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OZET

OZGUN BIR LAMB DALGASI CiHAZI TASARIM FABRIKASYON
VE KARAKTERIZASYON CALISMALARI

Onerilen Lamb Dalgas1 Cihaz, klasik yapida oldugu gibi, ince film iizerinde gecikme hattinin
iki ucuna karsilikli olarak yerlestirilmis iki “InterDigital Transducer” yapisi i¢cermektedir.
Bununla birlikte klasik yapidan farkli olarak, gecikme hattinin {ist boliimiine bir kapasitif
transdiiser yapist  yerlestirilmistir. Bu yapt gecikme hattina mekanik gerilme
uygulayabilmektedir. Kapasitif Transdiiser yapisina DC potansiyel farki uygulandiginda
olusturulan elektrostatik kuvvet gecikme hattin1 potansiyelle orantili olarak asagiya ¢ekip
biikmektedir. Sonug olarak gecikme hatti gerginligi uygulanan DC gerilimle orantili olarak
ayarlanabilir hale getirilmistir. Uygulanan gerilme, gecikme hatti1 {izerinde yayilan Lamb
Dalgas1 hizinin degisimine yol agmustir. Dolayisiyla giris sinyaline ayarlanabilir bir faz
uygulamak miimkiin hale gelmistir. Lamb Dalgasi osilatoriiniin osilasyon frekansi da bu sekilde
ayarlanabilir olmustur. Mevcut Lamb Dalgas1 osilator cihazlari, ayarlama i¢in kondansator
kullanmaktadirlar fakat kondansator kullanimi osilator devresinin lineerligini bozacaktir. Bizim
yaklasimimiz kondansator gereksinimini yok etmektedir, dolayisiyla osilatoriin lineerligine ve
kararliligimma olumlu etkide bulunmustur. Osilatoriin kullanildigi modiilasyon katinin da

kararlilig1 ve lineerligi arttirilmis olacaktir.

Lamb Dalgas1 cihaz1 askida kalacak sekilde olusturulmus bir yapiya sahip oldugundan, Q-
faktorii daha yiiksektir ve ince-film kullanimi ¢ok daha biiylik bir faz hiz1 saglar. Yiiksek faz
hizlar da yiiksek frekanslara ¢ikabilmeyi saglamaktadir. Ek olarak, Lamb Dalgasi cihazlar
SAW cihazlara kiyasla ytliksek hassasiyet saglar ve diisiik faz hizina sahip 6zel Lamb Dalgasi
modlar diistik frekanslarda da ¢alismaya olanak tanir. Lamb Dalgasinin faz hiz1 siv1 igerisinde
yayilarak oldugundan da diisiik hale getirilebilir. Bunlar, diisiik kayipl ¢calismaya olanak tanir
ya da sivilarin smiflandirilmasinda kullanilabilir. Azalan incelik nedeniyle Lamb Dalgasi

cihazlarinin 1s1 kapasitesi oldukea diistiktiir.

Bu projede yeni Lamb Dalgasi cihazina iliskin teori ve benzetim ¢aligmalari gergeklestirilmistir,
belirlenen tasarim parametrelerine gore fabrikasyon yapilmis ardindan fabrikasyonu yapilan

cihazlara iligkin test ve dogrulama ¢alismalar1 gosterilmistir.



ABSTRACT

DESIGN FABRICATION AND CHARACTERIZATION STUDIES OF A
NOVEL LAMB WAVE DEVICE

The proposed Lamb Wave Device includes two “InterDigital Transducer” structures placed
opposite each other on the two ends of the delay line on the thin film, as in the classical structure.
However, unlike the classical structure, a capacitive transducer structure is placed in the upper
part of the delay line. This structure can apply mechanical stress to the delay line. When DC
potential difference is applied to the Capacitive Transducer structure, the electrostatic force
created pulls and bends the delay line proportionally to the potential. As a result, the delay line
tension was adjusted proportionally to the applied DC voltage. The applied stress causes a
variation of the velocity of the Lamb Wave propagating on the delay line. Therefore, it is
possible to apply an adjustable phase to the input signal. The oscillation frequency of the Lamb
Wave oscillator is also adjustable in this way. Current Lamb Wave oscillator devices use
capacitors for tuning, but the use of capacitors degrade the linearity of the oscillator circuit. Our
approach eliminates the need for capacitors, so it has a positive impact on the linearity and
stability of the oscillator. The stability and linearity of the modulation stage in which the

oscillator 1s used also be increased.

Since the Lamb Wave device has a suspended structure, the Q-factor is to be higher and the use
of thin-film provides a much greater phase velocity. High phase velocities also enable to reach
high frequencies. In addition, Lamb Wave devices provide high sensitivity compared to SAW
devices, and special Lamb Wave modes with low phase velocity allow operation at low
frequencies as well. The phase velocity of the Lamb Wave can also be made lower than it is by
propagating in the liquid. They allow low loss operation or can be used to classify liquids. Due

to the reduced thinness, the heat capacity of Lamb Wave devices is quite low.

In this project, theory and simulation studies of the new Lamb Wave device were carried out,
fabrication was carried out according to the determined design parameters, and then test and

verification studies on the fabricated devices were demonstrated.

This research is supported by TUBITAK, grant number: 215E098
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1. INTRODUCTION AND OBJECTIVES

1.1. General Information And Applications

The small-in-size and Complementary Metal Oxide Semiconductor (CMOS) compatible
Micro-ElectroMechanical System (MEMS) resonators are likely to be the driving core of
a new generation of devices such as Radio Frequency (RF) filters and timing references
[1], [2]. Thanks to the CMOS compatibility, ability of high frequencies, low motional-
impedances (Rm) and capability of multiple frequencies operation on a single chip, the
Lamb Wave (LW) resonators have attracted attention among micromechanical resonator

technologies [3], [4].

LW devices are formed by depositing two comb-shaped transmit/receive electrodes with
many fingers interdigitated on a thin (<< Wavelength (1)) piezoelectric membrane [5].
These comb-shaped structures are called InterDigital Transducers (IDT). LW devices can
have only one-port or two-port (input/output with 2 terminals), which are the ports for
transmitting and receiving the wave. There is a delay line in between these ports to apply
a phase to the input signal [6]. Although an IDT structure can generate or sense acoustic
waves, it cannot control the wave properties like velocity or frequency because these
parameters are lithography defined. The first LW device was realized by Toda in 1973,
and he employed a thin film Lead-Zirconium-Titanium oxide (PZT) plate [7]. The first
practical LW Resonator device was developed by Piazza and Yantchev in 2002 [3], [8].

The LW modality is attractive for researchers since it has certain advantages over existing
Surface Acoustic Wave (SAW) technology. Since the LW device has a suspended
structure, the Q factor will be higher, and thin-film utilization enables larger phase
velocity. LW devices have higher sensitivity than SAW devices, use of low-velocity lamb
wave allows the device to operate at low frequency, the velocity can be made lower than
the velocity of the dispersed wave in most of the common liquids, that's permitting low
loss operation, heat capacity is low because of the reduced thickness or it may classify
liquids [9]. After the first realization of practical LW devices, they can find a place in the
market. Since the 4G and higher GSM devices like phones or base stations require high-



frequency filters (RF, 4-5 GHz) in their RF or IF (Intermediate Frequency) sections, the

LW resonators have the potential to be used in the telecommunication industry [10]-[12].

The proposed Lamb Wave Device includes two “InterDigital Transducer” structures
placed opposite each other on the two ends of the delay line on the thin film, as in the
classical structure. However, unlike the classical structure, a capacitive transducer
structure is placed in the upper part of the delay line. This structure can apply mechanical
stress to the delay line. When DC potential difference is applied to the Capacitive
Transducer (CT) structure, the electrostatic force created pulls and bends the delay line
proportionally to the potential. As a result, the delay line tension was adjusted
proportionally to the applied DC voltage. The applied stress causes a variation of the
velocity of the Lamb Wave propagating on the delay line. Therefore, it is possible to apply
an adjustable phase to the input signal. The oscillation frequency of the Lamb Wave
oscillator is also adjustable in this way. Current Lamb Wave oscillator devices use
capacitors for tuning, but the use of capacitors degrade the linearity of the oscillator
circuit. Our approach eliminates the need for capacitors, so it has a positive impact on the
linearity and stability of the oscillator. The stability and linearity of the modulation stage

in which the oscillator is used also be increased.

Besides this, it is possible to use LW devices as measuring for physical quantities, like
biosensors, gas sensors, or Nondestructive Testing (NDT) equipment. Increased
sensitivity, compatibility with IC (Integrated Circuit) technology, low cost, the simple
and stable structure of an LW device make the researchers attracted to these devices [1],

[13]-[16].

In this project, theory and simulation studies of the new Lamb Wave device were carried
out, fabrication was made according to the determined design parameters, and then test
and verification studies on the fabricated devices were demonstrated. Acoustic filter
simulation studies and experimental studies have been presented as a sample application
within the scope of the project. The proposed LW device includes 2-IDT structures placed
opposite each other on both ends of the delay line on thin film, as in the conventional
structure. LW devices are new compared to SAW devices as LW devices have just been

implemented thanks to recent advances in microfabrication technology.



1.2. Brief History

Acoustic waves have been used in various industrial, military, and medical applications
for many years, especially SAW devices produced on piezoelectric wafers have been
widely used because of the high electromechanical transmission coefficient and low
acoustic loss value they provide. The most important advantage of SAW devices used in
many applications is that they provide delay lines and long delays in small areas because
of their low acoustic speed value. In recent years, the potential of using LW devices
instead of SAW devices have been investigated with many studies. This is because LW
devices provide monolithic IC integration and advantages such as high Q factor, high
frequency, and adjustable wave speed. It has also been shown that the use of LW increases

sensitivity [17].

Briefly, if we talk about the historical development on this subject, surface waves were
first shown on isotropic material by Lord Rayleigh in 1885 [18]. While studying seismic
signals, Rayleigh noticed that there was another wave component that came later after the
expected post-shock waves. This signal was moving slower and was stronger than it
should have, as it radiates only from the surface (2-dimensional). Later, Love, also a
geologist interested in seismic activity, reported a new type of wave that propagated at
the surface but particles moved in another direction [19]. In Rayleigh waves, the particles
move in the plane that includes the surface normal and the wave propagation direction,
whereas in Love waves the particle motion is perpendicular to this plane. Love also
showed that Rayleigh waves are only on layered systems. Subsequent studies have shown
that surface waves can have many modes [3], [8], [20], [21]. In 1917, British
mathematician Horace Lamb mathematically showed that another type of wave (Lamb
Wave) propagating on a very thin plate must be physically found [22]. He investigated
the surface waves in an infinitely long two-dimensional elastic plane and presented the
numerically solvable equations known as Rayleigh-Lamb Equations. In study, lamb wave
was produced on PZT ceramic plate, and biosensor applications were developed using

lamb wave devices produced with ZnO in subsequent studies [20].

The IDT structure as a nested comb was operated by White and Voltmer and its use

became widespread rapidly [6]. Before this date, it was known that a dispersive filter that



applied different amounts of delay to different frequencies could provide significant
improvements in radar applications, but the dispersive-LC filters to realize this took a lot
of space and had no practical application [17]. That SAW waves are almost 100 times
slower than electromagnetic waves shows that the desired result can be achieved with
SAW technology. In 1969, Court proposed this practice using delay lines and Love waves
[23], an idea experimentally showed by Mortley [24]. These developments make up the
starting point of SAW devices. In the following years, research continued on topics such
as piezoelectric materials, propagation effects, transducer analysis, and design

techniques.

From the 1970s to the mid-1980s, the vast majority of efforts in this area focused on
military applications, especially radar and communication applications [25]. After that,
especially with the widespread use of portable phones, SAW devices have found their
place in consumer electronics applications with their low cost, low-loss values, and small
dimensions. In the communication industry, SAW devices are mostly used as band-pass
filters in RF and IF levels [10]-[12]. In recent years, some observe that SAW devices are
used with increasing frequency for sensor applications. Sensor applications are based on
the principle that the change to be felt affects the mechanical properties of the delay line
and the change that this effect will cause in the phase of the acoustic wave. SAW devices
can be found as sensors in the automotive industry (torque and tire pressure
measurement), biomedical applications, and various industrial applications (such as
temperature, humidity, gas concentration measurement) [26]. Besides, SAW devices are
used in applications such as pumping, mixing, particle separation, and flow rate detection

in micro fluids [27]-[35].

LW propagating on AIN thin film are an area of interest because LW has the advantages
of SAW and Thin-Film Bulk Acoustic Waves (BAW) (Thin-Film Bulk Acoustic
Resonators (FBAR/TFBAR) is produced) [36]. The frequencies of LW devices are
lithographically defined as in SAW devices, and they have low loss and high Q factor
thanks to the thin film. Although LW devices have advantages over SAW technology
such as high precision and more stable structure, they develop over the applications

created by SAW technology. LW devices, like SAW devices, are suitable for sensor and



communication applications but show a higher level of performance. In this study, a novel

structure is presented to increase the application potential for LW devices.

1.3. Literature Studies

If we examine the literature on the current status and applications of LW devices, Wenzel
S.W. carried out by. In this study, LW characteristics were got analytically, and how the

LW parameters were changed by physical quantities was discussed [21].

Physical quantities are possible to measure using the LW oscillator structure: 1. It will be
possible to apply biosensor and chemical gas sensors if the phase velocity depends on the
mass on the film and the film thickness (much smaller mass changes can be detected
compared to SAW). 2. Acoustically, the sound waves can modulate membrane tension
and hence LW velocity by making the membrane vibrate. This response of the LW device

to the membrane tension will also allow the measurement of the applied force.

Membrane tension is also used for pressure measurement. Immersing the LW device in a
liquid reduces the speed radically depending on the mass and density of the liquid on the
device, and the change is linear with density [37]. Although this study provides a general
perspective for all areas, details have not been addressed. For example, the mass and
density measurements of the liquid were made together, but the shares of these two sizes

in the measurement were not clarified.

Zhou L. et al. By evaluating the responses of different Lamb modes (Ao1, Ao3, So, and Ao)
to the liquid, he could measure mass and density sizes separately and used this

information for the classification of liquids [38].

Another study in which liquid properties were determined using LW was carried out using
LW Sy mode and FBAR [39]. In this study, LW and film bulk acoustic resonators were
investigated by simulation studies, and it was shown that fluidity (viscosity) can be
measured and the density of the liquid. An interesting LW application reported in the
literature is the measurement of the liquid level inside the tanks under high pressure from
the outside of the tank [40]. In this application, Lamb waves are produced on the tank and
interact with the liquid in the tank, and the liquid level is determined by using this

interaction.



In another study carried out for mass measurement, a MEMS structure with dimensions
of ImmxImm was used, and GaN was chosen as the piezoelectric material in the
production of this structure [41]. With its high thermal, mechanical, and chemical
stability, GaN can enable MEMS structures to be operated in harsh environments.

Besides, compatibility with GaN-based integrated circuits is emphasized in this study.

Lamb waves are also used for NDT of very fine materials [42]-[45]. Studies in which the
behavior of emitted Lamb waves in the damaged area is visualized by laser interferometry

have been reported in the literature.

A study investigating the propagation of Lamb waves on an aluminum plate and
analytically and experimentally showing the velocity change under stress was carried out
by Michaels J.E. [46]. The experiments were carried out for 250 kHz (Ao mode), 400 kHz
(A1), 600 kHz (S) frequency (modes) using an aluminum plate with a size of 30 x 60 cm
and a thickness of 6.35 mm. 5.75 MPa increments for 0-57 MPa tensile values.

Theoretical and experimental speed changes were got and compared.

Other important experiments were conducted to investigate the velocity change of the
directed wave under stress and interesting results were got [26], [47], [48]. According to
the result got in the study, this effect appears as a speed that increases with stress before
a critical angle value, but as a speed that decreases with stress afterward. Perhaps the most
important application area for LW devices is LW resonators. Stability in filter,
modulation, and oscillator applications, high Q factor, and low cost, MEMS resonators
have an important application potential, especially in telecommunications. Especially LW
devices allow stable resonator structures at very high frequencies thanks to their
adjustable wave velocity and different symmetrical wave modes. The LW resonator using
lithium niobate Kadota M. Ver et al. It has been successfully operated by 4.5 and 6.3 GHz
frequencies [49]. These structures, which can find wide application areas especially in
advanced generation GSM communication devices, have made rapid progress in the last
decade with the effect of the developments in micro-processing technology. Especially
the structures of LW devices that combine the advantages of FBAR and SAW

technologies show that LW resonators will be used effectively in the future.

Yantchev V., LW devices using longitudinal wave, bottom surface grounded, and
ungrounded IDT structures were compared in terms of their performance [14], [50]. The
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reflection admittance (Y11) of the LW device got by using the IDT whose bottom surface
is not grounded shows 20 dB lower performance than the others, while this parameter is
close in the other two cases, but the SNR performance of the LW device is better. The
LW device was fabricated and the Q factor was measured as 3000 at 900 MHz operating
frequency. Also, a phase-shifting MEMS filter was produced for a 2-port LW device at
the same frequency, signal attenuation was measured as <10 dB at the design frequency.
This attenuation value is considerably lower compared to SAW filters. In this study, a
filter was used within the oscillator structure and the phase noise generated by the
temperature was investigated since the temperature sensitivity of the AIN coating is
known. As a result, for 900 MHz, while producing a 27 dBm output signal, phase noise
was determined as -92 dBc. Although this value does not pose a problem for the oscillator
application, it is possible to reduce the phase noise by using the structure we propose and
will be an important contribution to the literature. In his study, Yantchev examined the
mass and pressure measurement performances of the LW oscillator with its 900 MHz
frequency design, showed that high sensitivity measurement can be made, and revealed

that the film thickness and sensitivity are inversely proportional.

In all these studies, the LW frequency and velocity are fixed and specified in the design,
such as the IDT type [27], length, aperture, and delay line length. However, the adaptive
control of these parameters will contribute to the literature in many areas such as reducing
the phase noise (hence, temperature sensitivity compensation for example) or controlling

the working band of the filter by changing the center frequency.

In the next section, the previous literature on IDT structure and SAW devices will be

presented, emphasizing the contributions of our new approach.

1.3.1. Studies on the band of the filter

One of the first studies carried out after the IDT structure has been proposed, proposes
the SIDT (Slanted-IDT) structure and aims to realize more broadband filters with
excellent characteristics. This structure, which was conceptually proposed in 1969 [51],

was first produced and tested in 1973 [52].



As it is known, IDT structures are designed for a single frequency by setting the distance
between fingers as A, so the filter got is a narrow band. The SIDT structure changes the
finger distance along with the IDT aperture, thus the same SAW device generates signals
at over than one frequency (Figure 1) [53]. Practically it can be thought of as many IDT
devices generate signals at neighboring frequencies along with the IDT opening. This
structure is used in several circuits today, and broadband LW and SAW filter applications

(SIDT) are an active research area [53], [54].

V., V

mn

v

out

out

A

nm
fings

]
:

Figure 1: SIDT structure and equivalent model are shown. Here IDT plotted gaps are a function

of frequency [53].

Another example of a working band that mimics the function of these types of filters is
filter banks. These structures, which contain over than one filter designed for a single
frequency, can single-input / multi-outputs, and designs with single input / single-output
and selective inputs. Using these structures, the center-frequency can be shifted
discretely. Mobile phones with multiple bands have areas of use such as band-pass filters

in the RF layer and minimizing overlap errors in reconstruction filters [55]-[58].
1.3.2. Adjustable frequency oscillator design

The high Q factor and low loss structure of LW and SAW devices, as well as the structural

determination of the oscillation frequency, have led to the widespread use of these devices



in oscillator designs. The adjustable frequency oscillator circuit is implemented by the
physical switches [59]-[61]. The biggest handicap in these circuit designs is that phase
noise affects oscillation stability. This problem, especially in sensor applications, affects
stable biosensor measurements due to the phase noise that occurs during the reaction in
the delay line [62], [63]. The proposed structure can eliminate phase noise, thus increasing

stability.

1.3.3. Adjustable phase SAW — LW filter / SAW — LW

phase modulation

Tunable phase filter applications are found in many beamformer circuits, oscillator
circuits, or general-purpose filtering circuits. The tunable phase LW filter we recommend
will provide convenience in many communications, radar, and biomedical applications,

with its high Q factor and high center frequency [64]-[66].
1.4. The Motivation For This Thesis Work

The aim of thesis was to create a unique Lamb Wave device, thus bringing novel
approaches to LW filter and sensor applications. In the original LW structure, we propose,
our aim is to adjust the tension of the delay line using a potential difference and in this
way to make the phase characteristic of the LW device adjustable. We collect the studies

we aim to achieve this goal under 3 main headings:
1.4.1. Material characterization

Our goal in these studies is to make the electrical and acoustic characterization of the
material to be used in the design be used in Finite Element Modeling (FEM) studies. With
this study, the important parameters related to the materials to be used determined
precisely (For example, LW Speed on Aluminum Nitride (AIN) film) allows more

reliable results from the simulation studies.



1.4.2. Theory and simulation studies

In these studies, the aim is to determine that the designed structure works as desired, as
well as to determine its characteristics, limits, and efficiency parameters without
fabrication. Thus, the number of remanufacturing has been reduced, and the productivity
and cost of the work has been positively affected. The properties obtained by FEM studies
were used in post-production validation studies. In addition, the ability of the CT structure
to manipulate the center frequency of the LW resonator device was investigated by

simulation studies.
1.4.3. Fabrication testing and verification studies

The proposed LW structure has been revealed in these studies and it has been tested
whether the device works as desired. The characteristics obtained in simulation studies
have been experimentally obtained by using the fabricated device. The application

potential of the new LW device has been explored.
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2. GENERAL BACKGROUND
2.1. Lamb Waves

Lamb waves are generated by directing acoustic waves laterally into a sufficiently thin
plate (thickness << wavelength) [5]. For the production of lamb waves, metal electrodes
as interlocking combs are deposited on a very thin piezoelectric surface. When an RF
signal at design frequency applies to these electrodes, the lamb wave at that frequency is
propagated across the plate (Figure 2) [67].

IDT

RF SIGNAL

C " &

LAMB WAVE

Figure 2: Commonly used Lamb wave generator. It is seen here that the film thickness is close to the
wavelength and the distance between two adjacent IDT fingers is the same as the wavelength. Finger

metal thickness is one-quarter of the wavelength [67].

There is over one lamb wave mode, and these modes usually only displace the axes (x
and z) perpendicular to the direction of travel and the direction of travel. This type of
wave is divided into two major groups as symmetric or antisymmetric modes according

to the symmetry of particle motions around the midplane of the plate (Figure 3) [17].
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Figure 3: Representation of fundamental symmetrical (So) and fundamental asymmetric

(Ao) lamb wave modes moving across the thin-film membrane [17].

The unique structure we propose in this study enables a more controlled LW device
design by providing the possibility to adjust the voltage in the delay line. Such a device
will not only facilitate many communication and sensor applications but also has the
potential to create new applications where LW devices are not used yet. In our study,
basically, a 2-port LW device delay line using classical IDT structures is fabricated as
bendable and stretchable, so that the phase change of the acoustic wave becomes

adjustable.

2.2. IDTs

The first model developed for IDT structures is the Delta Function Model. This model is
built on a simple and easy-to-understand principle. When voltage applies to the IDT
electrodes, an instantaneous charge accumulates and this charge will accumulate at the
edges of the IDT fingers because of the constantly changing polarity between neighboring
IDT fingers. In this model, the load distribution on IDT fingers is represented by the
Discrete-Delta Functions [68]. The amplitude of the Delta Function is directly
proportional to the amplitude of the applied voltage. The response of the IDT to the

12



applied voltage is got by summing the delta functions in the IDT fingers. The delta
function model produces output based on the calculation of relative attenuation and can
provide quite adequate information about bandwidth, side-lobe level and locations, and
suppression levels. The absence of impedance levels and second-order effects in the

model creates inadequacy for many applications [69].

Another technique used in IDT modeling considers incoming and reflected waves and is
called the Coupling Of Modes (COM). Reflections from obstacles with a weak
reflectance coefficient are not considered. These two waves propagate towards each other
and it is assumed that the amplitudes (Wave Amplitudes and associated Current and
Voltage Amplitudes) will be combined linearly. The spatial variation of the amplitude of
these two modes and the current and voltage generated at the electrodes are defined by a
first-order linear differential equation. COM equations are arranged by Tobolka using the
'P' matrix, and this matrix evaluates the IDT structure as an element with 3 ports [70].
Two of these refer to the acoustic wave propagating in opposite directions, the third is the
electrical port where the input voltage is applied (Figure 4) [71]. Here, the boundary
conditions are given as the applied voltage (V), the amplitudes of the incident waves as
¢"(x1) and ¢(x2), respectively. The response of IDT is the current (I) flowing through the

electrodes and reflected waves in amplitudes ¢°(x1) and ¢*(x2).
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Figure 4: Representation of the IDT structure as a three-terminal element [71].

The relation which relates the boundary conditions of the IDT structure with the response

of the device and the expression given with the 'P' matrix (1). Here, the coefficients in the

'P' matrix are: P11 = P2 reflection coefficient and P12 = P»; transmission coefficient, and

the remaining coefficients represent the electrical properties of the device. P13 and P23 are

the electro-acoustic transfer function of IDT, P31 and Pi3, are the coefficients that
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determine the efficiency of converting acoustic waves to current, and P33 is the admittance

coefficient that determines the current flowing from the electrodes because of the applied

voltage.
o_(x1) P11 Pz Pi3][@4(x1)
0 ()| = P21 P2z Pas||p_(x;) (D
I P3;  P3;  Ps3 |4

The biggest advantage of this model is that it allows modeling different IDT structures
together. A 'P' matrix can be generated for each IDT structure and the entire design can
be expressed with a single 'P' matrix. Besides, to use the COM model, the transducers and
reflectors of the LW device to be simulated must be able to be divided into uniform
periodic parts. The Equivalent Circuit Model, another modeling technique, uses a
technique close to the 'P' matrix [72], [73]. The two acoustic ports in the COM model
have been converted into their electrical equivalent in the equivalent circuit model. In this
model, the boundary conditions are applied-voltages, and the response generated by IDT
is the generated-currents. Thus, the boundary conditions are linked to the IDT response
by an admittance matrix. The electrical parameters of the equivalent circuit are calculated
depending on parameters such as wave velocity, electromechanical coupling coefficient,

center frequency, number of fingers in the IDT.

2.3. Lamb Wave Devices

The basic design parameters of LW devices can be listed as design frequency, the
thickness of film coating, wave velocity, and wavelength. The basic design parameter of
IDT structures is the wavelength and is determined by the distance between two
neighboring finger-shaped electrode extensions. The distance between two neighboring
fingers is a wavelength (1) and the wavelength connects the frequency (f) and phase
velocity (Cp) of the acoustic wave to be produced by the relation C, = A.f. The velocity of
the lamb wave over the surface C, is calculated by solving the Rayleigh-Lamb equations

in equations (2), (3) and (4) for a specific fand film thickness (d).
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In these equations, ® is used for angular frequency, Cr shear wave velocity, K wave
number, C; longitudinal wave velocity, C, phase velocity. Dispersion curves are got by
calculations for different f'and d values, and different C, can be found in different wave
modes for a certain f * d value (Figure 5) [17]. The lowest order antisymmetric (4¢) and
symmetric (Sp) modes are used. Using 49 mode was aimed at our study. An approximate
expression (5) is given for the speed value got by Rayleigh-Lamb equations, which can
only be solved numerically. In this expression, d is the film thickness, £ is the modulus

of elasticity (Young's Modulus), v is the Poisson Ratio, and p is the density.

Apart from these parameters, dimensions such as the length of the delay line, the
electromechanical transfer coefficient, the propagation mode of the acoustic wave to be
produced, and the damping amount should be taken into consideration during the design.
The number of fingers determines the band of the Lamb wave produced, and the
metallization ratio between two fingers of an electrode determines the harmonic amount
in LW. Studies have shown that a 50% metallization ratio between two adjacent fingers
of an electrode (finger-widths should be 0.25)) gives the optimum result in terms of the

harmonic amount [74].
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Figure 5: Calculated phase velocities of the first two Lamb wave modes comparing with the phase

velocities of longitudinal, Rayleigh and shear waves propagating in an AIN membrane [17].
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3. THESIS STUDIES
3.1. Methodology

LW device designs in the literature do not offer the possibility of adjusting both the
distance between the fingers, which is the basic design parameter and the delay line
distance, which determines the phase to be applied to the acoustic wave by the LW device.
Our motivation in this thesis is to make these basic LW device parameters adjustable. For
this purpose, the results of the capacitive transducer structure seen in figure 6 are
presented in the simulation program. With a similar structure, it is possible to stretch the
membrane section on the structure in proportion to the applied DC voltage intended, and
thus to control the speed of the wave propagating on the membrane and the membrane
length with a DC voltage. This stretching is accomplished by means of an electrostatic

force that will be proportional to the applied DC voltage.

Membran

V=0 Y V<Vmax

Lower Electrode  Upper Electrode @ = hax

(b)

Figure 6: Illustration of capacitive transducer structure for tension-controlled membrane length tuning
(a). Dimensions to be used for the electrostatic microactuator design (The design parameter that needs to

be optimized here is the I/h ratio.) (b).

It is planned to place IDT structures on the membrane parts of the transducer structures
as seen in Figure 6, thus creating LW waves on the membrane. This section will be
suspended by using electrodes to be placed opposite the delay line. The length of the delay
line stands out as a parameter that determines the phase range and should be determined

according to the frequency and application to be used. There are values a few times the
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wavelength for the delay line length used in the literature [7], [11]. The most important
parameter for CT structures that will provide adjusted delay is the membrane
length/transducer depth (I/h) (Figure 6.b). This ratio is expected to be large enough to
provide effective precipitation. As the ratio increases, the adjusted delay amount will
decrease. This ratio can be increased to where the membrane does not deform when the
membrane is elongated. The problem here is to make the optimum design with a
maximum slump. It has been reported in previous studies that the Capacitive
Micromachined Ultrasonic Transducer (CMUT) structure, which is a similar structure,
can be precipitated at 1/3 of the maximum height (h) by using DC voltage. The amount
of acoustic attenuation, which is another important parameter, varies depending on the
type of piezoelectric material, the electrode material used, and the length of the delay line.
Here, besides the length of the delay line is known as an effective parameter in the
damping of the acoustic wave, other parameters can also have an important effect.
Especially for the proposed LW device, it is necessary to examine the effect of the
piezoelectric coating attenuating the acoustic wave while the membrane is in tension. In
addition, the effects of membrane movement on the acoustic wave should be investigated
(Figure 7).

. Lo IDT Input Port
Piezoelectric Film

Phase-shifted Lamb Wave

IDT Output Port

Silicon Wafer
Bottom Electrode

Upper Electrode

Figure 7: Illustration of the placement of the capacitive transducer (CT) element under the delay line and

illustration of the working principle.
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Within the thesis, theory, simulation, and fabrication studies were carried out for a 2-port
LW device with an adjustable delay line. Produced device characteristics were got and
verified with simulation results. The proposed LW device was produced by structurally
composed of two blocks. These are 1. IDT pair enlarged on a conventional thin film for
LW generation and reception, and a delay line between them, 2. It is the capacitive
transducer structure to be placed on the delay line. The LW is delayed by the above-
mentioned 3-port structure. Another possible application is to adjust the LW frequency.
This structure, which will be examined only with simulations in our study, is given in
Figure 8. The aim here is to change the LW speed by applying a homogeneous tension to
the IDT section of the LWR device using a DC voltage, thus shifting the center frequency
of the LWR device to the right or left. It will be an important contribution that the LW
filter, which has a very high-quality factor, can be adjusted even within 1-2% of the center

frequency.

Negative Electrode

Figure 8: Schematic representation of Capacitive transducer (CT) structures placed between the IDT

fingers.

In the thesis studies, LW was produced by using an AIN thin film layer on a silicon wafer.
AIN also formed the membrane of CT structures (Figure 7). The electrodes of the CT
structure are coated on AIN. The upper electrode is formed by coating on a silicon wafer.
The frequency to be chosen within the thesis has been chosen to be high enough but low
enough that we can easily see the phase delay and not complicate our fabrication and test
work. In our preliminary simulation studies, the LW frequency was chosen as 100 MHz.
A 55 MHz LW device was produced under laboratory conditions.
20



3.1.1.  Mechanical analysis

The structure we propose in the thesis corresponds to a beam structure fixed from both

sides under a mechanically distributed load (Figure 9) [75].

<2b>

Figure 9: Mechanical equivalent of the proposed structure.

Here, since the beam structure is formed by hard material, AIN film, the maximum and

minimum values of a slump are very close. The amount of precipitation (y,,45) 1S given

by (6).

w b.L 12.b7 — a1 16.a.b*> 16.b3 wt]. 6
Ymax = 54174 o\ 2 ' L L ; (6)

H.h3

I'=—5=3 ()

Here, '2b' is the upper electrode width, 'L' is the released film length, and 'w' is the
distributed load (N#/m). The distance between the IDT input port and the beam fixation

point is given by 'a'. 'E" and 'I' represent the Youngs modulus and the moment of inertia,

21



respectively, and the moment of inertia for the fixed-fixed beam is given by (7). Here, 'h'

shows the beam height and 'H' its depth.

24.E.1 b.L

16.a.b* 16.b3
b '[4'

ko= L L

<12.b2 —4.1% — >—b4]_1; (8)
Based on this information, it is possible to obtain the spring constant of the system. Total
force instead of distributed load: If w = F.2b value is used, easily obtaining spring

constant with Hook's Law (F = k. y,;,4,) 1s possible (8).

By utilizing the obtained mechanical model, 3D simulation studies were got and the
amount of collapse was compared and it was revealed how this affects the LW speed on

the film.
3.1.2.  Electrical analysis

Another issue that has been examined is to get the relationship between the electrical port
and the amount of collapse. In this way, the limits of the DC voltage that will adjust the

tension in the film will be got.

€.2b.t.V?
zz—gzi (9)
F
=— (1
y k,( 0)

g=go—y (11)

In this analysis, the safe DC voltage limit is also revealed. The electrostatic force (F) that
will occur for a certain applied voltage value (V), how much collapse this force will cause
in the system with known spring constant (y), and the distance (g) between the capacitive
actuator plates because of this collapse are respectively (9), (10) and (11). Here, '¢' shows
the dielectric constant of the material between the lower and upper electrodes, 'g' the
distance between the lower and upper electrodes, and 'go' the value of this distance at rest

position (V=0) [76].

To calculate the net force in the system, the difference between the force exerted by the

voltage source and the spring force must be taken:
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Fret = k-(go _g) -
As it is known, in this equation (12), while dg > 0, 0F ,,o; > 0 should not be, therefore

€2b.t.V? . .
298 k < 0. When the maximum collapse amount is taken as y = %,

it should be

the maximum value of the voltage (13) to be applied is:

3

8.k.g> 1
Vet = ( )2; (13)

27.€.2b.t
The applied DC Voltage (V), the Force (F)/Distributed Load Value, the amount of

collapse in the AIN film and the stress generated are determined by these calculations.
3.1.3. Lamb wave velocity with thin film precipitation

The collapse in the thin film influences the velocity by triggering several mechanisms.
The most effective of these is that the change in the crystal structure after elongation
reduces the electric field and the falling potential difference value negatively affects the
wave velocity. The relationship between electric field and wave velocity is given by (14)

[77,78]. In this expression v, wave speed, f frequency, €, the dielectric coefficient of the
piezoelectric material, m the admittance of the delay line and K? the electromechanical
transfer coefficient.

2.m% f%¢
Yo e (¥

Apart from this, the change in the film density because of precipitation also influences
the LW velocity. In addition, although it does not have a large effect, it affects the time it
takes for the wave to reach the output port in the change in the delay's length line. Finally,
the physical deformation on the IDT also affects the wave velocity [79].

The electrical and mechanical model of the studies we have done has been created with
the theoretical analyzes we have shown in the previous sections. The relationship between
the LW rate and the amount of thin-film precipitation was investigated. The parameters

on which the velocity change depends are listed as the electric field decrease because of
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the change in the crystal structure after elongation, the change in the film density because
of precipitation, and the change in the delay's length line. The effect of the change in
crystal structure after elongation has been shown previously (14). In our studies, the effect
of density change was also revealed. As it is known, the volume of the objects that extend
under pressure while remaining in the elastic area varies. The object will increase in size
along the axis it extends, but there will be a length change proportional to the amount of
extension in other axes. As it is known, the length change in other axes can be calculated

with the Poisson Ratio, which is an object-specific constant. Poisson's Ratio:

When v > 0.5, the elongation decreases the volume of the object; When v < 0.5, the
volume increases with extension. In ceramic materials, it is usually around v~0.24, and

the density decreases with elongation in these materials. Since the density of the object is
given by the expression p = %, while the mass (M) is constant, the density will decrease

when the volume (/) increases.

0 Output P;llase ]]iﬂ'érence {nsb

Applied Distributed Load (kPa)

Figure 10: The relationship between the distributed load applied to the film and the amount of LW delay.

As can be seen in the expression given by density change (5), LW will change its speed.

In this relationship, it can be seen that decreasing the density will increase the speed, and
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this result is compatible with the distributed load-output phase difference relationship we

obtained previously and given in Figure 10.

Figure 11: Illustration showing thin film and distributed load.

The effect of the amount of elongation formed in the film on the volume and density by
pulling the thin-film down (Figure 11) was investigated, the variation of the wave velocity

was calculated and the extent to which it fits the results given in Figure 10 was examined.

When stress is applied in one dimension; The amount of elongation (&x, y, z) is given by

the applied stress (pressure=c)/modulus of elasticity (E). At the end of this process, other

dimensions also change and other dimensions change by —V. (%). In the most general

case, if we assume that all three dimensions are under stress, we get the set of equations

given by (15).

_% _,% _ ,%
=g Vg Vg
() o (0)
sy——VEx+Ey—VEZ
_ _y% _ % 0z
&=Vy-Vgty

(15)

If a unit volume cube is considered, the volume after extensions will be obtained as

(1+ &)1 +¢&,)(1+¢,). When the operation is performed, assuming that only one-
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dimensional shrinkage is applied, the new volume will be calculated as V = (1 + ¢, +

gy+¢€,) and the volume change will be AV = v — 1. If the expression (15) is substituted
in the equation giving the volume change, AV = (%)(1 — 2V) is calculated. Since we

initially assumed a unit volume, for any initial volume (V) it will be as given by

expression (16).

A o= (&1 —20); (16
v_o_e_(F)( — 2v); (16)

If the initial density is given as py = VM, then the density (17) can be given as:
0

M M
— = (17
= —y A7)

In this case, the density after the new spelling is:

1
p=po(;—) (18)

LW velocities can be easily calculated for two different stress values by substituting the
p and pq density values in the expression (5). For the material we use here (AIN film),
the film thickness is d=500 nm, A=9.8 um, E=340 Gpa, v =0.24 and stress values are taken
as oy, = 1000 Pa and oy, = 4000 Pa, respectively p and p, calculated.

The velocity values obtained after the calculation were calculated as:

306.68777409030617415827976578206.® ?,

306.6877733867283375974131398581. ?,

respectively. If the times to traverse the 492.5 um delay line used when obtaining the

results given in Figure 10 are calculated, it can be calculated as:
5.0449822673315312115960296068806 s,

5.0449822789053140326132051995955 us, respectively. The difference is 115.74 ps.
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The calculation reveals that the effect of density change on speed is negligibly small.
Therefore, only the effect of the change in the crystal structure will be considered while

creating the model.

3.2. Design Fabrication And Validation Of A Lamb Wave

Device

In this section, first, the new LW device structure will be explained, and the studies
carried out to reveal and test this structure will be presented. Afterward, the pre-
simulation studies that test the accuracy of the concept and the simulation results got will
be presented and the simulation studies carried out within the project will be mentioned.
Finally, studies on the tests of filter structures that have emerged by using the obtained

structure will be explained.

Generation of LW waves is classically achieved by growing IDT structures on thin film.
This process was carried out on a silicon wafer in order to allow microelectronic circuit
integration. In order to produce lamb waves, the thin film coated on silicon must be
piezoelectric. There are also methods in the literature that use CMUT structures and do
not require piezoelectric properties [97]. The electromechanical transfer coefficient,
which is an important parameter in terms of LW production, is higher in structures using
CMUT than in thin-film coated structures. Although the electromechanical transfer
coefficient got with CMUT structures gives better results, in theory, thin-film coated

plates give better results in practice because of fabrication problems.

LW fabrication on a wafer is accomplished using IDT structures, such as the SAW
fabrication process. IDT is a structure that has three ports, 2 acoustic and 1 electrical, and
generates acoustic waves propagating in two directions (Figure 4). This structure is
formed by the production of two comb-shaped electrodes nested inside each other. IDT
structures can be used alone in LW/SAW devices, or they can be used as LW send-receive
pairs by placing them together (2-port SAW devices). Between the mutually placed IDT
transmit/receive pair there is a delay line that will phase the input signal, a two-port SAW

device that we have fabricated before can be seen in Figure 12 [80].
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Figure 12: A two-port SAW device built on a piezoelectric wafer (ST-Quartz) for a biosensor

application. The transmission and reception IDT pair and the delay line between them are seen [80].

The studies to be carried out within the scope of the thesis can be evaluated under 1.
Design and simulation studies, 2. Fabrication and characterization studies. 3. Testing and
validation studies. The literature related to the studies conducted within the scope of the

thesis is discussed below.
3.2.1. Design and simulation studies

The design of LW devices requires the selection and change of many parameters such as
film thickness, electrode sizes, shapes and placements, film and wafer material, operating
frequency, and wave propagation modes [64], [65], [81]. Therefore, the design process
requires a lot of repeated fabrication. Also, analysis of the complex electromechanical
interactions during LW production is required in many applications. Because of these
needs, many modeling and analysis studies have been carried out in the literature for IDT

structures used by both LW and SAW devices as electrodes.

3.2.1.1. Developing a finite element analysis model for design,

performing analysis through simulation

While the use of IDT and LW models is a good starting point for design, the various
approximations and assumptions used during Acoustic < Electrical conversions affect
the accuracy of the calculations. Apart from this, it is necessary to use a more effective

method to better understand the acoustic interaction on the film layer. Finite Element
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Analysis (FEA) provides a more comprehensive analysis opportunity, as it uses a
differential equation solution-based method. The characteristics got by solving the
differential equation are independent of the LW device structure and are calculated
according to the properties of the material used. Within this project, simulation software
(COMSOL) from Finite Element Modeling (FEM) software was used to analyze both
electrical and acoustic interactions. This software is a widely used tool for finite element

modeling FEM, but it has some limitations previously reported:

a. In FEM software it is impossible to define a non-reflective right and left boundary to
be used for piezoelectric analysis. This problem prevents the definition of an infinite
length plate [82]. This problem, which occurs when the waves reflected from the plate
boundaries are not desired to affect the simulation results, can be solved by defining
silicon fields with high damping coefficients in the desired boundary regions [83],
[84].

b. The higher the precision, the higher the account complexity. This problem has been
reported not only in COMSOL but also in other FEM software [85]. The major
problem here is that while the distance between IDT fingers is in the order of 400-600
nm [86]-[89], the length of IDT fingers can go up to 0.5-5 mm in some applications
[86], [87], [89] and therefore the entire region must be sampled in nanometre scale.
Since the reduction of IDT finger lengths will cause the diffraction effect to be seen
in the near field, this parameter should be chosen large enough [90], [91]. To reduce
the effect of this problem, the simulation is reduced to 2 dimensional [92]. Solutions
for making it have been suggested.

c. Metal properties of IDT fingers are not considered. The effect of metal fingers can be
roughly divided into 3 groups: Electrical Charging, Mechanical Charging, and Energy
Storage [93], [94]. In most analyzes, only mechanical loading and energy storage
effects are considered. In addition, in our study, the COMSOL software was used to
model the capacitive transducers structures used in the proposed structure. Similar
FEM studies in the literature have been conducted to determine the design parameters
of capacitive micro-machined ultrasonic transducer (CMUT) [81], [95]-[100]. Since
a capacitive transducer with a structure similar to CMUT structures was used in our

study, similar approaches could be used in COMSOL simulation studies (The main

29



difference of the CT structure we used from the CMUT structure was that it did not

require vacuum).

Figure 13: Demonstration of the installed COMSOL model. The drawing on the right is side
view: Here, Si (500 pum), AIN (200-500 nm) and Cr electrode layers are shown, respectively.

In this context, in the simulation studies, a model with AIN coated on silicon and Cr
transceiver IDT electrodes was established (Figure 13). Models containing various values
of AIN between 200 and 500 nm on 500 um silicon were used and the film characteristics

were extracted. COMSOL model parameters are given in Table-1.

Table 1: Simulation parameters of the model established for the simulation studies.

The Number of CFL 0.2
Mechanical loss factor 0.001
Center Frequency 530 MHz
Horizontal spacing between ports 10.25*)
IDT Finger-to-Finger Distance 9.85 um
(Pitch)
Number of IDT Fingers 3
Delay Line Distance 492.5 um
Piezoelectric Film Length 1324.8 pm
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Si thickness 500 um
Simulation Time 375 ns
Simulation Time Step 0.2 ns
Maximum Network Element Size M5
Stiffness Damping Coefficient 1.5915 ps
Distributed Load Trials 0 kPa, 0.1 kPa, 1 kPa, 4 kPa, 7 kPa, 10
kPa

(Continue)

Figure 14: (Left) Displacement images got by 3D simulation, (Right) LW reaching receiver
IDT.

3D simulation images made using this model are given in Figure 11. Here, the system
was driven by a 530 MHz continuous wave and the propagation of the wave was
investigated. In the following studies, the same model, different AIN thin film values
were used and impulse responses, frequency characteristics and thin film characteristics

were examined. Here, a 10 V unipolar square pulse between -1e-12 and le-12 sec is used

as impulse function. Output port responses are given in Figure 15-17.
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Figure 15: Frequency response plots for 500 nm film thickness: (Left) linear scale, (Right)

logarithmic scale.
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Figure 16: Impulse and frequency response plots for 400 nm film thickness, impulse response at the top,

frequency linear scale in the middle, frequency logarithmic scale at the bottom.
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Figure 17: Impulse (top) and frequency response (bottom) plots for 200 nm film thickness.
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Impulse responses and linear and dB scale frequency responses (magnitude) of structures
with film thicknesses of 500, 400, and 200 nm, respectively, are given. First of all, it is
seen that the impulse response is received at the design frequency. In the measurements
made, designs with a film thickness of 200-500 nm show response frequencies of 530,
525, and 515 MHz, respectively. It is expected that with the increase of film thickness, a

decrease in speed and a slight decrease in operating frequency.

In addition, the negative effect of the decrease in the film thickness on the frequency
response is striking. As the thickness decreases, the peak value of the response at the
design frequency approaches the noise level of the signal. This phenomenon can be seen

more clearly in the logarithmic scale figures in Figures 15-16.

In addition, it is noteworthy that the impulse response moves away from the zero points
as the thickness increases. Therefore, as the thickness increases, the speed decreases, and
the same effect is seen in the frequency response. Although the velocity change because
of thickness is not important for our project, the relation between thickness and velocity
has been got by simulation. That the thinner film absorbs the surface wave more quickly

indicates that increasing the coating thickness will increase the signal level.
3.2.1.2. The Designs of the fabricated LW device

First, it is planned to produce LW devices at two different frequencies (100 MHz and 55
MHz). In order to determine the wavelength, it should be known which wave mode to use
and what the velocity is. Frequently used wave modes are known as zero-order
Asymmetric (Ag) and Symmetric (So). In our study, Ao wave mode is used and the LW

speed can be calculated approximately using the formula given by (5).

In addition, using the formula given by (3), which gives the LW velocity values, velocity
calculations were made through iteration. Here, frequency (f), film thickness (d), angular
frequency (o), Shear Wave Velocity (Cr), wavenumber (k), Longitudinal Wave velocity
(Cp), and Cp are used for Phase Velocity.

An initial frequency is selected and a solution is provided by iteration. In the study carried
out by preparing a MATLAB code, the antisymmetric mode lamb wave calculations we

made using the values f=100 MHz, p=3300 kg/m?, E=270 Gpa, v =0.24 and the velocity
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values we found with iteration and approximate formula (5), respectively, are 985 and

991 m/s.

Among these velocity values, 985 m/s was used, and A=9.85 um for =100 MHz with the
relation c= A.f. Thin-film coated silicon will be used since the simulation studies to be
carried out at the beginning will only be for film characterization. Therefore, the wave
will travel not only on the film but also on the silicon + film layer. In other words, one of
the SAW modes will be driven, not LW. The speed value of SAW modes traveling on
AIN film is given as approximately 5100-5200 m/s in the literature. Experimental
verification of this velocity value was done in film characterization studies. Although the
value in the literature is used, for now, the simulations will be repeated with the
experimentally obtained velocity value. Since the wavelength is determined by the
distance between the fingers and is chosen as 9.8 um above, the operating frequency

should be around =532 MHz in SAW mode with c¢= A.f relationship.

3.2.2. Fabrication and characterization studies

The step that follows the design and simulation processes are fabrication and
characterization studies. The IDT structure is usually produced on a piezoelectric wafer,
and the IDT form is formed on a sheet of metal coated on the plate [6]. Although this
production process, which has been used in the production of IDT for a long time, is
simple and stable, new fabrication methods have been proposed in recent years because
of the need for monolithic-IC in filter and sensor applications (thin-film SAW filters)
[101]. The most important advantage of LW structures when compared to conventional
SAW structures is that they allow microelectronic integration with high Q factor and
adjustable wave velocity. In our proposed structure, the thin-film piezoelectric coating is
used, so that the delay line is formed from a continuous and single medium (in the coated
piezoelectric film). The piezoelectric thin film also formed the membrane of the CT
structure placed above the delay line. In the literature, LW devices are designed using

various thin film coatings, such as ZnO, LiNbO3, PZT, and AIN.

Since it shows the best compatibility with the silicon crystal structure in our study, AIN
film, which is more preferred in recent studies, was used [102]-[105]. The structure got

by piezoelectric thin film coating of the CMUT structures we propose is like the
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Piezoelectric Micromachined Ultrasonic Transducers (PMUT) structure. Coating the
membrane parts of capacitive structures with piezoelectric material is a previously
applied and defined process [100], [106]-[111]. The sputtering process is used for the
coating process, and the most important problem reported in the studies is that the material
properties change after the sputtering process. Especially the sequence distribution should
be examined by optical methods after the process. Apart from that, the surface structure
and roughness should also be checked [112]. A study was conducted by Clement to model
SAW characteristics after sputtering Aluminum Nitride (AIN) on the silicon wafer was
coated, and the AIN film sputtered on various silicon plates was compared in terms of its
electromechanical properties. In the study, it was concluded that low resistance
conductive silicon wafers showed poor performance [113]. In a recent study, it was
reported that coating the piezoelectric film layer on IDT electrodes increases the
electromechanical transfer capacity. In this study, ZnO a piezoelectric film, and all steps

from design to fabrication were explained [114], [115].

In our study, aluminum nitride (AIN) was used as a piezoelectric thin film due to its
stronger electromechanical transfer potential. Although its coupling coefficient is not as
high as that of ZnO and LiNbOs that are also widely used in piezoelectric MEMS devices,
it has high acoustic velocity, high thermal conductivity, low acoustic loss, chemical
stability and relatively low TCF (Temperature Coefficient of Frequency) [36].
Piezoelectric AIN film structure was examined in the study by Freidel et al. For a 2 GHz
resonator designed using 1.1 um AIN layer coated on a 32 pm molybdenum layer, the
quality factor was 1000 and the electromechanical transfer constant was measured as
6.5%. When aluminum electrodes were used instead of molybdenum electrodes, it was
observed that the quality factor decreased 3 times because of high acoustic propagation

losses on aluminum [116].
3.2.2.1. Coating and fabrication of a thin-film

Within the scope of the studies described in this section, the steps for metal electrode
coating, etching, membrane release and optimization are mentioned. Within the scope of
these studies, the electrode was enlarged on the SOI wafer covered with AIN film and the

lower part of these electrodes was etched. The applied coating and etching processes are
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given in Figure 18. In addition, since the AIN film coating process was carried out in
another laboratory in the studies carried out in this section, this fabrication process was

also optimized again and the film structure was examined.
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Figure 18: Fabrication processes for electrode growth and thin film release.
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The processes for forming IDT electrodes are explained in this section. SOI wafer was
used during the preliminary studies. The SiO; (300 nm) layer will be useful both for
insulating and as an etch-stop layer when releasing the thin film. The first three lines of
Figure 18 show the steps of forming IDT electrodes on AIN film. Here, in the first step,
the SOI wafer was coated with AIN (100-200 nm) with a sputter device. Then, the top of
the AIN layer was coated with PMMA with a spin coater, and IDT electrode was patterned
by EBL. Afterwards, Cr (100 nm) coating was done with metal evaporator and lift off
process was applied using acetone bath. At the end, Cr IDT electrodes on AIN were

successfully grown (Figure 19).

Figure 19: Electrode enlarged AIN coated SOI wafer.

After this step, the work on the discharge of the part corresponding to the back side of the
IDT electrodes and the release of the thin film was started. In this context, the anisotropic
wet etching technique was chosen as a suitable technique since the silicone would have
to be bulk etch. For this purpose, KOH was chosen as a chemical that erodes Si rapidly
but slowly erodes SiO.. In KOH, SiO; etches about 1000 times slower than Si. In addition,
Si3N4 is planned to open a suitable window. The Si3Ny4 layer is hardly etched by KOH.

The last two lines in Figure 18 describe the work done to release the thin film. For this
purpose, firstly, SisNs was coated on both sides of the sample with Plasma-Enhanced
Chemical Vapor Deposition (PECVD) (Figure 20). The sample was first cleaned in
acetone and isopropyl alcohol and in an ultrasonic (US) bath. Afterwards, 50 nm Si3N4
was coated with PECVD method at 300 C temperature, 400 nm/h coating speed, 8
minutes, using Oxford Plasmalab System 100 PECVD system, which is suitable for
coating SiO; and SiN films. This step both protects the electrode side and prepares the
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back surface for wet etching. Processing time takes 14 minutes, including preheating and

vacuuming.

Figure 20: (Left) View before and after (Right) Si3sN4 coating with PECVD.

After the backside of the particleboard was coated with Si3N4, this section was prepared
for wet etching to release the film. For this purpose, the rear section is covered with PR.
The areas to be etched were opened by photolithography. For the photolithography
process, the mask is designed and aligned to open the bottom of the mask (IDT-delay
line-IDT) sections in the lithography step. The mask to be used in the Bulk-Etch process

can be seen in Figure 21.

Figure 21: Mask to be used to open Bulk-Etch areas.
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After performing this step, which can be seen in the third row of Figure 18, the back side

of the wafer is seen as given in Figure 22.

Figure 22: Surface shaped by PR after photolithography.

After the photolithography process, the SisN4 and SiO: layers must be etched. This step
is shown in Figure 18, the first figure in the last row. Inductively Coupled Plasma —
Reactive Ion Etching (ICP-RIE) technique was used for etching. With the Oxford
Plasmalab System 100 DRIE, which is optimized for Si, SiO,, and SiNx thin films, SiNx
surface was treated with ICP-RIE for 5 seconds at a speed of 400 nm/min. Then, the

surface was etched and SiO> windows were opened (Figure 23).

Figure 23: Structure with Si3sN4 and SiO; obtained as a result of the first ICP-RIE.

In the samples we obtained, 300 nm of SiO; remaining on the surface of the windows

must be etched in order to make Si suitable for etching tests with KOH. The recipe with
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an etching speed of 250 nm/min was applied for 1 minute and 15 seconds, and at the end

of the process, windows with SiNx around and Si inside were got (Figure 24).

Figure 24: Structure with SisN4 and Si obtained as a result of the second ICP-RIE.

The sample is then ready to be diced and subjected to the wet etching process. The final
state of the Sample is as seen in the middle illustration in the last row of Figure 18. The
next thing to do is to optimize the wet etching process by making more trials. Subsequent
processes were carried out in the laboratories of Marmara University, Faculty of Science
and Letters, Department of Chemistry. First, the wafer (sample) was cut into pieces using
a pen scriber (Figure 25). Then, KOH solutions were prepared at 20-30% concentrations.
For the abrasive with a concentration of 20% KOH solution, 40 g of solid KOH and 210
ml of DI-Water were used. It is also possible to add isopropyl alcohol to the solution in
order for the KOH to achieve a smoother etching surface. However, since alcohol boils
at 80 degrees, it was thought that corrosion problems might be encountered at high
temperatures, and both alcoholic and non-alcoholic solutions were tested. When alcohol
1s used, 190 ml of DI-Water and 40 ml of IPA are used instead of 210 ml of DI-Water

(Alcohol weighs half as much as water by volume). Therefore, the prepared solutions are:

a. 20% KOH, no [PA => 40 g KOH tablets + 210 ml DI water
b. There is 20% KOH, IPA => 40 g KOH tablets + 190 ml DI water + 40 ml IPA
c. There is 30% KOH, IPA => 70 g KOH tablets + 190 ml DI water + 40 ml IPA
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Figure 25: Bottom views of fragmented 33 MHz (Left) and 100 MHz (Right) LW devices, before bulk-

etching. The outer frame is Si3N4, the middle section is Si.

The chemical wet etching process was carried out at a high temperature in order to be
faster. The hottest point without boiling was chosen as 90°C. There is information in the
literature that at this temperature, approximately 175 um of etching per hour will occur.
For this purpose, the apparatus given in Figure 26 was prepared and the temperature of
the 20% KOH solution, which does not contain [PA, was increased up to 90 degrees and
fixed by controlling it with a thermometer. Afterward, the sample to be etched was placed
in the liquid. Figure 26 shows an example of both the setup and the etching process. For
example, it can be clearly observed that bubbles emerge from only the middle region and
only this region is etched (Figure 26). If there is etching in unwanted areas, the bubbles

easily show this. An image of a commonly worn example is shared in Figure 27.

Figure 26: High temperature etching setup: at 90°C, 20% KOH and no IPA.
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Figure 27: Etching of unwanted areas.

In addition, long-term abrasion tests were carried out at room temperature. Solutions used
in this process: a) There is 20% KOH, IPA => 40 g KOH tablets + 190 ml DI water + 40
ml IPA. b)There is 30% KOH, IPA => 70 g KOH tablets + 190 ml DI water + 40 ml IPA.

The samples were kept in these solutions for 19 hours and 20 minutes. Etched samples

were examined using a Profilometer and the etching process was optimized.

Various experiments were carried out using the high-temperature etching apparatus. E.g;
The Profilometer result of the sample left for 1 hour and 45 minutes at 90 °C, 20% KOH,
IPA-free solution is given in Figure 28. Because of these tests, it was found that the
sample was etched by 200 um under these conditions. Therefore, it takes 4.3 hours to etch

the 500 um-thick SOI wafer.
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Figure 28: Profilometer result of sample left for 1 hour 45 minutes at 90°C, 20% KOH, non-IPA

solution.

The profilometer results of the samples, which were kept at room temperature for 19 hours
and 20 minutes, are given in figure 29. Here, solutions containing 20% KOH and 30%
KOH provided approximately 17 um and 20 pm wear, respectively. Although these
values are quite low, the profilometer results show that the wear is of very poor quality.

The roughness of worn surfaces is quite high.
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Figure 29: Profilometer results for samples etched for 19 hours 20 min at room temperature: 30% KOH

(Left), 20% KOH (Right).

Because of the etching tests, it has been understood that wet etching at high temperatures
provides optimum results in terms of both quality and speed. The required etching time
has been determined. Since the Si0O; layer just below the thin film will act as an etch-stop,
a slight overshoot of the etching will not cause a problem. The top and bottom views of

the structure after the optimized etching process are given in Figure 30.

Figure 30: Top and bottom view of the resulting LW device.
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3.2.2.1.1. Thin-Film characterization

Our aim with this work package is to show the purposeful effectiveness of the AIN film,
which we will use as the piezoelectric layer. First, various thicknesses of the coating are
applied to a silicon wafer. For coatings, it is primarily important that they be uniform,
continuous, and have a crystal orientation to produce LW. According to the test results,
the coating process has been optimized. The measurement of the LW velocity on the
pavement was also made. Film coatings of approximately 50 nm, 100 nm, and 200 nm
were made on 100-Si wafers and the results were examined by Electron microscope
(SEM). DC sputter device was used for the coating process, and AIN was formed with
reactive nitrogen gas in pure-Al-target and Ar plasma. Initially, the Ar/N ratio was
selected as 7/3, the pressure was 7.5 mtorr and the temperature was set to 300 °C. It was
observed that the plasma was extinguished after 1 hour when DC 200W was used. When
looking at the sample, it was seen that 43 nm coating was achieved, but it was noticed
that the coating was not uniform enough in SEM images. However, no cracking was

observed along the pavement surface because of internal stress (Figure 31).

~ -
J£:43.7500m ]
] 100nm M 100nm
X 30,000 1.50kV LEI SEM R oe kLol R

Figure 31: Side and top view of the 43.750 nm AIN coating.

Afterward, the DC power was adjusted to 300 W, the pressure was reduced to 5 mtorr,
and the Ar/N ratio was given as 21/9 in order to increase the coating speed and to make
the plasma more durable. In the test performed at the same temperature, it was observed
that the plasma remained active for about 2 hours. Because of this test, AIN films with

100 nm and 200 nm thicknesses were formed using the same values.
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Figure 32: Side and top view of the 100 nm AIN coating.

In the lateral section of the 100 nm coating shown in Figure 32, the surface roughness
appears to have improved significantly. The crystal orientation also appears to be more
uniform. Based on these results, 200 nm coating was made with the same setup and

surface images were taken (Figure 33).
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Figure 33: Top view of the 200 nm AIN coating.

As expected, the orientations were congruent. The C-axis orientation of this example is
expected to be 002. For this test, an X-Ray diffraction (XRD) device will be used and the
crystal orientations are examined to whether they are suitable for lamb wave generation.
The last sample (which was coated at 200 nm) was not broken for lateral section imaging,

IDT electrodes were grown on this sample, and wave velocity tests were performed.
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3.2.2.1.2. AN film orientation tests

In the ongoing studies, coating on Silicon (100) has been carried out and optimization
studies have been completed. With the help of SEM images, it has been revealed that the
coating is performed uniformly and has an orientation. In that section, the crystal
orientation of the coated AIN film was investigated by XRD tests. And then, the
electrodes were enlarged on the film, the production processes were determined and

optimized.

With the procedure we optimized, 100 nm and 200 nm thick films (111) and (100) silicon
wafers were used, respectively. The samples were examined with the XRD device of
Marmara University Materials Engineering. The desired orientation of the AIN film has
been got, the orientation of the AIN film (002) is seen at 36° (Figure 34). However, Silicon
(111) orientation is more dominant at 28°. As the result got, the high noise level draws
attention. We evaluated that the XRD device we use is not a thin-film-optimized device
and the fact that we cut a part of the sample and put it inside the device, rather than as a

whole, may have an effect.
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Figure 34: Crystal orientations of the structure consisting of 100 nm AIN thin film layer coated on

Si(111) obtained by XRD device.

The next XRD test used a thin-film-optimized device that would not require wafer cutting.
The silicon (100) and 200 nm AIN coated sample was tested in this way and the result
given in Figure 35 was got. The Si (111) sample (the sample used in the first test) with a
100 nm AIN film coated on it was also measured in the second test. This result can be

seen in Figure 35 (left).

When this figure is compared with the figure given in Figure 34, it is seen that the second
measurements are much cleaner and the (002) AIN orientation (36°) is dominant. Figure
35 (right) As expected in the 200 nm AIN film-coated sample on the right, (002) AIN
orientation is much more pronounced than the figure 35 on the left, which can be
explained by the increase in thickness. In addition, Si (111) and Si (100) orientations are

seen in reflections at 28° and 69°, respectively.
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Figure 35: Crystal orientations of the structure consisting of 100 nm AIN thin film layer coated on

Si(111) obtained by XRD device.

The results show that the thin-film crystal structure we got has the desired piezoelectric
property. The electrodes were enlarged on the film, the production processes were

determined and optimized.

For the electrical characterization studies of the film, the electrode was enlarged on the
film and in this way, the frequency characteristics of the structure and the mechanical
properties of the wave formed on the surface (such as velocity, damping) could be

examined. For this purpose, metal electrode coating processes were carried out.

Figure 36: The test setup connected to the network analyzer of the thin film obtained as a result of

fabrication.
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The structure obtained by fabrication studies is shown in Figure 18. This structure was
connected to the network analyzer and the results given in Figure 37-38 were obtained.
The surface wave frequency driven here seems to be compatible with the results we
obtained in our simulation studies. The response, which is around 1 dB, is the highest
response seen in the 100-500 MHz range. It was thought that coating an insulator between
AIN and silicon would strengthen the response. In ongoing production, the use of SOI
both facilitated fabrication and provided insulation. The use of SOI was used as the etch-
stop layer during the film's release and also facilitated fabrication. Thin film tests also
include studies such as wave velocity measurement and extinction coefficient

determination in the time axis.

Hz -19.463 d8B

Figure 37: Obtained thin-film electrical characterization results. Magnitude plot of the S;; response at the

relevant frequency.

52



Figure 38: Obtained thin-film electrical characterization results. Phase plot of the S»; response at the

relevant frequency.
3.2.2.2. Photolithography and etching

In this section, information is given about the mask designs for the structure we simulate
and the studies for the lithography process. Lithography and shaping are necessary for
characterization studies. Metal electrode coating and etching processes required to
complete the works, such as film characterization, velocity determination studies,
damping tests, were carried out within these studies. As a result, it has been shown by

characterization studies that the thin film works as expected.

Studies carried out: 1. Positive mask usage, creation of electrodes by etching directly on
the surface 2. Negative mask design, optical lithography, and photoresist (PR) shaping
and application of lift-off method 3. E-beam lithography and PMMA shaping and lift-off
application of the method.

Let's explain these studies in order:
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3.2.2.2.1. The Processes of using the positive mask and etching the

electrodes on the surface

Electrode amplifications were performed primarily on 100 nm AlIN-coated Si wafer,
which was broken for sampling during XRD studies. Before, during and after the coating,
it was kept in acetone and then in isopropyl alcohol to be cleaned from possible organic

particles.

After cleaning, the AIN coated wafer was first coated with 200 nm Cr under 8x10°° Torr

pressure using the E-Beam Evaporator.

Figure 39: The positive mask we used in the lithography process (Right). Sample (Left) coated first with
Cr, then PR and shaped by lithography.

AZ5214 Positive PR was used in the photolithography process. It was spun for 45 seconds
at 4000 rpm and the surface was covered with 1.4 um PR. It was baked at 110 °C for 50
seconds. Shaping was done by exposing it to the 1 kW UV lamp of the Midas MDA-60
MS Mask Aligner & Exposure system for 4.5 seconds. PR was developed using AZ 726
MIF Developer. Cr etchant (Ceric ammonium nitrate (CAN) (HsNgCeOisg) : Perchloric
acid (HClOy4) : Deionized (DI) water (H2O) / 10.9% : 4.25% : 84.85%) at 60 nm/min rate

in 3 minutes 20 seconds using Cr etchant and the sensor was produced (Figure 39).

In the last step, the sample was kept in the solution in a controlled manner so that the AIN
thin film and the Cr etchant did not come into contact. Controls were made with a

microscope and the process was characterized. The generated sample was placed on the
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circuit board and frequency measurements were made using the Vector Network

Analyzer (Figure 40).

Figure 40: Example set to connect to network analyzer after Cr Developer.

However, no results were got in the measurements. In the last stage, electrode
enlargement with another process was considered, since it was thought that there might

be a problem in the controlled Cr dissolving process.

3.2.2.2.2. Negative mask design with PR shaping via optical
lithography and application of lift-off method

It was designed a mask suitable for negative photolithography to avoid Cr solvent, and to
enlarge the electrode by removing PR instead of Cr etch with the lift-off technique. By
the mask, it is produced an LW device with a wavelength of 10 um. The design was also
carried out for LW devices with a wavelength of 30 um which is the lower frequency in
the same mask (Figure 41). In this process, a 200 nm AIN coated sample was used on Si
(100), which has not been damaged yet. Negative PR is developed from AZ5214 code PR

by a 2-minute pre-firing process at 90 °C.
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Figure 41: Example set to connect to network analyzer after Cr Developer.

It was shaped by exposure to UV for 14 seconds (2 seconds with mask and 12 seconds
without mask) and again developed using AZ 726 MIF Developer for 45 seconds. In the
microscope photographs given on the right in Figure 42 after the bathing process, it was

noted that there was a mishap related to the pattern thicknesses after shaping with PR.

Since the PR was not sufficiently dissolved, it was abandoned the planned Cr coating
process after the bath, to remove the PR from the surface and to repeat the process. It was
noticed that the patterns on the wafer did not disappear even though the wafer was left in
acetone for a sufficient time and kept in an ultrasonic bath for cleaning the PR on the
surface. Therefore, it was understood that the patterns seen after the acetone bath were

not PR and that the AIN film had some etch.

-

Figure 42: Image after cleaning of the sample damaged by the developer: Dissolved AIN (Brown) and
undissolved AIN (Blue).
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Since we only use PR and PR-developer, the effect of these chemicals on AIN film was
investigated. We noticed that the AZ 726 MIF Developer solution we used in the bathing
process contains TMAH (Tetramethylammonium hydroxide) and this solution etch the
AIN layer (Figure 42). The thickness was measured with an ellipsometer, and the AIN
thickness in the regions we thought were dissolved AIN was determined to be around 84
nm (Figure 43). Because of this information, a new procedure that does not require the

use of PR has been planned.
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Figure 43: Ellipsometer device and measurement result.

3.2.2.2.3. E-Beam lithography patterning with PMMA and
application of lift-off method

To avoid AZ 726 MIF Developer, it was decided to change the lithography method to E-
Beam Lithography (EBL). In the new method, the lift-off technique will be used again,
but this time PMMA, which has a ketone solvent and does not damage the AIN film, is
considered instead of PR. Since the PMMA surface is shaped by dosing with electrons,
the EBL device was used. Instead of making a new coating, the intact parts of the wafer
(with undissolved AIN of blue color) were cut and processed on them (Figure 44). During

the cutting process, care was taken not to lose the crystal orientation in the new parts.
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Figure 44: Wafer during the cutting process.

Before EBL, Copolymer (MMA (8.5) MAA EL11) and 950k PMMA A2 were spun,
respectively. The spinning process was carried out in two steps. In order for PMMA and
MMA to spread smoothly on the surface, solutions were dripped on it for the first 4

seconds, at 1000 rpm, and then it was allowed to spin on its own for 50 seconds at 4000

rpm.

F

Figure 45: Pre-coating microscope images are as follows.
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Then, the liquid solution was completely evaporated by keeping it at 170 C for 3-4
minutes, and ready samples were obtained for EBL shaping with 0.5 pm thickness. In the
EBL process, shaping was performed with the Vistec EBPG 5000PlusES tool at a dose
of 850 uC/cm2. After shaping, PMMA on the surface was bathed in a mixture of MIBK
(Methyl isobutyl ketone) and isopropyl alcohol (Developer) for 1 minute. Then, as a

stopper, our sample with a shaped 500 nm thick PMMA surface was obtained, which was

kept in pure isopropyl alcohol for 30 seconds and ready for Cr coating (Figure 45).

Figure 46: (Left) Dummy wafer plate used for coating. (Right) Wafer pieces after coating.

Figure 47: Microscope images after Cr coating.

The surface of the sample was coated with 150 nm chrome under 8 x 10 Torr pressure
using an e-beam evaporator (Figure 46-47). Maximum 1:3 ratio required for lift-off was
achieved with PMMA at 500 nm. Afterwards, the coated samples were thrown into
acetone for the lift-off process and the PMMA under the chrome on the surface was

expected to dissolve (Figure 48).
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Figure 48: Acetone bath.

After one hour of waiting, it was observed that the fine Cr on the surface was removed
and the electrode coating deteriorated during the ultrasonic bathing process of the lift-off

process. Two possibilities have been considered for this:

a. The 150 nm Cr coating was too thick and did not fit proportionally with the 500
nm PMMA.

b. Oxygen plasma treatment was not done before Cr coating and PMMA residues
remaining on the surface caused the Cr, which should not be removed, not be able

to adhere to the AIN surface.

Figure 49: (Left) Sample after Cr coating process, (Middle and Right) microscope images.
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Figure 50: IDT electrode enlarged sample with success after lift off.

Afterwards, the EBL procedure was repeated. By applying oxygen plasma for 10 seconds,
the surface was completely cleansed of residues. Using the E-Beam Evaporator, the Cr
coating made under 8 x 10 Torr pressure was reduced to 100 nm (Figure 49-50). Thus,

two possibilities that could cause this error were eliminated.

Figure 51: Microscope images of successfully magnified samples of the IDT electrode.

After placing the wafer coated with Cr in acetone and waiting for 1 hour, it was seen that
our design was formed successfully. An ultrasonic bath was made with acetone in order
to get rid of Cr residues of the kept sample. Then, the microscope images are as in Figure

51 after it is bathed in isopropyl alcohol for cleaning and dried with nitrogen.
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4. RESULTS

4.1. Fabrication

In our thesis, ready-made epitaxial film on the silicon chip was taken as a template to
facilitate fabrication studies. Thus, crystal orientation was as smooth as possible.
However, although the characteristics of the materials are known, characteristic tests for
the coated film should be performed. First, the crystal orientation of the material should
be tested. This test was examined by the X-Ray Diffraction (XRD) method, it was
determined that there was no orientation problem. In addition, the coated surface
morphology and roughness were checked. In addition, velocity tests and damping tests of
the Lamb Wave were also carried out. LW speed is an important design parameter for the

project and its value has affected the design and simulation studies to be performed.

For this reason, an experiment to measure the speed of the acoustic wave is planned in
our thesis. This setup, illustrated in Figure 52, includes two conventional 2-port LW
devices on AIN coated film. These LW devices have the same center frequency, but while
the delay line of one of their devices is 10, the delay line of the other is 20A. The LW
speed was determined by measuring the time difference in the delay lines with two
separate transmit and receive tests to be carried out with two separate experiments. In this
method, two LW devices must be produced far enough from each other to minimize the
reflection effect. This speed value has been verified by measuring the center frequencies
of the LW devices in the spectrum analyzer. The attenuation of LW waves was
investigated using the same experimental setup and how much the amount of attenuation
changed depending on the distance was measured at the center frequencies of the LW

devices tested.
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Figure 52: Demonstration of the circuit assembly to be set up to measure the LW speed.

The velocity and damping values got in thin-film characterization studies are important
in terms of their use in design and COMSOL simulation studies. However, if a problem
is encountered, the use of velocity and damping values reported in the literature will not

be a problem for further studies, although it is not sensitive enough.

The second stage of the fabrication process is to produce according to the design
parameters clarified by simulation studies. During the production, ready-made silicon
chips coated with 500 nm film were used. The bottom of the thin film layer was evacuated
as desired and the electrodes of the CT structure were placed. For the fabrication of the

structure proposed in Figure 53, the following production steps are designed:
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Figure 53: Fabrication processes of the Adjustable-Phased Lamb Wave Device via Analog-
Voltage-Controlled.

Al. 400 nm Si3N4 coating to both sides of a DSP (Double Side Polished) Si wafer with
Plasma-Enhanced Chemical Vapor Deposition (PECVD). The top coating is used as an
etch-stop. The under-coating is used window patterning stage via photolithography for
wet etching.

A2.200 nm AIN coating on Si3N4 (Sputtering).

A3. IDT patterning using Polimetil Metakrilat (PMMA) and Electron-Beam Lithography
(EBL). First, Chromium deposition for IDT Electrodes, and then, the surface is covered
with photoresist and shaped with EBL, then IDT is shaped with the lift-off method.
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Afterwards, the photoresist was cleaned and the IDT structures and the upper electrode

were obtained as Figure 54.

Figure 54: The final version of Cr IDT coated LW device after EBL.

A4. 1 pm photoresist (PR) protection layer on the IDT electrodes.

AS. Backside window patterning and, A6. dry etching of Si3N4 under the electrodes,

A7. Bulk wet etching of Si under the electrodes (using 30% KOH). Anisotropic bulk
silicon etching: Anisotropic silicon etching is a widely used and well-characterized
technique for machining bulk silicon in MEMS technology, using chemicals such as
Potassium Hydroxide (KOH), TetraMethyl Ammonium Hydroxide (TMAOH). It is a wet
etching technique and is performed by immersing the sample in a chemical bath and
waiting (Figure 55). The most important advantage for our process is that the underlying
surface is very flat because of the crystal plane and the process can be controlled very
well. After this step, the remaining silicon height on the chip should be measured. This

distance is important to determine the distance between the electrodes of the CT structure.
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Figure 55: Si layer with SiN framework to be wet-etched with KOH.

AS8. The SiN under the AIN film stops the etching operation. Acetone rinse.

B1. 1 um PR is coated and cured on a doped Si wafer.

B2. Pattern a window, which has a bigger area than IDT electrodes. Put the top structure
(B) on top of IDT electrodes on the bottom structure.

C. The window on the top structure will be aligned on the IDTs. The top structure forms
a CT structure that is connected to a DC analog voltage (DC => p-doped Si, GND =>
Chromium coating on the bottom structure). The bottom structure has two ports for RF

signals (input/output).

Post-production thin film thickness was tested with a surface profilometer. The
morphology and purity of the film were checked using an X-ray fluorescence device.
Apart from that, the membranes were examined optically. Processes planned for
production are defined processes that are frequently used in fabrication processes.
Therefore, there was no problem. However, if an error was detected in the test processes
of the post-production devices, the production process was investigated against the

possibility of an error and the production was repeated if necessary.

Another fabrication process was made for conventional two-port LW devices with the

same design parameters but without an adjustable delay line. The manufacturing
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processes of these devices are the same, but only the steps for creating CT structures have
not been implemented. The LW devices to be got with this production stage were used in

test studies to set a standard for comparison.

The first step in the testing and verification process was the reflectance and transmission
impedances of LW devices were measured with Network Analyzer (4 GHz) and RF
Signal Generator (1 GHz) (Figure 56). At this stage, besides testing the functionality of
LW devices, the classical LW device and the LW device with CT structure were
compared in terms of reflection and transmission impedances. It is expected that the

reflection parameters of these two devices would be similar.
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Figure 56: (a) The transmission characteristics of the classical LW device and (b) the adjustable delay
line LW device using a spectrum analyzer and (c) the transmission characteristic of the classical two-
terminal SAW device with a design frequency of 16.8 MHz manufactured on a piezoelectric (ST-Quartz

material) wafer.

In the second stage, the amplitude and phase values of the transmission impedance and
the phase change were investigated by applying the maximum precipitation value to the
DC voltage input of the structure containing the CT. It should be seen that the applied
voltage value can change the phase. In addition, it has been verified by experiments that
a sinusoidal is applied to the input at the design frequency and an adjustable phase
difference occurs in the output voltage. These measured characteristics are also

compatible with the characteristics obtained in COMSOL simulation studies.
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4.2. Simulation

Preliminary simulation studies were carried out for the tests of the aforementioned
structure and concept, the 3-dimensional version of the model, the 2-dimensional cross-
section, and the element mesh used are shown in Figure 57. In our preliminary simulation
studies, a two-dimensional model of the system was used to reduce the computational
load. In this model, the center frequency is chosen as 100 MHz. Since the thin film
thickness we used in our thesis is 500 nm, the same film thickness was used in the

simulation model.

Figure 57: Element mesh representation of the 3D model (upper left). The progression of the Lamb Wave
in the established model (upper right). Section (bottom) used in 2D simulation studies to reduce

simulation time and complexity.

In the light of these parameters, phase velocity was calculated as 985 m/s by using
dispersion curves for Lamb Wave Ao mode. The dispersion curve got for the Lamb Wave
Ao mode can be seen in Figure 58. The value calculated by the numerical method was
found to be quite close to the approximate velocity (971.3 m/s) calculated analytically
using the formula given by the expression (4). The wavelength associated with this can

be calculated as 9.85 um.
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Figure 58: Dispersion curve obtained by numerical solution of Rayleigh-Lamb Equations. This curve is

obtained for LW Ao mode using =100 MHz and AIN film mechanical properties.

The distance between the IDT fingers was determined by the wavelength. The distance

between two opposite IDTs was chosen as 50 wavelengths. It is foreseen that the 5S0A long

delay line will attenuate below 50 dB at the design frequency

(Figure 59.a). The

simulation time was chosen as 37.5 cycles, 37.5/100 MHz in seconds. This time is

sufficient for the generated Lamb Wave to reach the counter electrode

signal to reach a continuous state.

The maximum mesh element size used in the simulation studies was

nm (Figure 59.b). Considerations in this calculation are that the IDT

and for the received

calculated as 123.2
fingers of width A/4

should be well-sampled, and it should be ensured that enough mesh elements are taken

across the film thickness, and the maximum mesh element size should be chosen small

enough then the wavelength.
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Figure 59: (a) 3D representation of IDT electrodes. (b) The view after meshing.

The simulation calculation time interval (tsiep) Was set as 0.2 ns. Mechanical stiffness
damping coefficient was used as 1.6x107% sec. A sinusoidal input with an amplitude of
10 V at 100 MHz is applied to the model and the output voltage is observed. All

parameters used are given in Table 2.

Table 2: Simulation parameters of the model established for the preliminary simulation studies.

Lamb Wave phase velocity 985 m/s

Center Frequency 100 MHz
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Wavelength 9.85 um
IDT Finger Thickness 2.4625 um
IDT Finger-to-Finger Distance 9.85 pm
(Pitch)
Number of IDT Fingers 3
Delay Line Distance 492.5 um
Piezoelectric Film Length 1324.8 uym
Piezoelectric Film Thickness 500 nm
Simulation Time 375 ns
Simulation Time Step 0.2 ns
Maximum Network Element Size 123.12 nm
Stiffness Damping Coefficient 1.5915 ps
Distributed Load Trials 0 kPa, 0.1 kPa, 1 kPa, 4 kPa, 7 kPa, 10
kPa
(Continue)

In Figure 60, the two-dimensional model and the dimensions used are given. These
dimensions are shown as AIN film thickness 500 nm, film length 1324 mm with IDT
structures, delay line length 492.5 pm, and two adjacent IDT finger distances of 9.85 pm.
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Figure 60: Constructed model and IDT fingers with measurements.

Boundary conditions are fixed from the right and left sides of the membrane. A
homogeneous force was applied along the IDTs and the delay line and phase
measurements were made between the input-output voltages for various values of the
stress created by the force. The stresses and propagation of the LW wave for 0 and 10

kPa values are shown in Figure 61.

T

"

Figure 61: Stretching in the film with no distributed load (top) and 10 Kpa load (bottom) (stretching is

exaggerated for clarity). Progression of the generated single cycle lamb wave.

When the output voltages of the adjustable phase LW device excited with the same input
are measured for various force values, it is seen that it reaches the output electrode with

a delay of 7 ns for the highest force and 0.4 ns for the lowest force (0.1 kPa).

In Figure 62, the output voltages read for various distributed load values are given one
above the other. The phase difference between the output voltages is clearly visible. As
the distributed load increases, the speed of the Lamb Wave slows down. This result is
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consistent with the results got in the literature characterizing the LW velocity under stress

[48].
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Figure 62: Output voltages read for various distributed load values between 0-10 kPa.

The power-phase relationship is obtained by reading the delay values of the output

voltages from Figure 62. It is seen in Figure 63 that the phase difference value increases

as the applied force increases. It is also seen that the force-velocity relationship is almost

linear.
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Figure 63: Phase differences read in output voltage for various distributed load values between 0-10 kPa.

It is seen that the phase differences-distributed load relationship is almost linear.

Although the preliminary simulation studies show the accuracy of the concept of making
up the subject of the project, simulation studies in which the system and parameters are
handled and examined more comprehensively are required. Within simulation studies, 1.
Getting the relationship between the applied voltage value and the stress collapse amount
when the collapse amount in the designed CT membranes is maximum, 2. Performing
tests for different thin film thicknesses, 3. Examining the relationship between membrane
tension and LW damping, 4. Membrane length and determination of the optimum value
of the depth ratio (I/h) of the CT structure, selected simulation studies will be repeated
using a 3D model. Applications such as beamforming and filtering and performing the
proposed structure in these applications will also be investigated through simulation

studies.
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The design parameters before the fabrication step were optimized using simulation
studies. In addition, a model has been created for the design (Figure 7) for shifting the
center frequency with simulation studies and its operation has been examined. Variables,
such as the change of the frequency band of the modeled LWR device and the shift range

of the center frequency, were investigated by changing the system parameters.

Following the simulation studies, fabrication and verification studies were carried out,
and in the last part of the project, the use of the obtained structure as a phase-shifting
narrow-band filter was experimentally shown. The parameters such as Q factor and
frequency band of the filter were got and the effect of phase-shifting on these parameters

was investigated (Figure 64-65).
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Figure 64: Network Analyzer results for the manufactured device, Center Frequency is 55 MHz.
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S. DISCUSSIONS AND EVALUATIONS

To enhance the sensor performance and stability, a reduction in insertion loss and
unwanted spurious effects is essential. These reductions can be achieved by using a
piezoelectric substrate with a high electromechanical coupling coefficient and controlling
a few parameters, such as the IDT type, IDT length, aperture, and delay line length.
Among these parameters, the IDT type is the most important parameter for realizing low

insertion loss and improving device stability [26].

Our FUTURE APPROACH in the study is to try the FIDT (focused-IDT) structure, so a
novel IDT approach for LW devices and to compare its performance data. We propose

that energy loss in the delay line will be reduced and more efficient filtration will be made.

Because of the searches made through YOKSIS, some theses that were previously studied
with Lamb Waves were determined. Lamb Waves were used in the imaging of layered
structures via a conical axion structure by focusing with an acoustic microscope

(Yemisgiler, 1989) [117].

In studies on Acoustic Microscopy (Bozkurt, 1994), (Yaralioglu, 1994), non-contact and

non-destructive testing was performed using Lamb Waves [118], [119].

Capacitive micro-mechanics studies (Bozkurt, 2000) have been carried out to generate

and detect ultrasonic sound waves [120].

Lamb Waves, which have high energy efficiency in interface acoustic waves, were used

for liquid density measurements (Bostan, 2017) [121].

Lamb Waves took part in an experimental study on damage detection technologies

(Y1lmaz, 2018) for the control of micro-cracks on surfaces [122].

These studies did not focus on evaluating the efficiency and sensitivity of the effects of
IDT formation in the production of Lamb waves. We are investigating that a higher
efficiency filter can be produced on the basis of the increase in sensitivity and energy
efficiency brought by the innovative FIDT structure that synthesis with proposes in our

study.
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6. CONCLUSION

The lamb wave (LW) based MEMS, have an important potential to use in new generation
high-frequency filters, oscillators, and sensor designs. LW oscillators stand out among
MEMS technologies with their CMOS compatibility, high-frequency operation, low
motion impedance, and multi-frequency operation. LW Devices are formed by
depositing comb-shaped transmit/receive electrodes (Interdigital Transducer, IDT) on a
thin piezoelectric membrane. IDT structures can transmit and receive acoustic waves,
but they cannot control the wave properties that are determined during fabrication,

such as speed, frequency, and phase.

A two-port novel-lamb wave narrow-band filter design is proposed in this study. The LW
filter enables control of the amount of phase difference between input and output
signals. The structure contains a 2-port LW device fabricated using aluminum-nitride
thin-film. A capacitive transducer (CT) is mounted to the cavity above the film to apply
mechanical stress to the film. The CT transducer is excited by an analog voltage, which
controls the stress inside the film. The stress results in a phase velocity change in the LW
traveling through the film. The change in velocity leads to a phase difference between

the input and output signals of the LW filter.

The physical structure is analyzed using a finite element model, that is built using the
COMSOL multi-physics tool. The proposed concept is proved and the design parameters
are optimized during the simulation studies. We have tested an LW device that has 200
nm AIN film and two-ported IDT structures that can excite acoustic waves with 100 MHz
center frequency. A CT is placed under the film with a 1um distance between its plates.
The relation between the voltage applied to the CT, and the stress vs LW phase
difference relation is investigated. The simulation shows that 1.2882-1.2993 radian
phase shifts are provided by using 0-34.6 kPa applied stresses respectively, while the
response is almost linear. These stress values can be provided by voltages applied to CT

between 0-50 V respectively while the response is exponential.

For the fabrication, the wafer bonding technique is used: A. Bottom and B. Top structure.
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Fabrication steps for bottom structure as Schematic 1: A1. 400 nm SiN coating to both
sides of a DSP-Si wafer (PECVD), A2. 200 nm AIN coating on SiN(Sputtering), A3. IDT
patterning using PMMA and EBL, A4. Chromium deposition (IDT Electrodes) and lift off,
A5.1 um PR protection layer on the IDT electrodes, A6. Backside window patterning and
dry etching of SiN under the electrodes, A7. Bulk wet etching of Si under the electrodes
(using 30% KOH) A8. The SiN under the AIN film stops the etching operation. A9. Acetone

rinse. The LF filter is ready.

A9

Final Struct

Schematic 2: Fabrication steps for top structure, and the schematic of the final form.

Fabrication steps for top structure as Schematic 2: B1. 1 um PR is coated and cured on a
doped Si wafer. B2. Pattern a window, which has a bigger area than IDT electrodes. Put
the top structure (B) on top of IDT electrodes on the bottom structure. The window on
the top structure will be aligned on the IDTs. The top structure forms a CT structure that

is connected to a DC analog voltage (DC => p-doped Si, GND => Chromium coating on
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the bottom structure). The bottom structure has two ports for RF signals (input/output).
In this thesis, the simulation results and the fabrication technique will be presented in

detail. The results and the details about future work will be mentioned.
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