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OZET

MiIKROSTREOLITOGRAFI TEKNIGI KULLANILARAK
SICAKLIK SENSORUNUN TASARIMI, ANALIZI VE
URETIMI

Sensor teknolojilerindeki hizli gelismeler, son birka¢ on yilda nanoelektronik yap1
iiretim tekniklerimde yapilan teknolojik ilerlemeden olumlu yonde etkilenmistir. Mikro
fabrikasyon tekniklerinin kullanilmasi performans ve giivenilirligi artirirken diger
yandan fiziksel boyut, hacim, agirlik ve maliyetin azaltilmasina da yardime1 olmustur.
3D baski teknikleri ve ekipmanlari alanindaki siirekli gelismeler, elektronik yapi, devre
ve cihaz imalat1 alaninda ve diger bir¢ok alanda kullanilmasini saglamistir. Bu ilerleme,
silikon bazlt mikro ve hatta nano elektronikler kullanilarak bir entegrasyon yoluyla
sensorlerin potansiyel olarak yazdirilmasini miimkiin kilmigtir. Halihazirda bu tiir

cihazlarin ve yapilarin iiretimi ve ambalajlanmasi, agir bir sekilde yavas olabilen ve

onemli isleme gereksinimleri igerebilen litografiye baglhdir.

Bu tezin temel amaci, Iki Foton Polimerizasyon tabanli 3B baski teknigi yontemlerinden
biri olan Dogrudan Lazer Yazi iiretim yontemini kullanarak sicaklik algilayict bir IDT
yapisi tasarlamak, analiz etmek ve imal etmektir. Buna ek olarak, gelistirilen algilama
yapisinin Sonlu Elemanlar Analizi ve modellenmesi ve sicakliktaki degisimler

kullanilarak karakterizasyonu bu ¢alismanin en 6nemli amaclari arasindadir.

Yiizey akustik dalgas1 kullanilarak sicaklik algilamanin ¢alisma prensibi detayli olarak
arastirilmis ve son imalat siirecinden 6nce algilama yapisinin tasarimini optimize etmek
icin sonlu eleman tabanli ¢aligmalar yapilmistir. Simiilasyon yoluyla elde edilen
sonuglar 1s131nda IDT yapulari iiretilmistir. Uretilen yapilar daha sonra iiretim sirasinda
herhangi bir kusur olup olmadigini kontrol etmek i¢in elektron mikroskobu kullanilarak
incelendi. Daha sonra, bir vektor ag analizorli kullanilarak rezonans frekans tepkileri
Olgiildii. Buna ek olarak, fabrikasyon algilama yapilarinin karakterizasyonu
gergeklestirilmistir. Son olarak, bu ¢alismanin 6n sonuglari sunulmus ve simiilasyon ve

pratik testler ile karsilagtirmasi1 yapilmastir.

Ocak 2022 Tayyab WAQAR
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ABSTRACT

DESIGN, ANALYSIS AND PRODUCTION OF
TEMPERATURE SENSOR USING
MICROSTEREOLITHOGRAPHY TECHNIQUE

The rapid advancements in sensor technologies have been affected positively by the
technological progress that has been made my nanoelectronics structure fabrication
techniques over the last few decades. The use of micro-fabrication techniques has
increased the performance and reliability, while on the other hand, it has also helped in
reducing the physical size, volume, weight, and cost. Continuous developments in the
field of 3D printing techniques and equipments have enabled its usage in the field of
electronics structures, circuits, and devices fabrication as well beside many other fields.
This advancement has enabled the potential printing of sensors, via integration using
silicon-based micro or even nanoelectronics. Currently, the manufacturing and
packaging of such devices and structures are heavily reliant on lithography, which can

be slow and can involve substantial processing requirements.

The main aim of this thesis is to design, analyze and fabricate a temperature sensing
IDT structure by employing the Direct Laser Writing fabrication method which is one
of the forms of Two-Photon Polymerization based 3D printing technique methods. In
addition to that, Finite Element Analysis and modeling of the developed sensing
structure and the characterization using changes in temperature are among the most

important objectives of this study.

The working principle of temperature sensing using surface acoustic wave was
researched in detail and finite element-based studies were performed to optimize the
design of the sensing structure before the final fabrication process. In the light of the
results obtained through simulation, the IDT structures were fabricated. The fabricated
structures were then inspected using an electron microscope to check for any defects
during the fabrication. Afterward, their resonant frequency response was measured
using a vector network analyzer. In addition, the characterization of the fabricated
sensing structures was performed. Finally, the preliminary results of this study are

presented and the comparison with the simulation and practical testing is performed.

January 2022 Tayyab WAQAR



CLAIM FOR ORIGINALITY

Temperature sensing IDT structures, in micrometer dimensions, were modelled,
analyzed and fabricated using Direct Laser Write based 3D printing technique in this
research. At present, the fabrication of such structures and sensors is normally realized
using conventional lithography techniques. These conventional fabrication methods
require strict following of the processes in order to produce the exact same results and
hence are more time consuming. The proposed method is based on using a 3D printer to
realize the fabrication of the sensor and is automated, therefore, it requires

comparatively much less effort and time. The novelties of this research are stated below:

e Two-Photon Polymerization based Direct Laser Writing technique was utilized
for the fabrication of the sensing IDT structure using a 3D printer. 3D printers
are normally employed for printing macro size structures. Many printing
techniques that can utilized for the production of structures in micro sizes have
been researched and a couple of printers are produced in recent years. However,
the novelty of this study is to employ such printer to fabricate a temperature
sensing IDT structure using a mixture of Gold and Chromium materials with the
smallest feature size as little as 3 pm. The originality of this research lies in the
production of such a structure a 3D printer with low cost and very little workload.

Nothing similar to our research was observed during the literature review.

January 2022 Assoc. Prof. Dr. Sezgin ERSOY Tayyab WAQAR
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1. INTRODUCTION

The aim of this chapter is to introduce the motivation and objectives of this research. In
addition to that, this chapter also provides introduction to Surface Acoustic Wave (SAW)
sensors along with their history, working principle and applications. This chapter also
covers the topics of fabrication of sensor using 3D printing technique especially for SAW

sensors. Organization of the thesis is also provided in this chapter.

1.1 Aim and Objectives:

Sensors have become an integral part of our everyday lives by helping us converting
packets of data to make important decisions. Due to this reason, researches are done
constantly to improve the fabrication processes of sensors by making them more user-
friendly, less time-consuming, and more cost-effective. The application of any fabrication
solution that offers those advantages will have a major impact on the manufacturing of
modern sensors. In order to address this, a Micro Electro-Mechanical Systems (MEMS)
based 3D printed SAW structure for the detection of temperature has been presented in
this thesis. To realize the fabrication of the said SAW structure, initially the designing
and analysis, Finite Element Analysis (FEA), were performed using computer simulation
software such as COMSOL. Optimal conditions were examined and deduced in the
virtual domain before moving on with the fabrication of the structure. To summarize, the

objectives of this thesis are:

e Designing of a SAW structure

e Analysis of the designed SAW Interdigital Transducers (IDT) structure using
computer simulation program such as COMSOL

e Investigation for the possibility of 3D printing the designed and analysed SAW
IDT structure

e Fabrication of SAW IDT structure using 3D printing techniques

e Characterization of the fabricated IDT structures

1.2 Overview:

Sensor-based technologies are playing an enormous role in fostering social and

economics-based advancements in emerging economies all over the globe. To support the



necessary technological development in the field of printed electronics [1-3] , hence in
the field of sensors, both the researchers [4] and the industries [5] are working in
alignment. Research and development are done to cut down the costs [6] and the time [7]
to mass-produce sensors that are directly related to the efficiency [8—10] of the production
and carries a huge benefit for the industry and also to the end-user. One such technique
which can help the advancements towards this common goal is known as 3D printing and
it is already being employed to produce parts for industries such as automotive which
greater speed and accuracy. To facilitate the process of 3D printing for sensor
manufacturing, ink-jet printing, a technology commonly used in both personal and
commercial environments, has surfaced in preference to conventional electronics
fabrication practices [11-14]. Au Et al. compared the cost of a traditionally manufactured
sensor, i.e. via lithography, to a 3D printed technology, i.e. stereolithography, and found
the difference to be 15 USD [15]. Not only the cost, but the simplicity of the 3D printing
technique plays an important role here as it makes the reproduction of the same structure
with minimal human effort. In addition to that, the sensitivity, and the accuracy of the

printed sensor, compared to the traditional ways, are not affected [16, 17].

Several 3D printing technologies are being currently utilized and are also researched for
their implementation in the sensor fabrication process and one of them is based on
Aerosol Jet (AJ) method which can directly print the required sensing structure on the
provided substrate. AJ-based direct structure writing technique has been used for the
realization of strain sensor [18-20], electrochemical and biosensors [21], antennas [22],
electronic interconnect devices [23], transistors [24], solar cells [25, 26], electrothermal
actuators [27] and microbeams [28]. This works focuses on the use of the AJ-based

printing method for the Surface Acoustic Wave (SAW) based passive temperature sensor.

SAW devices have found variety of applications in fields ranging from harsh
environmental monitoring systems to communication systems and so on. They are
majorly being deployed as filters, oscillator and sensors too. Their theory was first put
forward by Lord Rayleigh in 1885 [29]. SAW-based devices use the principle of
piezoelectric effect to convert an electrical signal to a mechanical wave, Rayleigh wave
which is a transversal wave, which then propagates through the piezoelectric substrate to

the other transducer which then changes it back to an electric signal. The properties of the



Rayleigh wave and the principle of the piezoelectric effect need to be understood correctly

for the application of them as a sensing device [30].

A radio wave is emitted using a wireless interrogation device which then energizes the
SAW device using the opposite of the piezoelectric effect. The radio wave is transferred
to IDT via an antenna. The IDT converts the received electrical signal to a transversal
wave, Rayleigh wave, which then propagates along the piezoelectric substrate to form a
resonator. This structure has a unique resonating frequency at each temperature and once
the structural parameters of the SAW resonator are known, it can be utilized as a

temperature sensing structure [31].

SAW sensors first gained attention in 1960s due the rise of Non-Destructive Testing
(NDT) of systems where researchers thought that they could play an integral role in the
experimentation and testing. The idea was supported by many publications which
investigates the theoretical process of generating surface acoustic waves [32]. Depending
on that, the very first SAW sensor, in the form of a uniform IDT produced on a crystal
quartz substrate, was fabricated in 1965 [33]. That accelerated the researches in SAW
device in the form of suitable piezoelectric materials to be deployed as substrate [34—36]
and also regarding the fabrication technology for the production of such devices. These
studies concluded that the accuracy of SAW devices is directly dependent on its frequency
and the dimensions of IDT. In the light of these conclusions, millions of SAW devices

are produced and used for multitude of applications.

Due to the small dimensions, low cost, and great sensitivity of SAW sensors, they are
currently favoured over the other sensors. These devices can measure many physical
factors i.e., temperature, pressure, gas and humidity. Some of the most distinct features
of the SAW devices are their ability to be deployed in harsh environments and their ability
to work in a passive wireless manner. In 1980s, after the results of studies related to SAW

sensors were published, their potential applications in several fields started to appear.

One of the early studies into SAW sensing resulted in the modelling of their equivalent
circuit in 1960s [37]. This research formed the foundations of a later study which
developed a delta function model of SAW device in 1970s [38]. Taking advantage of

those results, an impulse response model of the SAW device was developed in 1970s



[39]. These early researches formed the foundations for the current studies to be
conducted in the field of SAW that focuses more on performance improvements. In the
late 1970s the variables related to the electrical and mechanical properties of SAW in the
form of mixed matrix SAW transducer was described [40]. Application of coupling of
modes model, most popular method for modelling SAW currently and initially utilized
for microwave modelling, was performed in the late 1980s [41]. This model was then
further developed in early 2000s ultimately transforming the P-matrix to transmission

matrix hence forming the basis of application of cascaded SAW devices [42].

With the advances in computing technology, several tools for FEA were developed which
produces much more accurate analysis results for SAW devices with complex structures
in terms of both geometry and materials. Examples of these tools includes COMSOL and
ANSYS among others. These tools are utilized for the simulation of delay line
configuration [43], dimension reduction of SAW model [44], high frequency modelling
of SAW devices [45], and modelling of wireless SAW systems [46] among other different
parameters. In addition to above mentioned FEA approaches, many commercially
targeted applications of SAW devices have also been developed. A couple of example
includes a passive wireless sensor using USRP B200mini [47] and a university fabricated
SAW device which utilizes orthogonal frequency coding technique [48]. Fabricated SAW
devices are also used to detect and measure temperature [49], pressure [50], strain in
process monitoring [51], torque monitoring [52], chemical vapours and gases [53] and

biosensing applications [54].

SAW-based sensors can provide medical [55], telecommunication [56], consumer
electronics [57, 58], automotive [55] and industrial [57] sectors with a wide range of use
cases. Due to their passive sensing capabilities, SAW devices can be utilized in harsh
operating conditions where normal electronic circuits cannot be used i.e. high
temperatures. Normally, SAW-based sensors are fabricated using traditional methods
which requires a clean room facility and the obligation to follow complicated several step
processes [59] using lithography [60] but the advancements in the 3D printing
technologies have allowed the researchers to apply them to sensor fabrication process.

These technologies can directly print nanoparticles onto the substrate to fabricate a



sensing structure. They decrease the process steps and allows the efficient use of the

materials as compared to traditional lithography [61-64].

For this work, the AJ-based stereolithography printing method will be of the focus. This
printing method will be explored for the fabrication of a SAW-based temperature sensor.
The development of such a sensor is very much in line with the current requirements of

many industries. [65—69].

1.3 Organization of Thesis:

This dissertation is organized into 5 separate section. All of these sections provide the
necessary explanation to understand the aim, theory, workflow process and results of this

research. Those sections are:

¢ Introduction

e SAW Sensing: Introduction, Theory and Devices
e Design and Fabrication Methodology

e Results and Discussion

e Conclusions

The introduction defines the motivation and objectives of this research. In addition to that,
this chapter also provides literature review, introduction to SAW sensors along with their
history, working principle and applications. This chapter also covers the topics of
fabrication of sensor using 3D printing technique especially for SAW sensors.

Organization of the thesis is also provided in this chapter.

The theory behind the working of the SAW sensor, piezoelectricity, is described in the
2" chapter. This is very much a requirement for anyone in order to grasp the working
principle of the SAW sensing. In addition to that material properties for SAW sensing,
Rayleigh waves and devices based on Rayleigh wave are described in this section. Finally,
different types of SAW resonators, their important parameters and characteristics, and the
application of SAW for the measurement of different physical quantities are also

described in this chapter.

In chapter 3, the design parameters of the proposed IDT structures are described. The

governing equations for those parameters are also presented in this chapter. Afterward,



introduction and a brief literature review of the proposed DLW based on 2PP 3D printing
technique is presented. The workflow process using this technique for the fabrication of
the IDT structure is illustrated. Finally, the Computer Aided Design (CAD) of the IDT

structures using the computer software is presented in this section.

Chapter 4 presents the results of the fabrication of the proposed IDT structures. Electron
microscope images of the IDT structures are presented in this section. Afterwards, the
results of the simulation studies are presented. In addition to that resonant response of the
IDT structures are provided. Finally, the temperature response of the IDT structures is

presented in this chapter.

The conclusion for the whole dissertation is provided in the final chapter. Comparison of
the simulated and experimental analysis is done in this section. Finally, the dissertation is

completed by provided the recommendation for the future research.






2 SAW SENSING: INTRODUCTION, THEORY AND DEVICES

All SAW devices utilize the piezoelectric effect for converting an electrical signal to a
mechanical wave using IDTs fabricated on a piezoelectric substrate and vice versa. The

generated waves are transversal waves in nature and are known as Rayleigh waves.

2.1 Piezoelectricity:

The piezoelectric effect, discovered in 1880 by Paul and Pierre [70], describes a
phenomenon where an application of electrical voltage results in mechanical strain in
piezoelectric materials. The reverse of this effect was also demonstrated a little while later
where the application of mechanical stress on piezoelectric materials resulted in the
generation of electric potential. Hence, such materials can be implemented as actuators

[71]. This phenomenon is shown in figure 2.1.

Pressure Pressure

Input Voltage Output Voltage

Qutput Input
Electrodes _ + Electrodes B
Power
Piezo Piezo

Pressure Pressure

Input Output

. (a) ~(b) )
Piezoelectric Effect Converse Piezoelectric Effect
Sensor Actuator

Figure 2.1. Working principle of (a) Piezoelectric Effect and (b) Converse Piezoelectric
Effect.

After the modelling of this phenomenon [72] practical applications of the piezoelectric
effects in the form oscillators started to surface [73]. Researchers started to look into the
materials that are more suited to piezoelectric effect for clearly defined implementations

[74] and parallel to the developments in material sciences piezo-based transducer and



filters for the specific applications started to appear [75]. To date researches are being
actively done in this field for implementation of piezo based materials as sensors [76] and

actuators [77].

It can be observed from the figure 2.1 the piezoelectric effect is the result of the change
in electrical charges due to the application of pressure, i.e. mechanical strain. This
resulting deformation in the material [78] due to the application of mechanical strain
cause the occurrence of voltage. The converse piezoelectric effect happens when the
applied voltage on such a material [79] cause a deformation in it. This mechanical strain

in piezoelectric materials can be described by the following equation [80].
Ty, = ¢hqSq — eprEx (2.1)
Where:
T, = Stress (Pa)
S = Strain
E}. = Applied Electric Field (volt/m)

c{qu Stiffness (Pa), where E represent stiffness measured at constant electric field
D; = e;4S, — €ixEx (2.2)

Where:

D; = Electric displacement (coulomb/m?)

ejq= Dielectric tensor of the material

&;,= Permittivity constant, where S represent values measured at constant strain

The conversion rate between the electrical and mechanical energy is defined by the
electromechanical coupling factor, k2, of the utilized material. It is can be expressed as

[81]:

K2 = Y 23
ij giisjEj ( )



2.2 Poling and Piezoelectric Materials:

Piezoelectric materials are capable of observing piezoelectric effect, once pressure or
electrical load is applied, after undergoing an artificial poling process. The whole poling
process is depicted in figure 2.2. Most of the piezoelectric materials have their dipoles
randomly aligned as shown in figure 2.2(a). In order to increase the piezoelectric effect
capability of those materials poling process is performed. During the poling process, the
material is left under an electric field below its Curie temperature hence aligning its poles
in one single direction, figure 2.2(b). Once the electric field is removed, the majority of
the poles stays aligned in the same direction figure 2.2(c). The ability of these materials
to keep their dipoles aligned in the same direction after the removal of the electrical field

is known as ferroelectricity.

_+_
(a) (b) {c)

Figure 2.2. Material poling process (a) unpoled material, (b) material during the poling
process, (c) poled material.

Piezoelectric effect is applied in many industrial applications [82] ranging from
consumers electronic devices [83] such as buzzers, speakers, input devices [84] to
medical and communication devices as ultrasonic devices [85] and filters. Some examples

are:

e To sense pressure, strain in the form of mechanical sensors [86]
e To convert mechanical energy to electrical energy in energy harvesters [87]

e Lighters
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2.3 Surface Acoustic Waves:

2.3.1 Rayleigh waves:

SAW was first discovered in 1885 by Lord Rayleigh and was proposed in his paper [29].
SAW is widely used to describe many different types of waves[88] that propagate close
to the material surface. Medium of propagation, layers of propagation and boundary
conditions are some of the parameters [89, 90] which determine the type of wave among
many different existing waves. Rayleigh wave is among those wide variety of SAW [91]
and it is one of the most common mode of operation for SAW device. The depiction of
Rayleigh SAW is presented in figure 2.3. These waves occur close to material’s surface
while depicting its particle having elliptical motion perpendicular to the direction of
propagation [92]. The amplitude of these waves appears to decrease along the depth of
the material [93].

A
Depth Direction of
particle movement
Surface Undisturbed media
LN Y _..F"‘ T
'Nl.._ LA L4 i
| ""' a e i
[ i
7 I

 J

Direction of wave propagation

Figure 2.3. Representation of SAW, in the form of Rayleigh wave, showing particle
motion and wave propagation.[94]

2.3.2 Velocity of Rayleigh Waves:

Finding the velocity (v) of the SAW in a substrate material for the specific direction of
propagation is one of the important parameters for it to be utilized as a sensor. The

properties of substrate material are used for the determination of Rayleigh waves velocity.
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Substrate material properties can be approximated using set of equation of motion in a
piezoelectric setting[95]. Details of this method, which was initially suggested in 1968
[96], are presented by Slobodnik et al. in 1973 [97].

The velocity of Rayleigh waves is directly related to the substrate material’s density and
its elastic moduli [98]. In 1998, a formula to estimate the velocity of Rayleigh waves was

presented by Freund [99]:

0.862 + 1.14v
VR Vs 13 o (24)

Where:

vg = Velocity of Rayleigh Wave
vs = Velocity of Shear Wave

v = Poisson’s ratio

Shear wave velocity can be defined as the ratio of shear modulus () to density (p) [100]

and can be expressed as:
Vg = - (25)

Shear modulus is also represented by G sometimes. Shear modulus (u) can be defined as

the ratio of elastic modulus (E) and Poisson’s ratio (v):

E

U

The energy of Rayleigh waves is at its maximum due to the nature of their propagation
[101]. Since the Rayleigh waves appear on the surface of substrate material a decrease in
their energy profile is noticed with the increase in substrate depth [102]. This decrease is

approximately denoted as:
e 2™ 2.7)
Where:
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y = Distance from the surface of substrate material

A = Wavelength

2.4 Components of SAW Sensor

The components of SAW devices change according to its type, but all of those SAW

devices have two most important components.

e Interdigital Transducer (IDT)

e Reflector Grating Patterns

These two basic components of SAW devices are used for signal (wave) generation,

transducing action and processing of the generated wave.

2.4.1 Interdigital Transducer (IDT) Parameters

IDTs are arguably the most important part of any SAW device as their main job is to
convert the collected electric signals to surface waves and vice versa using the
piezoelectric properties of the substrate material. IDTs are basically a collection of strips
developed using any conductive material on top of a piezoelectric suitable substrate. They
can be deployed in many different patterns [93], i.e. single electrode and double electrode

IDT configuration among others.

13
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Figure 2.4. Structure illustration of a single electrode SAW IDT with its parameters (a)
wave generation and (b) wave reception. [103, 104]

The basic structure of a single electrode type SAW IDT, along with its parameter, is
illustrated in Figure 2.5 [90]. Figure 2.5(a) illustrates the function of a SAW device in
SAW generating mode. In this mode, a voltage potential between busbars causes the
substrate to contract and expand under the converser piezoelectric effect. This
simultaneously contracting and expansion of substrate due to the changing electric field
between electrode fingers results in the formation of SAW in both directions. The
working of SAW device in reception mode is shown in figure 2.5(b). This mode utilizes
the piezoelectric effect to convert the SAW, mechanical waves, to current. Thus, using

these properties of SAW device, it can be utilized as signal processing applications.
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Most of the basic parameters of a SAW based device, such as bandwidth, center frequency
etc., are directly related to the design of its IDT structure. Hence, the designing of IDT
becomes a very crucial part of any SAW device. Mainly, the period length (P,) of the
generated SAW is equal to its wavelength (1). Both of these parameters are calculated
depending on the velocity of SAW (vg) and its center frequency (f,) as shown in

equation 2.8.

p=—== (2.8)

In figure 2.5, x and y represent width of IDT electrode and distance between two
electrode fingers respectively. The length of period, for IDT shown in figure 2.5, can be

calculated using:
PL=2 X(x+y) (2.9)

This design utilizes the most common value, 0.5, for metallisation ratio (7). This can be

calculated as:

X

1 (2.10)

=x+y
The metallisation ratio of 0.5 means that the width of electrode finger and the gap between
electrode finger is of same length. The delta model-based simulation method, showing

how the device operates, has been developed [38].

Figure 2.5. Structure illustration of a double electrode SAW IDT



Many different configurations for electrodes have been proposed for SAW device due to
their importance. A double electrode-based IDT configuration is shown in figure 2.6
[105].Other forms of IDTs that are proposed includes apodised structure based IDTs [38],
multiple electrodes based multi finger IDTs [88],unidirectional IDTs [106] and many
others [107]. Impedance matching of network must be something that needs to be taken

into consideration while deciding on IDT structures [108].

2.4.2 Reflector Gratings

The main purpose of reflector gratings in a SAW device is to increase the in-phase
reflection of the incident SAW. Several different types of reflective gratings that are

commonly utilized in SAW devices are presented in figure 2.7. These gratings can be in

11

(d)

hundreds in relation to the requirement of the application for SAW device.

(b) (c)

Figure 2.6. Different types of reflector grating configurations (a) IDT type (b) shorted
IDT type (c) open type (d) bar type.[109]

Many other different configurations for reflective grating for SAW are also researched

()

[110]. Majority of SAW devices implemented today utilizes line-based electrode gratings

as reflective grating still there are some researches for dot based reflective gratings [111].

2.5 Configuration of SAW Devices

Since 1965, when SAW was first introduced [33], it has been implemented in many
different application areas utilizing different configurations. The leading industry for
SAW device is communication, deploying millions of SAW devices every year, where
this technology has been implemented in the form of filters and oscillators using delay

line configuration [88]. SAW based filters and oscillators are preferred in industrial
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application because of their capability to work under extreme conditions, a single chip
solution for filtering, stability and low cost [112]. Many different configurations of SAW
devices can be developed using the components of SAW, defined above, in different
combinations. Delay line and resonator-based configuration of SAW devices are the two

mostly used configurations of SAW.

2.5.1 Resonator

SAW based resonators are devices that have reflective gratings formations on either side
of IDT or IDTs in order to confine the SAW energy inside the resonant cavity. They were
first proposed in 1970 [113] with different configurations of them presented later on
[114]. Resonators can be employed for controlling frequency in oscillators, for filtering
in communication system and also as sensors [115]. There are wide variety of SAW based
resonator structures [115] with two main configurations for SAW based resonator

structure described below.

2.5.2 One-port SAW resonator

Surface
Acoustic Piezoelectric

Waves Substrate

-

Interdigital Reflective
Transducer Gratings

Figure 2.7. Single-port SAW resonator structure.

Schematic of a typical one-port SAW resonator is illustrated in figure 2.8. This type of
configuration has an IDT structure fabricated on top of a piezoelectric substrate with
reflective grating structures on either side of IDT structure. In this configuration, a single
IDT is utilized for input and as well as output of the signal. Acoustic aperture of the
device, number of electrode pairs in IDT, number of reflectors grating and spacing

between them are some of the important parameters for a single-port resonator.
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2.5.3 Two-port SAW resonator

A typical double port SAW based resonator is shown in figure 2.9. The majority of the
structure is similar to a single-port resonator with the exception of a pair of IDTs. One of
the IDTs is used for input and the other one is utilized for output of the signal. In addition
to the parameters described above for single-port resonator, the distance between the
reflective gratings and IDTs and substrate properties are some of the important parameters

that should be considered while designing a two-port resonator device. [88]

Surface
Acoustic
Waves

Piezoelectric
Substrate

Reflective
Gratings

Input Output
IDT DT

Figure 2.8. Two-port SAW resonator structure.
2.5.4 Delay Line

In terms of number of components, the delay line SAW configuration can be considered
as one of the simplest configurations as it only has one IDT and reflective gratings on top
of'a piezoelectric substrate. A schematic of delay line structure of SAW device is depicted
in figure 2.10. In this configuration a single IDT is used as input and also as output. This
type of device generates the waves using the IDT. These waves are then reflected back to
IDT by the reflective gratings that are found in the path of waves. The IDT then converts
those waves to electrical signals. This type of configuration allows the receiver to
calculate the time delay in between the waves which is directly related to the positions of
reflective gratings on the device. This information can be utilized to identify the specific
device in radio frequency identification (RFID) systems and also in sensor-based

applications [116].
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Figure 2.9. SAW device as a reflective delay line configuration.

Several other configurations of delay line-based SAW device exist [117]. Another form
of delay line-based SAW device is presented in figure 2.11. This configuration employs
two IDTs, one as an input and the other as an output IDT. The waves, after conversion
from electrical to mechanical signals, travel from input to output IDT where they are
converted back to electrical signals. The time taken by the waves to travel between IDTs

is called delay time (7) and can be calculated as:

x
T=—
vS
Where,
x = Distance between input and output IDTs
vs= Velocity of SAW
::;i:n Delay Piezoelectric
Area Substrate

Waves

Input OQutput
DT oT

Figure 2.10. SAW as a delay line configuration.

19



2.6 Performance Evaluation Parameters for SAW Device
Any SAW device’s performance can be evaluated using the following parameters:

e Insertion Loss
e Scattering
e Admittance

e Quality factor

Designing of a SAW device requires knowledge of those aforementioned parameters as
they are directly related to the performance of the developed device. In the light of those

parameters, the device design can be modified to achieve the desired performance.

2.6.1 Insertion Loss (IL)

Insertion loss, measured usually in dB, represents the power loss occurred during the
signal transmission [118]. This type of loss happens due to the loss in reflection, dielectric
and transmission medium. It is typically used to plot the frequency response of the device.

It can be mathematically represented as:

IL = —2010g;0|S,1| dB 2.11)
OR
P
IL = —10log,, -2 (2.12)
Pin

Where,
S,1 = Transmitting parameter in dB
P,,.+= Output power in dB

P;,= Input power in dB

2.6.2 Scattering

Scattering parameters of S-parameters of a transmission system define its transmission
and reflection characteristics in a frequency dependent matrix form [119]. The dimension

of this matrix is directly equal to the number of ports of the transmission network.
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Figure 2.11. S-parameters for a two-port transmission system along with insertion and
reverse parameters.

A two-port measurement of the signal flow is presented in figure 2.12. For a two-port
transmission system, there are 4 S-parameters, Si1, S12, S22 and Sz1. The first number in
the subscripts of S-parameter represents the output port of the signal while the second
subscript shows the input port. Si1and Sz represent the input and output reflection of the
signal while Sz1 and Si2 show insertion and reverse transmission. Transmission equation

in the form of a matrix can written as:

a1 _ [S11 512] az

bl] - 521 522 [bz] (2.13)
Where,

a, = Incident wave

b,, = Reflected wave

2.6.3 Quality Factor (Q)

It is a dimensionless parameter that determines the level of damping for a resonator and

can be defined as [114]:
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_ Jo
Q=37 (2.14)

Where,
fo = Center frequency of the resonator
Af = Bandwidth of the resonator

The higher the quality factor the narrower the bandwidth of the device thus producing an
acute output in the region of center frequency hence increasing the sensitivity of the
device. The quality factor and bandwidth of a SAW device are related to the number of
electrode pairs of the input IDT for a specific center frequency [114].

Af = — (2.15)

Where,

N, = Number of input IDT electrode pairs

2.7 Sensing Physical Quantities using SAW

SAW-based sensing is basically realized by the changes in the characteristics of SAW
propagation in relation to the quantity to be measured. This change can be observed as a
fluctuation in IL or as shifting of centre frequency of the SAW based device. There are
several factors which can cause the occurrence of one or both of those changes. These

factors can be represented in the form of equation as follows [120]:

v v v av v v
Avp = —mAm+ —CAc+ Ao + —Ae + —=AT + —

9 3 9000 T gelet ATt Ap 2.16)

Where,

Avp = Change in the velocity of Rayleigh waves
m = Mass

¢ = Stiffness

o = Conductivity
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€ = Dielectric Coefficient
T = Temperature
p = Pressure

Any of those aforementioned factors can result in the change of velocity of Rayleigh
waves and hence using this principle a sensor can be developed. It is also possible to
detect changes in more than one quantity by using an array of sensors [121-123].
Researchers have also showed that the use of array of sensors have a direct impact on
increasing the sensitivity, accuracy, and selectivity of the sensing system [121, 124, 125].
Insights regarding the detection of aforementioned quantities are derived using the
signature recognition techniques. Sensor arrays are also utilized for such purposes [121,
126-130]. Extended explanation regarding the measurement of some of those
aforementioned quantities can be found in literature [131] while a brief introduction is

provided below.

2.7.1 SAW based Temperature Sensing

Changes in temperature can affect the mechanical properties of the substrate. Since the
velocity of SAW is directly affected by the changes in mechanical properties of the
substrate hence those changes can be derived to reflect the temperature measurements
[132—-134]. The selection of substrate material depends upon the physical environment
where the sensor will be deployed. In general, a substrate with a temperature coefficient

of zero is preferred still different materials are also used [135].

2.7.2 SAW based Pressure Sensing

Pressure sensing using SAW-based device relies on the induction of strain over the
substrate [136—138]. This type of sensing is generally susceptible to environment
parameters which can affect the accuracy of measurement. In order to overcome this
problem a reference sensor is deployed in a differential setting [ 139]. That sensor can act

as a reference to increase the accuracy of the system.
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2.7.3 SAW based Conductivity Sensing

Conductivity measurement using SAW-based sensor is a popular technique for the
detection of gas and chemical compounds [140, 141]. Conductivity measurement using
SAW is performed by depositing a thin layer of conductive film over piezoelectric
substrate. This conductive film is active towards the target compound or gas. Following
mathematical equations describes the effect of conductivity on SAW velocity [120]:

Af  Av _ —K? ol

—_— = — = 2.17
fO Vr 2 O—S? +UOC§ ( )

Where,

Af = Shift in frequency

fo = Center frequency of SAW device

vg = SAW velocity at normal condition

K? = Electromechanical coupling coefficient of substrate
g = Surface conductivity of the deposited sensing film
Cs = Capacitance per unit length of the surface

The effect of electro-acoustic attenuation can be described by the following equation

[120]:

IR

K® vp G o5 (2.18)
- .

a
T 2 2,2
k o5 + vipCs

Where,

a = Electro-acoustic attenuation

k = Wave number

2.7.4 SAW based Mass Load Sensing

SAW-based sensors are implemented as biosensors and chemical sensors as they are

sensitive to the accumulated mass on their surface. SAW devices for mass load detection
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is based on the detection of changes in the center frequency of the device [142—144]. The
following equation is used to define mass sensitivity [145]:
(Av/vg) — (Af/fo) (2.19)

1m
Am-0 Am Am—0 Am

S =

Where,
Sm = Mass sensitivity factor

Am = Mass per unit area
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3 DESIGN AND FABRICATION METHODOLOGY
3.1 Sensor Design

The design of the proposed single port IDT structure along with its parameters is
presented in figure 3.1. The aperture of the proposed device is represented as A and the
distance between the two IDTs, i.e. wavelength, is depicted by A,. The details of all the

parameters are defined in table 3.1.

—

Nr

Figure 3.1. Design and design parameters of the proposed IDT sensing structure.

Table 3.1. Summary of geometric parameters for the proposed IDT structures

Measurement Name mm pm
Thickness of the whole design 0.002

Electrode finger width (W) 0.003 3
Distance between electrodes (P) 0.003 6
IDT length (reflectors) (L2) 0.08 80
IDT length (L1) 0.1 100
Distance between IDT and Reflectors 0.003 3
Distance between two IDTs (A0) 0.015 21
Aperture (A) 0.092549 92.549
Number of Reflectors (Nr) 15

Number of IDT Pairs (Ni) 30
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Figure 3.1 describes the structural design parameters for the proposed SAW resonator-
based temperature sensor. As depicted in figure 3.1, the IDT structure is designed with a
certain pitch among them and the resulting surface acoustic wave is well-founded when
the pitch of the IDT fingers and the wavelength of the surface wave are equal to each
other. Equation 3.1 is employed to determine the resonant frequency (f), which is a
function used for measuring temperature, of the proposed structure and its relation to the
propagation velocity (vg) of the resulting surface wave.

VR

f_Z (3.1)
Where,

Ao = Wavelength of the SAW

The IDT structure needs to be quantified in order to develop its model. Figure 3.1 and
table 3.1 show the labelled IDT structure and its explanation respectively. In order to
achieve the strongest IDT activation and phase superposition of SAW, the IDT pitch,
which is W + P, should be equal to half of the SAW wavelength, as described by the

wave interference principle. Therefore,

2
W+P=N§ (3.2)

The distance between the IDT and the adjacent reflectors should also satisfy equation 3.3

to make sure that IDT receives the standing wave on its peak.

o-(r-3t

Aperture width of the IDT fingers also plays an important role in the performance of the
SAW resonator. Normally, it is between 50 and 100 times the SAW wavelength [146].

3.2 Fabrication

The advancements in the field of 3D printing techniques started to pick up pace in 1980s
in order to make the fabrication of customized complex structure easier and less time

consuming [147, 148]. Since its introduction, it has gained popularity and applications in
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many fields such as construction [ 149], medical industry [150], and even food preparation
[151]. There are many different types of 3D techniques being utilized throughout the
world for many applications and among them is Two-Photon Polymerization (2PP). 2PP
allows increase in spatial resolution because of the photochemical reaction in photoresist
caused by the laser light [152, 153]. 2PP is based on photon excitation phenomenon [154]
which was experimentally proved after the development of pulsed lasers in 1961 [155].
Fabrication using 2PP [156, 157] was evolved in 90s [158] and has found its application
in many different fields including but not limited to biosensing [159, 160], optics [161—
163], robotics [164—166], and biomedical [167-169]. Direct Laser Write (DLW) based
2PP printing technique [170] was utilized for this study.

Nanoscribe GmbH’s Photonic Professional GT photopolymerization based setup was
utilized for the fabrication of the sensing structure. The fabrication setup is based on a
DLW system using 2PP. This system implements a femtosecond fibre laser source which
is operating at 780 nm wavelength. The power of the deployed laser source was between

50 — 150 mW with 80 MHz of repetition rate. The laser source uses a pulse length of 100

— 200 femtoseconds. A general representation of the setup is shown in figure 3.2.

Figure 3.2. Nano 3D printer - Nanoscribe Photonic Professional GT
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The 3D printer shown in figure 3.2 has the ability to fabricate both 2D and 3D structures
from nano to micron scale. The printer can be operated using Dip-in Liquid Lithography
(DiLL) or Direct Laser Write (DLW) modes. For this study, DLW mode was utilized

using 63x objective for high-resolution fabrication.

DLW mode allows the printing of nanostructures up to 100 nm feature size. DLW uses a
Near-Infrared (NIR) laser on a photoresist, which is UV sensitive, thus causing a very
specific photochemical reaction. Using this technique with 2PP, objects with resolution
less than 100 nm can be fabricated [153, 171, 172]. The fabrication of the sensing
structures was realized using the Nanoscribe’s Photonic Professional GT printer which is
available commercially and allows the 3D fabrication using DLW 2PP system. The

overview of the setup is provided in figure 3.3.
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Figure 3.3. System setup overview of the Nanoscribe's Photonic Professional GT.

As shown in figure 3.3, one of the main components of the systems is the inverted
microscope which has a piezoelectric self-balancing stage on top of it. The laser source
is located just beside the optical cabinet and consists of an erbium-doped fiber laser. The
wavelength of the laser is 780 nm and it can produce pulse with a pulse length between
100 to 200 femtoseconds with 80 MHz repetition rate. The power of the deployed laser
can be between 50 to 150mW. The intensity of the laser can be adjusted using an acousto-
optic modulator and by precisely focusing the beam towards the UV -curable photoresist

with the help of an objective lens. The system can be configured to operate in either DiLL

29



or DLW modes. For this study, the system was operated in DLW mode and scanning was
done using galvo scan mode to speed up the fabrication process. Power intensity of the
laser, deployed objective along with the scan speed are all the factors that determines the
occurrence polymerization during a 2PP process. The working principle of the system is

illustrated in figure 3.4 [173] below:
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Figure 3.4. Working principle schematic of 2PP based DLW printing method.

The workflow for printing a part using Photonic Professional GT printer is shown in
figure 3.5. The whole process can be divided into 3 main parts that is, Preparation,

Production and Post-Processing. Details of the process are presented below:

1. First of all, the design to be printed is prepared using a CAD design software. For
this study Siemen’s NX was utilized.

2. The design is then converted to .stl file format.

3. The converted .stl file is uploaded to Describe software which is used for
converting .stl file to .gwl file. The design is now reading to be shifted to
production phase of the workflow.

4. Next, the parameters for the printing are configured. Type of objective utilized,
scaling, and orientation are some of the parameters that can be selected here. For
this study, 63x/1.4, a microscope objective from Carl Ziess, an oil immersion
objective was used. Two of the most important parameters that define the power

of the laser source and its movement are laser power and scan speed.
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5. Finally, the desired structure is sent for printing.

1. Preparation 2. Production 3. Post-Processing

CAD-Design @ E[ .ﬁ

Nanowrite Finishing
Print job controlling Removal of excess resin
, Visual quality control

&

Photonic Professional —GT

Descnbe

Slicing
Hatching

Mesh fixing -}

Figure 3.5. Fabrication workflow for Photonic Professional GT.

Figure 3.6 illustrates the 3D printing for using DLW or oil immersion-based fabrication.
In this configuration, the resin is deposited on the glass substrate. For printing using
63x/1.4 microscope objective, a drop of immersion oil with matching refractive index to
that of the substrate is applied on the objective. Therefore, a laser beam from femtosecond
pulsed laser is directed into the photoresist through the focusing objective. The desired
structure is printed additively from the substrate level and its maximum height is 190 um

for 63x/1.4 microscope objective.

Photoresist —————————————»

Glass ————» ‘
i

Qil

La

Figure 3.6. Schematics of DLW based 3D printing setup.
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3.3 Model Development:

The CAD of the proposed IDT structures were prepared using Siemens’ NX and klayout

editor programs. The output of the models developed using those two programs are

shown in figures 3.7 and 3.8.
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Figure 3.7. Developed model of the IDT structures using klayout editor.
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Figure 3.8. Developed model of the IDT structures using Siemens NX.
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4 RESULT AND DISCUSSION
4.1 Fabrication Process

The fabrication process is based on the workflow described in figure 3.5. First of all, a
CAD software, Siemens NX, was used to create the desired structure. The designed
structure was then saved as .stl file and imported to Describe software where it was

converted to .gwl format. Printing parameters were defined and finally the printing was

performed. The image of system is shown in figure 4.1.

Figure 4.1. Image showing the utilized Nanoscrbie 3D printing system.

In order to focus the laser light on to the sample Plan-APOCHROMAT 63x/1.4, a
microscope objective from Carl Ziess, an oil immersion objective was used. The

magnification and the numerical aperture of the objective was 63x and 1.4 respectively.
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Figure 4.2. Microscope oil immersion objective from Carl Ziess.

The dimension of the glass substrate used for this fabrication process was size 22 mm x
22 mm with a thickness of 170 um. The substrate was cleaned before the realization of
the printing process. The cleaning process involved ultrasonic cleaning using acetone and
isopropanol. The substrate was then blow-dried using air in order to make it ready for the

printing.

Later on, 60% v/v of MICROPOSIT S1813 EC solvent 11 positive photoresist was
deployed on the surface of the substrate. The sample was then spin coated on to the
substrate at 4000 RPM for 30 seconds using Karl Suss CT62 spin coating machine. After
the completion of the spin coating process, a layer of approximately 500 nm in thickness
was achieved. While exercising precautions, the sample was developed using MF-319
developer solution for about 30 seconds at room temperature. Finally, the sample is then
cleaned by soaking in de-ionized water. Conductive IDT structures were generated by
Plassys MEB400 machine depositing 5 nm thick chromium and then 30 nm thick gold at
+15° angles with respect to substrate. In order to remove the remaining photoresist from
the sample a lift-off process was employed by immersing the prepared sample into
acetone and keeping it there for 10 hours. Finally, the sample is then rinsed using de-

ionized water and blow-dried using air.

The workflow described above and followed during the fabrication process proved
successful and several temperature sensing structures were generated using 2PP DLW

micro fabrication technique. The IDT structures were fabricated out of Gold and the
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printing was performed using Nanoscribe’s Photonic Professional GT system. The results

of the printing are shown in figure 4.3.

Figure 4.3. Picture of the fabricated IDT structures.

Zeiss’s Smartzoom 5 was utilized to inspect the fabricated IDT structures. A picture of

the setup is shown in figure 4.4.

Figure 4.4. Inspection of the fabricated IDTs using Zeiss's Smartzoom 5 digital electron
microscope system.

The fabricated IDT structures can be seen under the electron microscope in figure 4.5.
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Figure 4.5. Fabricated IDT structures during the examination under the electron
microscope system.

Zoomed in images of the fabricated IDT structures can be seen from figure 4.6 to figure
4.11.

Figure 4.6. Electron microscope image of the fabricated IDT No. 1.
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Figure 4.7. Electron microscope image of the fabricated IDT No. 2.

Figure 4.8. Electron microscope image of the fabricated IDT No. 3.
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Figure 4.9. Electron microscope image of the fabricated IDT No. 4.

Figure 4.10. Electron microscope image of the fabricated IDT No. 5.
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Figure 4.11. Electron microscope image of the fabricated IDT No. 6.

In addition to the inspection of the fabricated IDT structures using electron microscope,
inspection using Scanning Electron Microscopy (SEM) was also performed. The results

of this are presented in figure 4.11.
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Figure 4.12. SEM image of the fabricated IDT structure.
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4.2 FEA Analysis and Simulation:

The finite element analysis of the proposed SAW-based temperature sensing devices is
performed using COMSOL Multiphysics. This software a versatile and efficient
simulation conditions along with a user-friendly interface. Partial differential equations

that forms the governing principle are applied for the simulation.

Analyzes were performed using the MEMS toolbox of the COMSOL program because
of its exclusive piezoelectricity interface which makes it a perfect fit for the simulation
of SAW. The MEMS toolbox of the software covers all the required tools that are

necessary for the simulation.

The basic analysis steps related to this program are given in this section. The properties
of material, i.e. elasticity matrix, coupling matrix, and relative permittivity, must be
clearly defined for the analysis of any piezoelectric based device using COMSOL. The
COMSOL Multiphysics Platform consists of the following steps for MEMS analysis:

¢ Initialization of the software

e Definition of the parameters

e Construction of geometrical structures
e Material definitions

e Mesh attribution

e Configuration the work

The results of those analyses are used to simulate and thus evaluate the performance of
those devices. The configuration of the proposed devices is described in section 3. The
analysis can be performed using a pair of electrode fingers, since IDTs are periodic, for
displacement. Again, using the boundary conditions, the aperture of the device can be

assumed infinite reducing it to a few of the wavelength.

4.3 Implementation of SAW using Gold Electrodes

The resonance frequency of the SAW-based resonator is calculated via piezoelectric
material and eigenfrequency which in turn determines the velocity of the SAW in the
designed structure. Quartz structure with the following constants [174—180] are used for

this study. Equations 4.1 defines the elasticity matrix as E:
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0 0 0 0 —1791 3988
The coupling matrix is shown in equation 4.2 as C:
171 —-171 0 —-4.06 0 0
c=1|o0 0 0 0 406 —17.1| X 10° C/m? (4.2)
0 0 0 0 0 0

The relative permittivity, €, is described in equation 4.3 as:

392.1 0 0
£= 0 392.1 0 |[|X10°F/m (4.3)
0 0 410.3

The density is 2.649 g/cm® while Poisson’s ratio is 0.17 and Young’s modulus is 76.5
GPa. The usage of the periodic boundary condition implies that the electrical potential

and the displacement are identical along both the vertical sections of the model.
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Figure 4.13. Resonant frequency mode plot of IDT structures with gold electrodes.
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The results of the analysis show the resonant frequency, shown in figure 4.13, for the
proposed IDT structure to be 424.01 MHz. The anti-resonant frequency, depicted in
figure 7, is 426.69 MHz.

switch(1)=0 Eigenfrequency=4.2669E8 Hz Surface: Total displacement (um) =
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-16
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-18
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22t 5
-24¢ 0

10 5 0 5 10 15 20 Am
Figure 4.14. Anti-resonant frequency mode plot of IDT structures with gold electrodes.

Considering the first and second eigenfrequencies of the SAW modes, shown in figures
4.13 and 4.14, the electric potential distribution characteristics according to the illustrated

solutions are shown in figure 4.15 below.

switch(1)=0 Eigenfrequency=4.2669E8 Hz Surface: Electric potential (V)

V
A 295

I2.5

1.5

0.5

0
¥ -0.03

Figure 4.15. Electrical potential distributions at the 2nd eigenfrequencies
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The electricals response of the proposed device is presented in figure 4.16. It can be seen
from the graph that when an electrical potential is applied to the IDTs the device
experience strain in its piezoelectric substrate and produce SAW that travels across the

surface and thus causing deformation in the structure.
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Figure 4.16. Surface electrical potential response of the IDT structure

Electric potential distribution and mechanical vibration mode at the resonance frequency
can be obtained by utilizing the coupling between the electric and mechanical fields. The
electrical potential at the resonance frequency is shown in figure 4.7. Similarly, the

mechanical vibration characteristics using the simulation techniques are shown in figures

4.13,4.14, and 4.15.

44



Eigenfrequency=4.2401E8 Hz Surface: Total displacement (um)
pmo | | | | | '

x10™*
18

16
14
12

10

1 n n

-10 -5 0 5 10 15 20 Mm

Figure 4.17. Surface displacement response of the IDT structures.
4.4 Resonance Frequency Measurements

The fabricated IDT structures, shown in section 4 with their design parameters described
in section 3, were tested using network analyzer in order to measure their frequency
response and to check their resonance frequency practically. The general representation

of the setup in shown in figure 4.18.

Power Supply

Fabricated IDT
Structures

Vector Network
Analyzer

Figure 4.18. Setup for resonance frequency measurement.
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The frequency response of the developed sensor is shown in figure 4.19. The resonance
frequency of the designed structure was found to be 424.01 MHz according to the
theoretical calculations and simulations, shown in figures 4.13, 4.14, 4.16 and 4.17. From
the practical experiments, the value of resonance frequency is measured as 426.2 MHz,
as illustrated in figure 4.19. Comparing these two results, the error is calculated to be
0.5% which is well within the acceptable range. The graph is figure 4.19 shows the

consistency in theoretical design and the fabricated structures.
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Peak Frequency :
20 4 426.2 MHz
30
521 (dB)
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422 424 426 428 430

Frequency (MHz)

Figure 4.19. Frequency response of the fabricated IDT structures.
4.5 Temperature Response of IDTs:

The fabricated IDT structures are then tested for their application to measure temperature.
The illustration of the test setup is shown in figure 4.20. The climatic test chamber allows

an easier and precise control of the temperature.
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Figure 4.20. Setup for temperature response measurement of the fabricated IDT

structures.

The frequency response of the fabricated IDTs, 6 in total, were scanned and noted. The

results are presented in figures 4.21 to 4.27 below.
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Figure 4.21. Temperature response of the fabricated IDT 1.
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Figure 4.22. Temperature response of the fabricated IDT 2
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Figure 4.23. Temperature response of the fabricated IDT 3
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Figure 4.24. Temperature response of the fabricated IDT 4
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Figure 4.25. Temperature response of the fabricated IDT 5
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Figure 4.26. Temperature response of the fabricated IDT 6.
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Figure 4.27. Temperature responses of all the IDT structures.
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The fabricated IDT structures show very good linearity when tested against temperature.
The average R2 values from 10 tests for each IDT structure along with the combined

average value is illustrated in figure 4.28.
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Figure 4.28. R2 values for the fabricated IDTs against temperature.
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5 CONCLUSIONS

The main focus of this research was the fabrication of IDT structures using 3D printing
technique in order to make the production process less time consuming and more
efficient. To this end, 2PP based DLW printing technique was employed which enables
maskless fabrication of the proposed IDT structures. The temperature response of the

fabricated structure was also measured in this study.

CAD of'the proposed IDT structures were also constructed using Siemens NX and klayout
editor softwares. The generated files were utilized in the fabrication and also in the
modelling optimization of the proposed IDT structures. Before realization of the
fabrication, the IDT structures were optimization using FEA process using COMSOL.
Their responses were studied and the final optimized design for the fabrication was

selected using the results from the simulation.

Afterwards, the IDT structures were fabricated using Nanoscribe’s Professional Photonic
GT 3D printer using DLW printing technique. The SEM and electron microscope images
of the fabricated IDT structures were taken and studied. The images showed consistency

of the employed printing method with the proposed design.

The frequency response of the fabricated IDT structures were measured using a test setup
and the peak frequency was found to be 426.2 MHz. The results from the simulation
showed the resonant frequency to be 424.01 MHz. According to those result only 0.5%
error were calculated between those two measurements. This error is well within the

acceptable range.

Finally, the IDT structures were tested in a climatic test chamber for the response towards
the changes in temperature. The preliminary results of those tests showed their response
to be very much linear with the changes in temperature. The average R? value of all the

responses was >0.9.
The following conclusion can be drawn from this research:

e The fabrication of micro, even nano, structures with great accuracy using 3D

printing technique is feasible.
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e The deployed of 3D printers for the fabrication of MEMS and NEMS device
makes the fabrication process cheaper and less time consuming when compared
to the conventional methods.

e Using DLW based 2PP printing techniques, it is possible to print highly
conductive materials such as gold.

e The FEA analysis should be performed before the fabrication process in order to
optimize the parameters. The use of different computer softwares for analysis
shows consistency in results.

e A very good corelation between the simulation and experimental results are
obtained which shows that computer can be used for the initial analysis.

e The experimental results obtained from 6 IDT structures shows a very good

corelation, with the average R? value > 0.9.

Many future researches can be performed on the basis of this dissertation. Some

suggestions for the possible future researches are stated below:

e Development and integration of the reader circuit for the direct reading of
temperature.

e Modifying the design of the current IDT structures in order to measure other
physical quantities, such as pressure, and gases, while employing 3D printing
technologies for the fabrication.

e Testing of the IDT structure reader circuit’s transmission range.
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