is studied.

5.4. DESIGN AND FABRICATION OF THE SENSOR PACKAGING

T HE proposed piezoelectric microdevice with the interrupted propagation path shown
in Fig 5.7 consists of input and out IDTs patterned on a low stress, 1-um-thick AIN
layer and a microhole in the propagation path. The chosen substrate is a silicon wafer
with very high resistivity (more than 1000 Qcm) as this results in a higher quality of AIN
piezoelectric grown on it [15]. The Silicon Nitride (SiN) mask layer (Fig 5.8a) for the KOH
etching step used to form the hole or cavity, is deposited by low pressure chemical vapor
deposition (LP CVD). The AlN thin film is produced by reactive sputtering using a low
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Figure 5.6: (a) Concentration and pressure of the liquid at the surface and (b) average concentration of liquid
at the surface from 7 = 0 (water starts to evaporate) to ¢y = 20 minutes.

deposition rate for low stress and a higher deposition temperature (400°C) for good film
crystallinity (Fig 5.8c). Before the reactive sputtering step of the Aluminum (Al) thin film
used for the IDTs, plasma-enhanced chemical vapor deposition (PE CVD) of 100 nm SiN
(Fig 5.8d) is carried out. The purpose of this layer is to protect the AIN thin film during
the inductively coupled plasma (ICP) etching of the Al IDTs (Fig 5.8e). The microhole of
50 um diameter is generated by etching alternately layers, SiO», Al, SiN, AIN and Si (Fig
5.8g and Fig 5.9a, b). As the SAWs cannot propagate beyond twice the wavelength, the
substrate should be thicker than twice the wavelength. Therefore, we fixed the depth of
the microhole to 80 um (Fig 5.8j and Fig 5.9¢).

The AIN thin film is etched by ICP technology to achieve highly anisotropically etched
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Frontside

Figure 5.7: The fabricated SAW device: (a) Optical image of the chip; (b) close-up of the microhole at the
frontside (top) and backside (back) of the chip.

sidewalls as shown in Fig 5.7b, c. During the following etching steps, the AIN layer is
always protected by the SiO; layer or the special wafer holder for KOH to avoid over-
etching (Fig 5.8g, h, j, and k). The complete microfabrication process is schematically
shown in Fig 5.8 and the design parameters of the SAW device with the arbitrarily inter-
rupted propagation path are reported in Table 5.1.

The overall device size is 1000 pm x 4800 um. The microhole size (50 um) of one
third of the aperture is appropriate to achieve acceptable attenuation of the interrupted
propagation path as shown in Fig 5.7. The fabrication and packaging process for the SAW
sensor chip are based on integrated circuit (IC) compatible and packaging technologies.
For 10 pm pitch of IDT arrays, an operating frequency of 125.9 MHz is measured. To
integrate fluidics for sample handling, the chip is mounted on a dedicated PCB. To get a
better performance, a 50-Q impedance grounded-coplanar-waveguide for RF signals is
considered for connection between PCB and the pads of the SAW device [16]. The signal
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Figure 5.8: The fabrication flowchart of the SAW device with the interrupted propagation path: (a) LP CVD SiN
deposition, (b) dry etching of SiN, (c) AIN sputtering, (d) PE CVD SiN deposition and then Al sputtering, (e)
photolithography and etching of Al IDTs, (f) PE CVD deposition of the protecting SiO layer, (g) dry etching of
the SiOy, Al, SiN, AIN layers stack on the frontside and of SiN on the backside (h) wet etching of Si, (i) PE CVD
SiO; deposition, (j) dry etching of Si, (k) dry etching of SiO and (1) contacts opening by dry etching of SiO5.

Table 5.1: Design parameters of the SAW device.

Parameters Value Unit
Wavelength A = 4d (d is the finger width) 40 pHm
IDT finger height 0.5 pHm
Aperture 150 pm
Number of the input and output IDT fingers N 50x50
Theoretical center frequency fy 126.9 MHz
Propagation length 200 pm
Diameter of microhole 50 pm
SiN mask layer thickness on the wafer frontside 100 nm
SiN mask layer thickness on the wafer backside 2 pm
SiO, mask layer thickness on the wafer frontside 2 pHm
SiO» mask layer thickness on the wafer backside 600 nm
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Figure 5.9: (a) SEM image of the microhole, (b) and (c) cross-section views of the hole, clearly showing the
piezoelectric AIN layer and the oxide insulation layer.

is driven by the microstrip line at the top, while the other ground lines at the top and the
plane at the bottom are connected to the ground.

5.5. EXPERIMENTAL SETUP

HE measurement system for testing the evaporation process of the liquid is illus-

trated in Fig 5.10a. The system includes top IP camera, network analyzer connected
to computer. Deionized water (DW) is pumped into a chamber and then the microhole
is filled. One SMA (subminiature version A) 50-Q RF (radio frequency) coaxial connec-
tor is connected between the input of the circuit and the port of the network analyzer.
The other is connected between the output of the circuit and the oscilloscope. Network
analyzer plays a role in generating input signal of 5 dBm for the device while the oscil-
loscope collects output signal of the device. The changing meniscus of the liquid inside
the hole is tracked and recorded by the top camera. All data is collected by the computer
connected to the equipment.

A chamber is created at the backside of the chip and sealed by the acrylic plate as
shown in Fig 5.10b. It behaves as a channel for inserting liquid/air from the outside into
the microholes as shown in Fig 5.10b. For the pressure test, a pump is used for changing
the pressure inside the microhole.
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Figure 5.10: Measurement setup for testing (a) evaporation and (b) changeable pressure and density.

For the density variation experiment, this chamber avoids evaporation of the lig-
uid in the environment. The DW level for testing is kept constant inside the microhole.
Several micro-objects, such as gold (Au), aluminum (Al) wire and human hair fiber are
added into the microhole to introduce a change in the mass density at the nozzle.

5.6. RESULTS AND DISCUSSIONS
ASED on the simulations results presented above, changes in pressure and liquid
density at the wall of the microhole can occur when the liquid evaporates. As known,
among piezoelectric transducers, the SAW device is very sensitive to perturbations on
the surface. The experimental results in this section show that it does respond to small
changes in pressure and density based on the evaporation process of the liquid, on air
pumping and on the addition of samples inside the liquid.

5.6.1. EXPERIMENT OF THE EVAPORATED LIQUID INSIDE MICROHOLE

EMI-WATER is filled from the bottom of the SAW device. The wall of the hole is con-
D sidered as a hydrophobic layer because of the combination of the aluminum nitride
and silicon oxide. As a wetting fluid in a capillary bridge [17-19], the water meniscuses
with the different opening area at both sides are illustrated in Fig 5.11. A liquid bridge be-
tween two meniscuses is generated and balanced by the capillary-bridge forces in equi-
librium. The initial image of the liquid capillary bridge inside the hole can be observed
in the first image of Fig 5.12. As the simulation results show, the evaporation of the liq-
uid can cause changes in pressure and density inside the microhole. The evaporation
phenomenon leads to a decreased pressure inside the liquid bridge and surface tension
force exerted around the annulus of the meniscus. Also, concentration of the liquid is
changed because of the phase transformation of liquid into gas molecules.

As the opening area at the bottom of the device is much larger than the opening area
(microhole) at the top of the chip; the evaporation process takes place at the bottom.
This causes an unbalanced status of the liquid capillary bridge and pressure difference
between frontside and backside of the hole. This pressure is proportionally inversed to
the radius of the meniscus. At the initial time, the change in radius is very small, thus
the influence on the surface can be ignored in the stable phase (yellow region) in Fig
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Figure 5.12: Images of DW inside the hole during the evaporation experiment.

5.13. The output voltage of the SAW device is collected at intervals of 5 seconds until the
balance between te two free surfaces is reached. Thanks to the variable liquid capillary
force on the two free surfaces during the evaporation, the envelop of the output voltage
drops gradually down from 33.88 mV at stable status (yellow line) to 29.08 (violet line),
17.88 (green line) and 16.28 (light blue) mV. The evaporation process at the hole shown
in Fig 5.12 is relative to the violet and green region in Fig 5.13. The plot shows that the
output signal turns down quickly, an indication of the strongest influence on the wall of
the microhole at this stage.

5.6.2. PRESSURE CHANGE

HE next experiment is intended to induce external pressure inside the hole. To achieve

this, the air is pumped inside through a long pipe to avoid the solid membrane mo-
tion. Because of the long path as shown in Fig 5.14a, the pressure values generated by
the pump are not relative to the pressure on the wall of the microhole. These values
are used to observe the sensitivity of the device to the small change of pressure on the
hole. These values are small enough to avoid any unexpected effect on the membrane.
Fig 5.14b shows the changed output voltage of the SAW device when a pump provides a
short pulse of 3.3 and then 6 kPa. The analytic envelop of the output voltage drops down
from 3.8 mV at pressure of 6 kPa to 2.4 mV at pressure of 0 kPa. With the smaller pressure
pulse, a smaller increase in the output voltage envelope (V, = 3.6 mV) is observed.
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Figure 5.14: (a) Schematic drawing illustrating the air flow path: external air is pumped through a long pipe,
the chamber and then reaches the microhole of the SAW device and (b) voltage response when the pressure
inside the hole is changed.

5.6.3. DENSITY CHANGE

0 evaluate the effect of the change in density, considering that the measurement
T system is stable and does not depend on measurement duration, the data can be
collected by the network analyzer. To change density, some samples, Au, Al wire and hu-
man hair fiber are inserted inside the embedded microhole. The samples have different
size and density, as reported in Table 5.2.

Fig 5.15 reports the attenuation of the insertion loss in magnitude and phase when
three samples are inserted inside the microhole and compared to the case of only pure
DW. As the hair fiber inside the embedded microhole is a little larger than the Au or Al
sample, its effect on the oscillation of the mechanical waves on the propagation path can
be distinguished more clearly than for the other samples. The change in density affects
both the magnitude and phase of the insertion loss. Phase differences of 3.55°, 2.72° and
2.62° and magnitude attenuations of insertion loss of 0.46, 0.44 and 0.55 dB are obtained
for Al, Au and hair fiber, respectively.




86 REFERENCES

Table 5.2: Physical parameters of samples [20-22].

Parameter Al Au Hair

Size (um) 33.0 32.1 40.2
Density (g/cm®) 2.7 19.32 1.32
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Figure 5.15: : The effect of density change on the SAW device output: (a) The three materials, gold, aluminum,
and hair fiber used to change the liquid density; (b) magnitude and (c) phase of the insertion loss of the SAW
sensor chip related to the density changes.

5.7. CONCLUSION

HE novel on-chip SAW device equipped with a vertical microhole is sensitive to changes

T in pressure or density of the liquid inserted in the microhole. Initial experimental
results are in a good agreement with the expected large sensitivity of the SAW device
when physical parameters, such as density and pressure, are changed. The testing prin-
ciple is based on the evaporation capillary phenomenon between different free surfaces
which affects the concentration of liquid inside the microhole and the pressure on the
wall of the microhole. The output signal changes when small changes in both pressure
and liquid concentration take place during the long evaporation process of the liquid.
Moreover, the SAW response can be measured when either pressure or density is varied.
These experimental results indicate a potential application of the SAW device for liquid
sensing, specifically for the detection of liquid flow or level inside the microhole.
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ENHANCEMENT OF SAW SENSING
PERFORMANCE

To further explore the potential of SAW devices operating in liquids, alternative geometries

for IDTs are investigated. These proposed new SAW structures are namely focused IDTS
(FIDTs) and multiplayer IDTS, specifically optimized for liquid applications. Comparison
to the conventional SAW transducer shows that the focused IDT structure has a more con-
centrated acoustic wave beam at the center of the propagation path. This is determined by
the significant loss due to obstacles on the propagation path. Also in this chapter, a mixing
IDT structure for SAW devices is presented. It shows the potential for liquid sensing of the
SAW device based on the phase shift while conventional devices cannot receive the output
signal due to leaky energy of the longitudinal component inside the liquid medium.
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Figure 6.1: Total displacement of the SAW beam generated by three pairs of IDTs.

6.1. INTRODUCTION

S previously mentioned in 2.5.2, the SAW device is a comb structure of IDT fingers
Aplaced on a piezoelectric substrate (see Fig 2.15) [1, 2]. Similar to discrete sources,
IDTs are utilised to generate mechanical waves propagating on the piezoelectric surface
[3, 4]. The structure and position of the IDTs can generate different SAW beams. For the
configuration of conventional straight and alternated fingers, the generated SAW beam
spreads to the surrounding as shown in Fig 6.1 for the case of 3 IDT pairs. The energy
of the conventional SAW device is uniformly diffused [5, 6]. Consequently, it leads to
unwanted attenuation in the environment or probable wave interference at the edges.
To limit undesired interference and loss, concentrated power is necessary. Hence, new
structures of IDTs are explored to produce centralised energy areas [7—10].

Excessive attenuation of the longitudinal component into liquid medium is a prob-
lem for the performance of SAW sensors. If the received signal at the output is rather
weak or goes to 0, it is impossible to observe the SAW response related to changes in the
liquid. Meanwhile, other acoustic waves, like plate mode and shear mode, travel through
the liquid medium [11-15]. Therefore, a new configuration needs to be implemented to
restrict the wave homogenously spreading on the whole surface and to enhance the sen-
sitivity of SAW devices.

In this chapter, a novel transducer is proposed consisting of FIDTs placed on the
piezoelectric material. This configuration is analyzed by the angular spectrum of plane
waves [16] and experimentally validated. It compares the perturbation of the SAW beam
when there is an absorber, like a layer of photoresist, at the center of the propagation
path to that of the SAW beam generated by the conventional IDT SAW device.

Next, to solve the possible leakage of the entire energy of SAWs into a liquid medium,
anovel mixing surface acoustic wave (M-SAW) device equipped with multiple IDT layers
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is proposed. This aims at generating another acoustic wave which can travel through the
liquid medium with or without light attenuation.

6.2. FOCUSED IDT SAW DEVICES

EVERAL circular, multi-segment structures were discussed and proposed for enhanc-
S ing the performance of SAW devices [3-7]. The first one was discussed by Kharusi and
Farnell [17] in 1972. Afterwards, Green et al. [18, 19] used Huygens'’s principle to calcu-
late the amplitude field of circular-arc IDTs and proved the existence of the focal points.
However calculation and experimental results of Fang and Zhang [20] showed a long
and narrow SAW beam in the main propagation path. In 2005, Wu et al. [3] presented
the design and analysis of a focused SAW device based on the better method, an angular
spectrum of the plane wave theory. The focusing properties of FIDTs, such as having a
focal point and a narrow, long and intense SAW beam in the main propagation direction,
are suitable for sensors with narrow detecting regions. This avoids energy spreading in
unnecessary directions as shown in Fig 6.2. The color bar shows that the measured total
displacement of conventional IDT structure is less than that of the focused IDT structure
with an arc of 40°.

6.2.1. ANGULAR SPECTRUM OF PLANE WAVE THEORY FOR FIDT STRUCTURE

HIS section considers the diffraction of a non-leaky surface acoustic wave on the uni- m
form piezoelectric surface. The analysis of the diffraction and orientation is based

on the angular spectrum of plane wave method. The X — Y plane is set as a plane of the

piezoelectric surface and IDTs are placed along the X axis.
The total surface displacement is represented by the term vy (x, y), omitting z and ¢

components. In Fig 6.3, ky, ky are the x, y components of the wave vector 7c)(¢>) which

makes an angle ¢ with the X axis. The fingers of the FIDT structure have the same degree

ofaperture D,. According to the angular spectrum of plane wave theory [3, 16], for N IDT

fingers, the total displacement distribution of the SAW beam at a point (x, y) is given by:

Nopor
ERIEDY o f y(ky) exp{—jlxky(ky) + ykyl}dk, (6.1)
i=1= J

where y/(k,) is the amplitude distribution of the wave components, x = [, /-d, [-2d,...,I-
Nd and [ is the distance between the first finger and the considered point. There is no
loss along the propagation path. For the wave component generated by the i finger,
w(ky) is the inverse Fourier transform of the acoustic source function v (x}, y;) when
X=X

y(ky) = f y(x;, y)exp(jykydy (6.2)

According to Wu et al. [3], if w(x, ;) is a function of the SAW beam generated by the
conventional IDT structure, for the circular arc FIDT, it can be written as:
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Figure 6.2: Total displacement of (a) conventional SAW device and (b) focused IDT SAW device.

v (x;,y)=w(x;, y)exp(jkoAx) (6.3)

where Ax’ is the path difference between the real aperture and the equivalent aperture
of the i’" input FIDT finger. This parameter Ax’ depends on the value of arc D,. Conse-
quently, from Eqgs. 6.1, 6.2, and 6.3, the total amplitude of the FIDT structure depends on
the number of IDT pairs N, and the arc D,. The focal length, which is the radius of the
first circular arc of the FIDT finger is considered for designing the position of the output
FIDT structure.
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Figure 6.3: (a) Conventional IDTs and (b) FIDTs with circular shape.

6.2.2. ACOUSTIC WAVE PROPAGATION IN FIDT SAW DEVICES BY FEM

T HE main design parameters used for FIDT SAW structures with different circular
shapes are reported in Table 6.1. The SAW beam is generated by different input pairs

of FIDTs and travels through a long path (more than 600 pm). The SAW device includes

only input IDT pairs to ignore interference or noise possibly induced by the output IDT

pairs. In this way, observation of the SAW beam induced by only input FIDTs becomes

clearer.

The design parameters of 1, 2-1, 3 and 4 are listed in Table 6.1 corresponding to the
simulated results of Fig 6.4. The results show that when the arc D, increases, the SAW
beam becomes less focused. The focusing property of the FIDT structure reduces faster
at a distance larger than the focal length and then the amplitude of the total displace-
ment becomes unstable.

Table 6.1: Design parameters of circular FIDT structures. A conventional IDT structure is included as well for
reference.

Design Number of pairs (V) Degree of arcs (D,;) Aperture (A) Focallength (R)
Design 1 3 conventional IDT 200 pm

Design 2-1 3 40° 200 um 292 ym
Design 2-2 5 40° 200 pm 292 ym
Design 2-3 10 40° 200 pm 292 ym
Design 2-4 20 40° 200 pm 292 ym
Design 2-5 50 40° 200 um 292 ym
Design 3 3 60° 200 um 200 pm

Design 4 3 90° 200 um 141 um
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Figure 6.4: Total displacement of the FIDT design with different degree of arc at time ¢ = 0.63 ps.

Let’s now consider only the number of IDT pairs for the SAW devices with the 40°-
arc FIDTs with design parameters as given in Table 6.1.When the number of IDT pairs
increases, the focusing property of the SAW beam is less obvious but the magnitude of
some regions reaches a higher value as shown in Fig 6.5. While the maximum value of
the total displacement of the conventional IDT design can only reach 4.2 x 102 nm, that
of the design 2-1, design 2-2 are around 0.055 nm, design 2-3 and design 2-4 are around
0.065 nm and design 2-5 is up to 0.15 nm.

Three positions are considered: at the focal point of the first finger R, before and after
the focal point far from the first IDT finger, at R/2 and 3R/2 see Fig 6.6. The electrical
potential of three points corresponding to the time of the max total displacement of each
FIDT structure is shown in Fig 6.6. The plot colour shows that the potential of the SAW
device 1, 2-1, 2-2 and 2-3 reaches the highest value at points close to the focal line. The
farther the considered position is, the smaller the value of the potential becomes. From
the intersection of these positions, the points having higher potential value stay close to
the focal line, therefore, the focusing property of the SAW beam are maintained when
the number of IDT pairs increases.

6.2.3. RESULTS AND DISCUSSIONS

ASED on the analysis of the simulation results, SAW devices with the conventional

IDT structure and the 40°-arc FIDT structure (see Fig 6.7) are studied. The SAW de-
vice has 50x50 pairs of transmitter and receiver IDT fingers, an IDT aperture of 150 um
and a propagation distance of 200 um. It also employs Aluminum Nitride (AIN) as the
piezoelectric material and Aluminum (Al) for the IDT fingers.

To examine the focusing of the SAW beam, an obstacle is placed in the middle of
the propagation path of the SAW device. The focusing energy of the SAW beam travel-
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Figure 6.5: Total displacement of FIDT designs and of the conventional IDT design for comparison.

ling through the propagation path can be evaluated by the presence of obstacles. When
more energy is lost due to obstacles in the center of the propagation path, the focusing
energy increases in the middle. First, a 2.7-pum thickness negative photoresist (NPR) layer
is coated on the surface, as shown in Fig 6.9. The diameter of the NPR layer on the prop-
agation path, is 30, 50 or 100 um, corresponding to 1/5, 1/3 and 2/3 value of the aperture
and 3/20, 1/4 and 1/2 value of the propagation path. The presence of the NPR layer in
the middle of the propagation path leads to attenuation of the SAW beam as shown in
Fig 6.10. This attenuation for the SAW device with 40°-arc FIDTs is more pronounced
than that of the SAW device with the conventional IDTs, especially for the NPR layer of
100-pm in diameter.

Next, this attenuation is validated by embedding a hole with the same size as NPR in
the middle of the propagation path. Similarly to the experiment with NPR, the energy of
the SAW device with the 40°-arc FIDTs is attenuated more than three times while that of
the SAW device with the attenuation for conventional IDTs is about two times, as shown
in Fig 6.11. Due to the strongest concentration for the device with the 40°-arc FIDTs in
the middle of the propagation path, the presence of the bigger hole causes more energy
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Figure 6.6: Electrical potential of FIDT designs versus the conventional IDT design.

Figure 6.7: Optical image of the SAW device with the 40°-arc FIDTs.

lost along the propagation path.

The experimental results between the SAW device with the conventional IDTs and
the one with 40°-arc FIDTs show that the SAW beam of the FIDT structure concentrated
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Figure 6.8: Insertion loss of SAW devices with the conventional IDTs and the 40%-arc FIDTs.
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Figure 6.9: SEM images of the 2.7 pm thick photoresist layer, with 41 pm upper diameter positioned at the
middle of the propagation path.

in the middle of the propagation path is stronger than that of the conventional IDT struc-
ture. Consequently, losses of the FIDT SAW devices due to interruption of the propa-
gation path are larger, which is beneficial for the leakage and streaming phenomenon
induced by the SAW beam propagating in a fluid medium, which makes it suited for
sensing purposes, actuation and fluidic microtransport.

6.3. MULTIPLE-IDT SAW DEVICE AND LIQUID MEDIUM

A s mentioned earlier (see section 2.2), the existence of the longitudinal waves in SAWs
causes the leaky phenomenon into a liquid medium placed on the surface of the
device [6, 21, 22]. Therefore, SAWs are rarely employed for liquid sensing, because if the
liquid covers the whole propagation path, the power is entirely radiated into the liquid
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Figure 6.11: Insertion loss of SAW devices with the conventional IDTs and the 40°-arc FIDTs when a hole is
embedded in the middle of the propagation path.

medium and there is no signal at the receiver as also shown in Fig 6.12 when a big droplet
is placed and covers the whole propgation path of the conventional SAW device. If there
is generated acoustic waves which are capable of traveling through the liquid medium,
it is possible to avoid the whole absorption of energy of the SAW device into the liquid
medium.

Here, a novel mixing surface acoustic wave (M-SAW) device equipped with multi-
ple IDT layers specifically designed for liquid sensing applications, is introduced. The
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Figure 6.12: Insertion loss of the conventional SAW device in dB before and after dropping liquid.

proposed structures are based on the geometry schematically depicted in Fig 6.13. As
each pair of fingers acts as a discrete source, the use of multiple input layers generates
more acoustic waves in the piezoelectric medium. By means of theoretical analyses of
the fundamental frequency response, we show the role of input-IDT arrays in the mixing
acoustic wave (MAW) generation. Finite element analysis (FEA) method is used to model
the 3D device and analyze the characteristics of MAWSs generated by multiple sources
along the wave direction and depth. The design parameters like the crystal cut angle,
the thickness of the piezoelectric substrate, the number of finger pairs and the operating
frequency are changed to optimize the structure. To evaluate its performance, the M-
SAW device is compared to a conventional SAW device with single IDT layer patterned
on the top of the piezoelectric layer. This study aims to show which parameter can in-
deed influence the MAW generation, and how to optimize the structure for liquid sens-
ing applications. To evaluate the performance of the proposed M-SAW configurations,
we experimentally measured the variations of single attenuation in the transmission line
in the presence of a liquid covering the whole propagation path.

6.3.1. MIXING SAW EXCITATION AND DETECTION

HE proposed device has two input-IDT layers placed in between a thin piezoelectric
AIN layer as shown in Fig 6.14. With the second IDT layer placed under the thin film,
generated acoustic waves can be either bulk acoustic waves or shear horizontal compo-
nent of acoustic plate mode waves (SH-APM waves) [23, 24]. The acoustic wave propa-
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Figure 6.13: 3D sketch and schematic cross-view of the novel M-SAW structures including two IDT layers: (a)
only at the input side and (b) at the both sides.

gates, covering a distance Wh(ﬁ) of the plate at cut angle § to the surface as indicated in

Fig 6.14. The angle value depends on the piezoelectric crystal cut. Rayleigh-SAWs from
the first input-IDT layer travel on the piezoelectric material surface. They are mixed to-
gether and create MAWSs which reduce the longitudinal waves of SAWSs. Like shear hori-
zontal wave devices [22, 24, 25], the generated MAWS, unlike the longitudinal waves, can
propagate into solid-liquid interface.

Figure 6.14: SAW and SH-APM waves generated by two input-IDT layers.

The IDT structure has uniform single-electrode transducers. Each m‘" IDT finger
pair is a discrete source exciting odd harmonics at synchronous frequency f,,, = mfp [26].
The mechanical waves excited by the two sources at the top and bottom of the piezoelec-
tric substrate have opposite-phase (see Fig 6.15). The transducer response H.(w) of the
conventional SAW device is described as [16]:
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He(w) = -jE)Aw)VoWex! (Av/v) = —jpi (k) Alw) vV oW (Av/v)/ e (6.4)

Here, Av/v is the fractional difference between wave velocities for a free surface and
a metallized surface, and A(w) is the fractional difference between wave velocities at the
free surface and at the metallized surface. w, W, v and £, are the angle frequency, the
aperture, the phase velocity and the effective permittivity at infinite wavenumber, re-
spectively. The electrostatic charge density p; (k) depends on the structure and position
of the electrode transducer as shown in Fig 6.15. The transducer response H(w) of the
M-SAW device is given by:

/ — wW(AL) awxs wW(4L)
H@) = H, () + He() = jp, () Alw)|| — = x exp(-——) = jpr(b) A@)\| ———
oo 14 o0

(6.5)
h

Here, x3 = Y is the propagation distance of the acoustic waves generated by the

second IDT layer (see Fig 6.14), while w, v, are the attenuation coefficient and the plate
velocity, respectively.

Surface il — I
sEiET
L":IIIIIIIIIIIII
.EIIIIIIIIIIII
=] L

B RO
Bottom

Figure 6.15: Electrostatic charge densities induced by the top and bottom IDTs of the M-SAW device are oppo-
site in phase.

For the conventional SAW structure, as E(w) is assumed constant, the shape of the
transducer response in magnitude is given approximately as sinc(X) [26]. For the M-
SAW device, as E(w) is a function of the electrostatic charge density (Fig 6.15), the form
of the transducer response is approximated by:

sin(X) . RG] h
+ Nsin(X)[-m————exp(-aw———) + 1] (6.6)

H ~N
[H()] Xlpx (k)| vpcosf
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Here, N = M/2 is the number of the IDT pairs and , with being the center frequency
of the fundamental response. The approximated form of the transducer response in Eq.
6.6 shows that the generated acoustic waves on the surface include the original SAWs
and MAWs which are superposed. So, due to the presence of longitudinal waves of the
original SAWs, the leaky phenomenon still happens at the contact with the liquid, and
as MAWs act like shear horizontal waves which can travel though the liquid medium, an
oscillation of the output signal is still measured [27]. In fact, before dropping the liquid,
the reflection coefficient S; in two-port scattering matrix S consists of the superposition
of the original SAW component, sinc(X), and the MAWs component, the mostly uniform
harmonic beams. The disappearance and appearance again of the term sinc(X) before
and after the liquid vaporization process is a good proof of the presence of longitudinal
waves of the original SAWs. In the next section, the effect of the parameters in Eq. 6.6,
such as the thickness h, the center frequency fy, the cut angle §, and the number of the
IDT pairs N, on longitudinal waves of SAWs is investigated and the mechanical acoustic
waves on the surface are compared to those of the conventional devices.

6.3.2. FINITE ELEMENT ANALYSIS OF 3D MIXING SURFACE ACOUSTIC WAVE
DEVICE

0 observe the Rayleigh-SAW phenomenon excited by multiple sources, SAW devices
T are modeled and computed in 3D geometry in time domain. To investigate longitu-
dinal waves along the propagation direction, we varied the AIN thickness, the operating
frequency, the cut profile of the piezoelectric layer and the number of IDT pairs. The
simulated M-SAW structures consist of metallic IDT layers (Al) placed on the top and
bottom of the piezoelectric substrate (AIN). In this way, the piezoelectric effect used as
the piezoelectric Multiphysics interface is a coupling between piezoelectric properties
in solid mechanics and electrostatics instead of the single physical module. This simu-
lation aims at the examination of which design parameters upgrade or degrade the me-
chanical waves of the M-SAW devices when Rayleigh damping is assumed for the top
and bottom of the piezoelectric substrate compared to the conventional SAW device.

The same voltage sine (10 V) is applied to the even fingers of both input-IDT layers
while the odd ones and those of the output IDTs are connected to ground. The forma-
tion of odd different-phase harmonics with synchronous frequencies at odd IDTs of both
layers are mixed and propagate through the piezoelectric surface. The piezoelectric ma-
terial, wave velocity and operating frequency are parameterized. To minimize the wave-
reflection phenomenon, the substrate is much larger than the IDT modeling geometry
and the low-reflecting boundary condition is assigned for all edges of the piezoelectric
substrate.

Fig 6.16a shows the vibration of the longitudinal components along the wave direc-
tion X of the M-IDT device is slightly stronger than that of conventional ones. The origi-
nal acoustic waves are generated by both IDT layers and superposed with mixing acous-
tic waves on the surface, as proved by the kinetic energy investigation on the piezoelec-
tric surface shown in Fig 6.16b. Larger kinetic energy of the multiple IDT layer devices
is measured at the central point of the propagation path, because of the presence of the
mixing waves. A sequential analysis technique in the cumulative sum method [28, 29]
is used to observe the stability rate of acoustic waves after they are superposed to orig-
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inal acoustic waves and mixed. Fig 6.17a shows that the generated mechanical waves
based on the stability rate of both novel structures are quite similar and faster than that
of conventional ones. However, the output voltage of the M-SAW device (see Fig 6.17b)
with two input-IDT layers is larger. The reason is that the energy of the two IDT-layer
device is distributed on the two output IDT layers. Therefore, the M-SAW device with
two input-IDT layers has the most effective performance.
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Figure 6.16: (a) Longitudinal displacement Y along the wave direction X at time ¢ = 10 ns corresponding to the
3 structures studied (500 um offset in X axis has been added to separate signals) and (b) kinetic energy density
measured at the centre point on the surface (1 J/m? offset in Y axis has been added to separate signals).
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Figure 6.17: (a) The unstable vibration detection of the mechanical waves using the cumulative sum method
[28, 29] and (b) output voltages of the novel M-SAW devices and the conventional SAW device (0.3 V offset in
Y axis has been added to separate the signals).

Next, simulation results of the M-SAW device with two input-IDT layers, compared to
the conventional device, are reported to show how configuration parameters in Eq. 6.6
affect the generated waves on the surface, especially the longitudinal waves along the
propagation direction, which is responsible for the leakage inside the liquid medium.

A. THE THICKNESS OF THE PIEZOELECTRIC LAYER
A S surface acoustic waves cannot propagate much beyond twice the wavelength, the
examined piezoelectric thicknesses are 0.21, 0.251, 0.51, A and 21, where A is the
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piezoelectric wavelength. Fig 6.18 shows how the variation in thickness of the thin film
influences wave generation along the propagation path. The intensity of the shear hor-
izontal waves from the second IDT layer traveling through the plate to the surface de-
pends on the piezoelectric thickness. So, when the substrate is thinner, a larger excita-
tion for the longitudinal waves of the novel M-SAW device along the wave direction is
observed as illustrated in 6.18a. In all cases, these waves are always excited more than
for the case of the conventional device. The kinetic energy investigation shows that gen-
erated mechanical waves on the surface are stronger ( 1.5 - 2.8 times), than that of the
conventional ones (see Fig 6.18b), the highest increase is observed for a thickness of 0.5A.
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Figure 6.18: (a) Displacement Y of the mechanical waves along the wave direction X at time ¢ = 10 ns corre-
sponding to different substrate thickness & cases (0.1 nm offset in the Y axis has been added to separate the
graphs); (b) kinetic energy density measured at the center point on the surface (1]/ m3 offset in the Y axis and
700 s offset in the X axis have been added to separate the graphs).

B. THE NUMBER OF FINGER PAIRS N

Incrementing the number of IDT pairs excites more odd harmonics at odd multiples of
the synchronous frequency [26] (see Fig 6.19a). A large number of IDT pairs achieves
not only a narrow bandwidth [16, 26], but also more odd harmonics of the frequency
fm = mfi at the odd fingers m'" of both IDT layers. For the M-SAW device, the second
IDT layer induces partition in the longitudinal wave beam when the number of the fin-
ger pairs is incremented. But the maximum amplitude of the longitudinal waves does
not change much. However, the investigation in energy shows that their kinetic energy
is rather strong, especially at IDT pairs N =5 and always larger than that of the conven-
tional devices (see Fig 6.19b). In other words, generated mechanical acoustic waves on
the surface are stronger, due to the intensity of mixing acoustic waves on the surface

C. THE OPERATING FREQUENCY fj

The operating frequency fy is given by fo = 7 = ;57, where v, A and d are the material
velocity, the wavelength and the finger width, respectively. So, the operating frequency fj
depends on the finger width d. The magnitude of the longitudinal waves along the wave
direction of the novel device is stronger with increasing operating frequency and always
better than that of the conventional ones (see Fig 6.20a). This is also observed in the
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Figure 6.19: (a) Displacement of the mechanical waves along the wave direction X at time ¢ = 10 ns corre-
sponding to different number values of IDT pairs. (1000 um offset in the X axis and 0.1 nm offset in the Y axis
among the lines have been added), (b) kinetic energy density measured at the center point on the surface (2
J/m3 offset in the Y axis and 700 ps offset in the X axis have been added to separate the graphs).
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Figure 6.20: (a) Longitudinal displacement Y along the wave direction X of the novel and conventional struc-
ture corresponding to different values of d = A/4 (1000 um offset in the X axis and 0.1 nm offset in the Y axis
among the lines have been added), (b) kinetic energy density measured at the center point on the surface (700
us offset in the X axis among the lines has been added).

intensity of the kinetic energy as shown in Fig 6.20b. The kinetic energy of the acoustic
waves varies dramatically at the operating frequency fy = 253 MHz, corresponding to
d =5 pm. Although its intensity is much higher than for the single IDT device, it has a
smaller amplitude of the harmonic oscillation after 0.2 ps.

D. THE CUT PROFILE OF THE PIEZOELECTRIC LAYER f3

The cut profile of the AIN crystal is investigated because it affects the generation of SAW
and plate acoustic wave of SH-APM mode on the surface [23, 24]. Fig 6.21 shows that
the wave displacement field along thickness at angle 8 = 0° changes the wave direction.
The fluctuation magnitude of the longitudinal component along the propagation path
is excited more when the angle f in Euler system is -90° (see Fig 6.22a). However, at 90°,
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Figure 6.21: Simulation results showing the displacement field along the piezoelectric thickness of the two
input-IDT layers corresponding to different values of the angle S.

the kinetic energy is smaller than for the other cut profiles. This means that the other
components are weaker, thus the oscillation of the acoustic wave at the central point is
weaker.

In conclusion, the simulation results show that the response of the M-SAW device is
more significantly excited than the conventional device when the number of IDT pairs,
the operating frequency, the cut profile and the substrate thickness are modified. The
substrate thickness affects the formation of the longitudinal component. More acoustic
waves are generated by the second IDT layer when the thickness is less than a half of the
wavelength. Incrementing the value of finger pairs only influences the partition in the
longitudinal wave beam and does not have any effect on the steady status of the device
operation. With a higher center frequency, the magnitude of the longitudinal waves and
the steady state are better. It is possible to achieve the most longitudinal wave along the
propagation path when the Euler angle in the rotated coordinate system is 90°.

6.3.3. DESIGN AND FABRICATION OF MULTI-SOURCE MSAW DEVICES
I N the previous section, the simulation results show the effect of the second IDT layer
on the longitudinal component along the wave direction compared to the conven-
tional device. Based on these results, the design of the novel M-SAW structures is opti-
mized. The proposed devices have a large area of 4800 um x 2500 pm, small wavelength
(40 pum) and long delay line (1000 pm). The sensor includes two sets of Aluminum IDTs
(40 x 40 finger pairs) patterned on the top and the bottom of the thin AIN film. The
aim of the long aperture here is to avoid diffraction and Ohmic losses. The other layer
dimensions and additional parameters of the M-SAW device can be found in Table 6.2.
To evaluate the performance of the novel M-SAW devices, we compare it to the con-
ventional SAW device with the same design parameters such as the number of IDT fin-
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Figure 6.22: (a) Displacement of the mechanical waves along the wave direction X at time ¢ = 10 ns corre-
sponding to different angles in Euler system (0.1 nm offset in the Y axis among the lines has been added). (b)
Kinetic energy density measured at the center point on the surface (5J/m? offset in the Y axis and 700 us offset
in the X axis have been added to separate the graphs).

Table 6.2: The design parameters of the M-SAW devices.

Parameters Value Unit
IDT finger width d = 1/4 10 pm

15t and 2™ IDT finger height 800 nm

Aperture 2000 pm

Number of the input and output fingers  40x40

The expected center frequency fy 125 MHz
The propagation path 1000  pm

Thickness of the thin film AIN & 1 pm

Sublayer SiN 100 nm

Sublayer SiO, 150 nm

ger pairs, the operating frequency, the substrate size and sublayers like SiO, and SiN as
shown in Fig 6.23.

Fig 6.24 schematically shows the fabrication process of the devices. To obtain fine
patterning of the IDT layers and of the thin AIN film, an IC-compatible fabrication pro-
cess is used for the device fabrication. Main steps are reactive sputtering, inductively
coupled plasma (ICP) dry etching technique and optical lithography. The sputtering
technology aims at providing good adherence of the layers to the substrate, highly uni-
form composition and contamination reduction. Thin, low-stress SiO; interlayers are
deposited to balance the tensile strength of the sputtered AIN thin film and improve the

AIN piezoelectric quality [30]. The thin film of SiN is used to protect AIN during the metal
etching process.

For precise fine patterning of the Al contact and the IDTs, ICP dry etching was pre-
ferred. After each dry etching step, the IDT fingers are wet etched to avoid any non-
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Figure 6.23: Investigated SAW structures: the conventional SAW structure (a), and the novel M-SAW structure
with (b) two input and output IDT layers and (c) two input-IDT layers.

m Al
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Figure 6.24: Main steps of the fabrication flow of M-SAW device with multiple IDT layers: (a)-(e) for the first
IDT layer and (f)-(i) for the second IDT layer.
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volatile and sidewall residues which lead to short-circuit and smooth out the side wall
profile of the metal lines. Before depositing the second IDT layer, the AIN thin film
and the protecting SiN layer are etched to open the contact between both IDT layers.
SEM images of the fabricated device are shown in Fig 6.25. They show a representative
anisotropic profile of multiple IDT layers and smooth sputtered AIN thin film.
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Figure 6.25: SEM image of the two input-IDT SAW device: Top-view of (a) input finger, (b) output finger, (c)
cross-view of the input fingers and piezo surface and (d) AIN growth on the thin film SiO».

6.3.4. SYSTEM CONFIGURATION

HE measurement system (see Fig 6.26a) consists of an Agilent 8753E network an-
T alyzer connected to a manual RF probe station. These probes are controlled by
micro-positioners stabilized on an air table. Chip pads are designed for waveguide in-
finity probe ground-signal-ground (GSG) to reduce stray EM fields near probe tip and
improve crosstalk performance between tips. The highest power 5 dBm is applied at the
two pads connecting to the input-IDT layers. The number of the sweeping points for
each measurement time in the frequency range from 115 to 135 MHz, is 200. Therefore,
the equipment delay is approximated to 5 seconds.

Liquid as the leaky medium is used to examine the existence and nature of the longi-
tudinal and mixing waves. Here, we report on the investigation of the response of the M-
SAW devices when a small amount of deionized water (0.05 — 0.13 pl) is dropped on the
transmission line as shown in Fig 6.26b. To examine the sensitivity of this device, we per-
formed experiment with deionized-water because an acceptable vaporization rate for
the measurement equipment delay and very small amount of stagnant liquid molecules
after vaporization process are expected. We drop different volumes of deionized water
on the propagation path of the M-SAW devices with a high-precision manual pipette
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Figure 6.26: (a) A schematic cross section and frontside of the M-SAW device in the measurement system and
(b) microscope image of the M-SAW device with two input-IDT layers and the droplet on the propagation path.

(Rainin Classic Pipette PR-2). The device response is measured continuously until the
liquid vaporization process terminates.

6.3.5. RESULTS AND DISCUSSIONS

IRST, the behavior of the M-SAW device is studied when a droplet is placed on the
F entire propagation path. The response of the multiple input-IDT SAW device cor-
responding to the evaporation duration of the droplet has been examined. Due to the
leakage phenomenon of the Rayleigh-SAW component into liquid medium, the term
sinc(X) of the conventional device in the transducer response equation is ignored as
shown in Fig 6.27. This phenomenon happens until DW is vaporized completely on the
piezoelectric surface (Fig 6.28a). Experimental phase shift of -16.35°, -11.23%, -4.84%, and
-0.86° are obtained for different volumes of demi-water after 10 seconds, 2, 4 and 5 min-
utes of vaporization, respectively, as shown in Fig 6.28b.

A droplet, like liquid medium, is placed in the different positions of the propagation
path as shown in Fig 6.29.

The generated M-SAWs are superposition of a component similar to the single-layer
transducer response termed as sinc(X) and of MAWs formed as a uniform harmonic
beams as described in section 6.2. This also shows in the magnitude of the insertion loss
reported in Fig 6.29. To examine the sensitivity of the MAW component when it contacts
the liquid medium, we investigated the response change during the entire deionized
water vaporization process. Because of the leakage phenomenon of the longitudinal
component in M-SAWs into liquid medium, the term sinc(X) of the conventional SAW
device in the transducer response form disappears. During the vaporization process,
only most MAWSs can exist and travel through the liquid medium.
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Figure 6.28: (a) Phase attenuation and (b) phase shift of the multiple input-IDT SAW device during the liquid
evaporation process.

We also observed an effect of the position of the smaller droplets on the wave propa-
gation path as illustrated in Fig 6.29where the attenuation of the M-SAW device with two
input-IDT layers in phase is shown. The M-SAW response is most strongly influenced
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Figure 6.29: The magnitude and the phase of the insertion loss of the M-SAW device with two input-IDT layers
are measured before and after dropping the liquid when deionized water is dropped in the different positions
of the propagation path such as (a) one half propagation area at the top, (b) one half propagation area of the
middle and (c) one third propagation area at the bottom.

and stably modified when the droplet is placed in the middle of the propagation path.
Also, for the same liquid volume, but dropped in the middle, the stable status occurs
faster, indicating that the energy of MAWSs focuses mostly in the middle of the propaga-
tion path. The difference between the phases of the insertion loss Sy; before and after
dropping the liquid is continuously recorded. In Fig 6.30, we see the phase shift increases
linearly during the liquid vaporization process before achieving saturation. If the same
volume of liquid covers less area, the phase shift is small and quickly reaches stability.
We studied the device response for different volumes of liquid as illustrated in Fig
6.31 and Fig 6.32. They show that the slope of the curve of the phase shift increases
with the liquid volume. As the duration for the liquid vaporization process of the bigger
droplet is longer, the duration of the phase shift to reach stability is also longer. When
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Figure 6.30: Phase shift of the M-SAW device during the vaporization process.

the volume of the vaporized bigger droplet equals the volume of the smaller droplet, its
phase shift is similar to that of the smaller one.

The sensitivity of a liquid sensor is defined by the ratio of the output change to the
change of the liquid volume. It depends on liquid volume, duration for the whole liquid
vaporization process and response of the measurement system such as the pipette accu-
racy and the resolution of network analyzer. Therefore, it can be measured as ratio of the
average change speed of the phase shift to the liquid vaporization rate as shown in Table
6.3. This rate is considered from the time when the liquid is dropped on the piezoelectric
surface to the time the liquid vaporizes completely.

Table 6.3: The sensitivity of the M-SAW device.

Liquid volume Vaporization time (s) Sensitivity (degrees/pl)

Type (pl) 15¢ an 3rd 15¢ znd 3rd
two input-IDT layers 0.05 180 210 46.0 177
0.1 270 270 270 98.8 103.0 134.2
0.13 270 330 360 59.6 473 55.1
two IDT layers 0.1 150 210 180 679 26.0 53.9
0.13 390 390 330 679 67.0 58.7

The resolution, called a threshold sensitivity, is defined as the lowest change of the
input, like smallest liquid volume, which gives a measurable change of the sensor out-
put. From these data, we see that 0.03 pl is the smallest change of the liquid volume that
causes distinguishable phase shift duration. The full range of a sensor refers to the value
range which can measure. It depends on the aperture size of the IDT fingers, the prop-
agation area and in case no confinement for the liquid is present, overflow of liquid on
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Figure 6.31: (I) The magnitude of the insertion loss of the M-SAW device with two input- IDT layers in dB
during the first-stage vaporization of the liquid for a 0.1 pl volume and (II) phase shift when the droplet (a) 0.05
pl, (b) less than 0.1 pl and (c) 0.13 pl is dropped in the middle of the propagation path.

the electrodes should be prevented. For the current design, this range is 0.05 - 0.13 pl.

6.4. CONCLUSION

T HE simulation and experimental results show that the FIDT structure generates the
stronger SAW beam focused mostly on the local line without changing the proper-

ties of SAWs. The focused IDT SAW device is a good approach for detecting micro-size

droplets due to the better concentration of the energy traveling through the propagation

path.

With the proposed multiple-IDT-layer M-SAW structures, it is possible to reduce the
longitudinal component in SAWs and generate novel MAWSs by mixing surface waves and
plate waves on the piezoelectric material. The mixing acoustic wave component can
propagate through the liquid medium. This provides a potential method in liquid sens-
ing applications. Like the conventional SAW device, the M-SAW transducer response,
based on the longitudinal displacement along the propagation path, depends on ma-
terial parameters, such as the number of IDT pairs, substrate thickness, operating fre-
quency and cut profile in simulation, but the effect is significantly stronger. The ex-
perimental results show that it is also sensitive to the position of the droplet, especially
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Figure 6.32: (I) The magnitude of the insertion loss of the M-SAW device with two IDT layers in dB during the
third-stage vaporization of the liquid for a 0.1 pl volume and (II) phase shift when the droplet (a) less than 0.1
pl and (b) 0.13 pl is dropped at the middle of the propagation path.

when the droplet is placed in the middle of the propagation path, and to the volume of
the liquid. The greater the phase shift of M-SAW structures, the larger the liquid volume
dropped on the propagation surface. The M-SAW device with size of 4800 pm x 2500 um
can be used for the liquid range 0.05 — 0.13 pl, with a resolution of 0.03 pl. If the propa-
gation area is increased or a confinement well for the liquid is integrated, larger volumes
can be used as well.
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CONCLUSION AND PERSPECTIVE

Surface acoustic wave devices have been used for a variety of microfluidic applications, es-
pecially in biochemical analysis and drug delivery. However, sensing capacity is extremely
challenging for the SAW device due to leakage phenomena into the liquid medium. An
approach to address this problem, so to fully exploit the potential of SAW devices in liquid
sensing, using Aluminum Nitride as piezoelectric substrate, was presented in this study.
Numerical analysis and experimental investigation of the mutual relation between sur-
face acoustic waves generated on the AIN piezoelectric substrate and some physical prop-
erties of microdroplets was conducted. The main conclusions are given below, together
with recommendations for future work.
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7.1. CONCLUSIONS

ENSING applications of SAW devices based on AIN in liquids are investigated. Mi-
S croliter volumes are considered to avoid the loss of the entire energy of the Rayleigh
waves into the liquid medium. The piezoelectric material, AIN, is chosen because of its
stable and good piezoelectric properties in a large temperature range, high acoustic ve-
locity, high hardness and compatibility with the silicon IC microelectronic process. From
the analysis of various deposition methods of this material, reactive sputtering appears
to be the best choice. The fabrication process is based on surface micromachining, and
the sputtering is optimized to obtain the best piezoelectric properties of the film. The
devices use 50x50 pairs of IDTs and a sensing region (large cavity or microhole) is cre-
ated in the center of the propagation path. This structure is used throughout the entire
work to confine the liquid under investigation and validate the sensing capacity of the
SAW device for liquid applications.

First, we analysed the SAW device with the presence of liquid inside the microhole.
An important conclusion from the simulation results is that in the SAW device with the
embedded hole, the energy is not entirely attenuated, thus there is still an output voltage
value at the receiver. These results also show that the SAW device is sensitive to density
changes of the liquid and to small changes at the nozzle of the embedded hole, specifi-
cally pressure.

Based on the simulation results, we continued to investigate the response of the SAW
device to the liquid medium in the microliter volume range. This experiment uses the
typical configuration of the SAW device including a pair of transmitter and receiver IDTs.
The numerical analysis of the mutual relation between the attenuation of the SAW beam
and the presence of microliter volume liquid has been carried out. The device is capa-
ble to differentiate the energy emitted into the same liquid but with different microliter
volumes. This is expressed by the fraction coefficient a ~ kr? %. The change in
contact radius influences the fraction coefficient more than the change in contact angle,
especially on hydrophilic (6 < 90°) and super-hydrophilic surfaces (6 < 90°). The energy
variation happened continuously during the evaporation process of the sessile droplet
placed on the middle of the piezoelectric propagation path. This shows that the SAW
device is sensitive to the changing volume of the liquid. Besides, this also highlights the
need to consider, for proper use of SAW devices in microfluidic applications, the shape
of the droplet on the surface, the effect of the evaporation, the droplet volume and the
surface wettability, especially for experiments which requires long-time actuation and
manipulation.

To study the behaviour of the SAW device in a liquid medium, we investigated the
evaporation process of different microliter volume liquid samples. These samples can
have different density or similar density but different stagnant liquid molecules after
evaporation. The experimental results show that the response of the SAW device is also
sensitive to differences in density and stagnant liquid molecules because both lead to
changes in surface mass density of the piezoelectric material. This suggests a poten-
tial method to identify liquid samples of microliter volumes in microfluidic biosensors
based on the SAW device.

Next, a novel SAW device equipped with an embedded microhole is proposed for
the control and monitor of the contact area between the piezoelectric material and the
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liquid medium. The simulation and experimental results show that the presence of the
microhole only affects attenuation of the SAW device in magnitude. The first results con-
firm the sensitivity of the SAW device. In fact, the SAW devices response corresponding
to changes in both parameters, pressure and density of the liquid inserted in the mi-
crohole, and to each change in density or pressure, can be measured. The first testing
principle is based on the evaporation capillary phenomenon between different free sur-
faces, which affects the concentration of liquid inside the microhole, and the pressure
on the wall of the microhole. The output signal changes when small changes in both
pressure and liquid concentration take place during the long evaporation process of the
liquid or when each of them (density or pressure) separately varies. These experimental
results once more indicate the applicability of SAW devices for liquid sensing, especially
for liquid flowing inside a tubular structure.

Finally, the simulation and experimental results showed that SAW devices with cir-
cular shape FIDTs have better performance, and is a good approach for detecting micro-
size droplets due to the better concentration of the energy traveling through the propa-
gation path. Also, multiple-IDT-layer mixing surface acoustic wave (M-SAW) structures
are proposed to reduce the longitudinal component in SAWs and generate novel MAWs
by mixing surface waves and plate waves on the piezoelectric material. This novel con-
figuration simply needs 2 layers of input IDTs. The mixing acoustic wave component can
propagate through the liquid medium. Therefore, while the response of a conventional
SAW device goes to zero in the presence of a liquid medium on the propagation path, the

responsible term £ ;X disappears in the response of the proposed SAW structure.

7.2. RECOMMENDATIONS FOR FUTURE WORK

HE theoretical analysis and experimental results reported in this thesis show the po-

tential of liquid sensing of SAW devices. Initial applications of the proposed devices
demonstrated the possibility to provide liquid type identification or fluid level measure-
ment. Other applications such as sensing liquid flow, contaminated liquid or the pres-
ence of particles in the liquid medium, can also be targeted. Besides, new currently
promising materials, like LiNbO3, could be explored and the proposed FIDT SAW de-
vices could be experimentally realized and validated. Therefore, future work can extend
this research in the following directions:

* For a first order analysis, the size of the SAW device was 4800 x 1000 or 1200 x 1000
pm, targeting liquid volumes below 0.13 or 0.05 pl. If different volume ranges are tar-
geted, the cavity (microhole) can be modified to accommodate the difference in liquid
volume. This can be incorporated into commercial products designed for the identifica-
tion of liquid samples.

* The experiment shows not only the SAW response to the different surfaces where
the droplet is placed, but also its sensitivity to the droplet size. Further investigation
should be carried out. Closed-cavity of the SAW device is recommended to avoid the
effect of ambient (humidity and temperature) changes.

» With respect to the employed technology, improvements can be achieved with re-
spect to the cavity formation. For example, SOI substrates with a device layer thickness
of 20 pm could be used, shortening the process and providing an accurate control on the
required cavity depth.
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* The preliminary experiments of the micro-hole SAW device show its applicability
in the detection of liquid flow or liquid level based on equivalent phenomena (evapora-
tion, effect of density and pressure). Further, the effect of assembling with an injector
should be studied as well. The SAW devices should be further tested for the detection of
the presence and concentration of substances/contaminants in a liquid solution. SAW-
based structures (embedded micro-cavities and holes) can be possibly applied in other
microfluidics applications, such as biological cell models.

* With the mixing model and focused IDT SAW structure introduced in this study, bet-
ter SAW performance could be achieved. These could be further experimentally tested
following a similar method as the one used to detect the presence and concentration of
substances in liquid medium or to identify a liquid.

* Other piezoelectric material, like quartz crystal with good temperature stability and
possibility for etching with a high precision, could be explored with the same device con-
figuration. The operating frequency of the generated SAWs could then be much lower, or
closer to the frequency of the carrier signal (induced by the substances to be detected).



APPENDIX-A: PARAMETERS OF
PIEZOELECTRIC AND SOME LIQUIDS

Aluminum nitride is a piezoelectric material with the class 6-mm symmetry. Its piezo-
electric coefficient matrices of coupling, elasticity and relative permittivity are used in
simulation as below:

cr ¢ ¢ 0 00

cr ¢ ¢ 0 00

¢ = ¢ ocpocgp 000

0O 0 0 0 0 O

0O 0 0 0 0 O

0O 0 0 0 0 O
c;1 ¢c12 c3 O 0 0
Cl2 (€1 (13 0 0 0
_ C13 (€13 (33 0 0 0
0 0 0 Cq4 0 0
0 0 0 0 C44 0

0o 0o o0 o o G,

0 0 0 0 e;s 0
e= 0 0 0 €15 0 0
0

es1 e3 ez O 0

€11 0 0
£= 0 €7 O
0 0 €33

where ¢17 = 345GPa, c33 = 395GPa, cy4 = 118GPa, c12 = 125GPa, c13 = 120GPa,
¢ = 2.25GPa, e5 = —0.48C/m?, e31 = —0.58C/m?, es3 = 1.55C/m?, e11 = 9, €33 = 11.
pp =3260kg/ m?® and vy = 5049m/ s for the piezoelectric medium. p r = 1000kg/ m?® and
v; = ¢; = 1480m/ s for the liquid medium.
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SUMMARY

The thesis focuses on the investigation of thin-film surface acoustic wave (SAW) devices
for liquid sensing applications. The piezoelectric material is a thin film of Aluminum
Nitride (AIN), a CMOS compatible material, deposited by pulse DC reactive sputtering
technique. A CMOS compatible process is developed and employed to fabricate the
AIN/Si surface acoustic wave (SAW) devices which operate in a liquid medium. The
applicability of the SAW device in sensing liquid is proved by numerical analysis, sim-
ulations and experimental results.

In the first chapter, the development of liquid sensors based on MEMS fabrication
is introduced together with the wide range of applications for these devices. Also, the
motivation to investigate the SAW device based on thin film AIN for liquid sensing is
presented. In chapter 2, sensing mechanisms in general and applicable mechanisms of
SAW sensors for liquid are presented. To determine the most suitable design of the SAW
devices, three-dimension (3D) modeling based on the finite element method (FEM) is
performed and analyzed.

Chapter 3 reports on the effect of a micro-size droplet shape, specifically the liquid
contact angle, radius (area) and wettability of the contact surface on the SAW response.
The numerical analysis and experimental results explain the interaction mechanism be-
tween the attenuated SAW beam and micro-droplets. The beam, which is emitted into
the droplet, is expressed by the fraction coefficient. The change in contact radius r in-
fluences the fraction coefficient more than the change in contact angle 0, especially on
hydrophilic and super-hydrophilic surfaces.

In chapter 4, the first applicability of the SAW sensor is demonstrated by identifying
the kind of liquid present on the propagation path. The sensing mechanism is based
on physical properties (liquid density, sound speed in liquid and evaporation rate) and
mass loading (concentration of stagnant liquid molecules). This also suggests a poten-
tial method to identify liquid samples of microliter volumes in microfluidic biosensors
based on this SAW device.

In chapter 5, a SAW device equipped with an embedded microhole is proposed for
the control and monitoring of the contact area between the piezoelectric material and
theliquid medium. The device is miniaturized to be integrated on a printed circuit board
(PCB). The device response to changes in density and pressure as well as to the evapo-
ration of the liquid inside the microhole is studied. These initial indirect experimental
results show the applicability of the SAW device for the state of liquid flow inside the
microhole.

In chapter 6, some optimized structures of the SAW device are proposed. The simu-
lation and experimental results showed that SAW devices with circular shape FIDTs have
better performance, and provide a good method to detect micro-size droplets due to the
better concentration of the energy traveling through the propagation path. Also in this
chapter, a mixing IDT structure for SAW devices, which includes two layers of input IDTs,
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is proposed to reduce the longitudinal component in SAWs and generate novel mixing
acoustic waves by mixing surface waves and plate waves on the piezoelectric material.

Finally, in chapter 7 concluding remarks and recommendations for future work are
given.



SAMENVATTING

Deze dissertatie focust op het onderzoek naar dunne laag oppervlakte akoestische golf
(SAW) apparaten voor vloeistof waarneming toepassingen. Het piézo-elektrisch mate-
riaal is een dunne laag van aluminiumnitride (AIN), een CMOS verenigbaar materiaal,
gedeponeerd door middel van een puls DC reactieve sputter techniek. Een CMOS vere-
nigbaar proces is ontwikkeld en gebruikt om de AIN/Si SAW apparaten te fabriceren die
werken in een vloeibaar medium. De toepasbaarheid van het SAW apparaat in het waar-
nemen van vloeistof is bewezen met numerieke analyse, simulaties en experimentele
resultaten.

In het eerste hoofdstuk wordt de ontwikkeling van vloeistof sensoren gebaseerd op
MEMS fabricatie geintroduceerd tezamen met de wijde selectie van toepassingen voor
deze apparaten. Eveneens wordt de motivatie voor het onderzoek naar het SAW apparaat
gebaseerd op dunne laag AIN voor vloeistof waarneming gepresenteerd. In hoofdstuk
2 worden algemene waarneming mechanismen en toepasbare mechanismen van SAW
sensoren voor vloeistoffen gepresenteerd. Om het meest geschikte ontwerp van de SAW
apparaten te bepalen, is drie dimensionale (3D) modelering gebaseerd op de eindige
elementen methode (FEM) uitgevoerd en geanalyseerd.

Hoofdstuk 3 rapporteert het effect van een microformaat druppel vorm, specifiek
de vloeistof contact hoek, radius (oppervlakte) en bevochtigbaarheid van het contact
oppervlak op de SAW respons. De numerieke analyse en experimentele resultaten ver-
klaren het interactie mechanisme tussen de verzwakte SAW straal en micro-druppels.
De straal, welke wordt uitgezonden in de druppel, wordt uitgedrukt door de fractie co-
éfficiént. De verandering in contact radius r beinvloed de fractie coéfficiént meer dan
verandering in contact hoek 8, met name op hydrofiele en super-hydrofiele oppervlak-
tes.

In hoofdstuk 4 is de eerste applicatie van de SAW sensor gedemonstreerd door het
soort vloeistof in het propagatie pad te identificeren. Het waarnemend mechanisme is
gebaseerd op fysische eigenschappen (vloeistof dichtheid, snelheid van geluid in vloei-
stof en verdamping snelheid) en massa laden (concentratie van de stagnerende vloei-
bare moleculen). Dit suggereert ook het bestaan van een potentiele methode, gebaseerd
op dit SAW apparaat, om vloeibare monsters van microliter volumes in microvloeistof
biosensoren te identificeren.

In hoofdstuk 5 wordt een SAW apparaat, uitgerust met een ingebed micro gat, voor-
gesteld voor de controle en observatie van het contact oppervlak tussen het piézo-elektrisch
materiaal en vloeibaar medium. Het apparaat is geminiaturizeerd zodat het kan worden
geintegreerd op een printplaat (PCB). De reactie van het apparaat op veranderingen in
dichtheid en druk, maar ook verandering in de verdamping van de vloeistof in het micro
gat, zijn bestudeerd. Deze initiéle experimentele resultaten laten de toepasbaarheid van
het SAW apparaat voor de toestand van de vloeistof stroom in het micro gat zien.
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In hoofdstuk 6 worden enkele geoptimaliseerde structuren voor het SAW apparaat
voorgesteld. De simulatie en experimentele resultaten lieten zien dat SAW apparaten
met ronde vorm FIDTs beter presteerden en verschaffen een goede methode om micro-
formaat druppels te detecteren vanwege de betere concentratie van de bewegende ener-
gie door het propagatie pad. Dit hoofdstuk stelt ook een mengend IDT structuur voor,
welke twee invoer lagen bevat, om de lengte component in SAWs te reduceren en gene-
reert nieuwe mengende akoestische golven door oppervlakte golven en plaat golven te
mengen op het piézo-elektrisch materiaal.

Ten slotte zijn in hoofdstuk 7 afsluitende opmerkingen en aanbevelingen voor toe-
komstig onderzoek gegeven.
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