
 

 
 
 

الشعبيةالديمقراطيةالجزائريةالجمهورية  
PEOPLE'S DEMOCRATIC REPUBLIC OF ALGERIA 

 العلمي والبحث العالي التعليم وزارة

MINISTRY OF HIGHER EDUCATION AND SCIENTIFIC RESEARCH 

  (1) البليدة دحلب سعد جامعة

UNIVERSITY OF SAAD DAHLEB BLIDA (1) 

 الفيزياء دائرة- العلوم كلية

Faculty of Science- Department of Physics 

 
MASTER DIPLOMA THESIS 

IN PHYSICS 

Branch: Nano-Physics  

THEME 

 

Presented by:  BEHLOULI ASSIA 

Presented on 25 / 09 / 2022   to the jury composed of 

   Dr.     AMRANE Amine                              MCB                   USDB          President 

   Dr.     SERHANE Rafik                                DR                     CDTA         Thesis Director 

   Dr.     HASSEIN BEY Abdelkader              MCB                   USDB         Examinator 

 

Sebtember 2021/2022 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 ملخص 

في هذا العمل، قمنا بنمذجة دراسة تجريبية لمستشعر درجة حرارة الموجة الصوتية السطحية عن طريق محاكاة عددية باستخدام  
يعتمد هذا المستشعر على المادة الكهرضغطية وهي    الفيزياء،متعددة    Comsol( تحت أداة  FEMطريقة العناصر المحدودة )

AlN    على ركيزتينPt/AlN/Si    وPt/AlN/Pt/ Si،    تعمل مستشعرات درجة الحرارة هذه في درجات حرارة تصل إلى
ويتغير هذا التردد    ميجاهرتز،  445درجة مئوية. أظهرت النتائج أن التردد المركزي للرنان في درجة حرارة الغرفة هو    500

رجة مئوية. هذا يظهر  جزء في المليون/د  40.54-( هي  TCFقيمة معامل درجة الحرارة للتردد )  .خطيا مع درجة الحرارة 
(  2kقياس درجة الحرارة. يزداد معامل الاقتران الكهروميكانيكي ) حساسية جيدة لدرجة الحرارة، ويجعلها مناسبة لتطبيقات

جزء في المليون / درجة مئوية محسوبة    821هو    2kمع درجة الحرارة ويلاحظ وجود علاقة خطية. معامل درجة الحرارة  
درجة مئوية. لقد بحثنا   500٪ عند  0.37عند درجة حرارة الغرفة، وترتفع إلى    2k 0.35٪بلغ قيمة  من المطابقة الخطية. ت 

 يعمل في المجال الزمني بهدف استخدامه في تطبيقات أجهزة الاستشعار اللاسلكية.   SAWأيضًا في تكوين خط تأخير 
 

  .SAW محولاتالتصميم،   ,MEMS،مستشعرات الكلمات الدلالية: 
Resumé 

Dans ce travail, nous avons modélisé une étude expérimentale d'un capteur de température à ondes 

acoustiques de surface par une simulation numérique en utilisant la méthode des éléments finis (FEM) sous 

l'outil Comsol multiphysique, ce capteur à base du matériau piézoélectrique qui est l'AlN avec deux 

configurations Pt/AlN/Si et Pt/AlN/Pt/Si, ces capteurs de température fonctionnent aux températures, 

allant jusqu’à 500 °C. Les résultats montrent que la fréquence centrale du résonateur à température 

ambiante est de 445 MHz,  la variation de cette fréquence avec la température est linéaire, et la valeur du 

coefficient de température pour la fréquence (TCF) est de -40.54 ppm/°C. Ce qui montre une bonne 

sensibilité à la température, et le rend appropriée pour les applications de détection et de mesure de la 

température. Le coefficient de couplage électromécanique (k2) augmente avec la température et une relation 

linéaire est observée. le coefficient de température de k2 est 821 ppm/°C calculé à partir de l'ajustement 

linéaire. La valeur de k2 est 0. 35% à température ambiante, et il augmente à 0.37% à 500°C. Nous avons 

également étudié une configuration d’une ligne à retard SAW fonctionnant dans le domaine temporel dans 

la perspective de son utilisation dans les applications de capteurs sans fil. 

Mots clés : Capteurs, MEMS, Conception, TransducteursSAW. 

Abstract 

In this work, we modeled an experimental study of a surface acoustic wave temperature sensor by a 

numerical simulation using the finite element method (FEM) under the Comsol multiphysics tool, this 

sensor based on the piezoelectric material which is AlN with two configurations Pt/AlN/Si and 

Pt/AlN/Pt/Si, these temperature sensors operate at temperatures up to 500°C. The results show that the 

central frequency of the resonator at room temperature is 445 MHz, the variation of this frequency with 

temperature is linear, and the value of the temperature coefficient for frequency (TCF) is -40.54 ppm/°C. 

This shows good temperature sensitivity, and makes it suitable for temperature sensing and measurement 

applications. The electromechanical coupling coefficient (k2) increases with temperature and a linear 

relationship is observed. the temperature coefficient of k2 is 821 ppm/°C calculated from the linear fit. The 

value of k2 is 0.35% at room temperature, and it increases to 0.37% at 500°C. We have also investigated a 

configuration of a SAW delay line operating in the time domain with a view to its use in wireless sensor 

applications. 

Keywords: Sensors, MEMS, Design, SAW Transducers 
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General Introduction 
 

MEMS or microelectromechanical systems are technologies that benefit from 

infinitely light weight, high performance, ease of mass production, and low cost. 

Surface Acoustic Wave (SAW) devices are considered as type of this system 

due to the continuous electrical and mechanical interactions that occur during wave 

propagation on the surface of piezoelectric substrate. In addition to being small, simple, 

and rugged, surface acoustic wave devices have the advantage of being passive. (No 

battery required), remote access (wireless), cheap if manufactured on a large scale. 

Since its first explanation by Rayleigh in 1885[1], SAWs have found wide 

applications in industries and common life. Particularly in the field of sensor, SAW 

devices have been fabricated for multiple purposes, including chemical and physical 

sensors working in gas and liquid phases, temperature sensors, pressure sensors, 

biology sensors, and so on.  

Over the last few years, applications of SAW devices for sensing require devices 

with lot of performences, like higher frequency response, good stability and lower 

insertion loss, together with realizing the wireless transmission, wireless passive 

sensing. 

Piezoelectric sensors for high-or less temperatures application are in great 

demand, particularly in the automotive, aerospace, and energy industries [2]. For these 

reasons, SAW devices are well suited for wireless temperature measurements. 

In this study, we reporte a new SAW temperature sensor based on AlN 

piezoelectric material and a scilisium (Si) as substrate. This sensor can perform 

measurements in environments with temperatures as high as 400 ◦C [3]. 

This work confirms that these materials are good candidates for manifactoring 

SAW based temperature sensors, due to their high acoustic velocity and suitable 

electromechanical coupling coefficient and its quality factor. Moreover they make 

possible to achieve a hight value of Temperature Coefficient of Frequency (TCF) to 

enhance the sensitivity of the sensor to the temperature changes. 

This work is based on the evaluation of the S11 scattering parameter of the 

sensor, which is characterized by the shift in the central frequency while the 
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temperature changes. The decay of frequency when varying the temperature is 

highlighted, and demonstrate the origin of the temperature sensing, we also, 

investigate the electromechanical coupling factor (k2). The performances of the (SAW) 

device in terms of sensitivity, quality factor are studied under variation of the 

temperature in the range of -25 °C to 200 °C. The studied SAW resonator has a center 

frequency situated in the ISM (Industrial, Scientific and Medical) frequency bands; this 

frequency resulted from the chosen design parameters. This modelisation is realized 

by the finite element method (FEM), 2D simulations under COMSOL multiphyisics 

software.  

In addition to the general introduction, this thesis is divided into four chapters 

with a general conclusion. The first chapter (1) provides the reader with the basic 

knowledge necessery for understanding the subject of our work. Since the historical 

approach is often the best way to understand the state of the art of an already mature 

technology, we have chosen to approach the SAW technology from this point of view, 

trying to highlight the major innovations that have marked the history of SAW devices 

and have gradually led to the development of the sensors studied today, without 

forgetting to present some generalities of the important piezoelectric material used in 

this study, which is the AlN (Aluminum nitride). 

Chapter (2) presents the theoretical study of SAW and briefly explains the 

impulse response in signal processing, using the inverse Fourier transform. 

Chapter (3) is reserved to the development of the SAW temperature sensor 

model, coupled to the 2D finite elements method simulation. We perform a modal study 

on the SAW unit cell and a harmonic study on the wole SAW structure, to determine 

the response of the sensor. Then, we make a comparison with the experimental data 

from literature. 

In chapter (4), we determine the response of the sensor and its sensitivity, we 

disscas all obtained results and we conclude by the important points that we have 

obtained. Finely, we finish the manuscript with a general conclusion and some 

perspectives. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

  

 

Chapter 1: 

State of the art; From SAW 

transducer to temperature sensor 
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1. Introduction 

 

In order to realize a sensor function, MEMS has been identified as one of the 

most promising technologies for the 21st Century, the use of microsystems has been 

developed because of their small size in parallel with a high sensitivity and precision 

linked to miniaturization, comprising one or more mechanical functions and using 

electricity as a power source. 

SAW devices considered to be the earliest type of MEMS since they use 

mechanical acoustic waves, which are launched and detected electrically. Surface 

acoustic wave devices and technology started in 1965 with the concept of a thin metal 

interdigital transducer IDT on a polished piezoelectric substrate [4]. 

Since this technology is based on transducers IDT, we will present their operating 

principle, their different types, and their frequency response. All this will be described 

it in the first part of this chapter, the second and third parts present a bibliographical 

study approache of the piezoelectricity concept and the main materials used as 

piesoectric active erea. We review the main configurations adopted for the different 

types of SAW sensors. 

 

2.  MEMS Technology: 

MEMS devices are beginning to touch almost every area of science and 

technology. It's a technology that's growing more and more significant in a number of 

industries. [6] such as wireless communication, automotive design, and entertainment 

and light wave systems. MEMS devices have a number of desirable attributes to offer 

to the systems architect such as small size, high speed, low power, and a high degree 

of functionality. In particular, many researchs believe that the size scale at which these 

machines work well make them a particularly good match to optics problems where the 

devices, structures, and relevant wavelengths range in size from one to several 

hundred microns. 

These devices or systems have the ability to sense, control and actuate on the 

micro scale [7]. 
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The experience gained from the early MEMS applications has made it an 

enabling technology for new biomedical applications (often referred to as bio-MEMS) 

and wireless communications comprised of both optical, also referred to as micro-

optoelectromechanical systems (MOEMS), and radio frequency (RF) MEMS. 

 

Advances in MEMS micro-technology (based on the principle of 

photolithography) have led to an explosion of applications and a segmentation of the 

field. There are four families associated with their application frameworks that is  

showing in figure 1.1. 

 

 
 

Figure 1.1: The four families of MEMS. 
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3. Surface Acoustic waves and transducers (SAW and IDT): 

3.1. Surface acoustique waves (SAW): 
 

The microelectromechanical systems (MEMS) industry has seen phenomenal 

growth and a subsequent increase in the demand for high quality components. Surface 

acoustic wave (SAW) devices form an important part of MEMS family. A SAW is an 

acoustic wave traveling along the surface of a material exhibiting elasticity. The 

amplitude of these waves is higher at the surface and decreases exponentially along 

the depth of the substrate. The basic principle behind SAW generation and detection 

is the well-known piezoelectricity. In piezoelectric materials, electrical charge is 

produced when mechanically strained and vice versa. The SAW devices exhibit a 

frequency response according to the properties of surface acoustic waves propagating 

over their substrate. 

SAW devices are one of the major components in many communication systems 

such as satellite receivers, remote control units, keyless entry system, radio frequency 

identification (RFID), television sets, and mobile phones…etc. SAW devices are also 

used as micro actuators such as SAW nano-stepping motors and SAW micro pumps. 

Sensors based on SAWs find diverse applications ranging from gas and vapor 

detection to strain and pressure measurement. Onboard antennas can be integrated 

within the SAW devices and applied in sensors for remote and inaccessible locations 

[8]. There is always a need for SAW sensors such as improvement in sensitivity, 

selectivity, and fabrication techniques.  

 

3.1.1. Types of surface acoustic waves: 

Three modes of surface can be distinguched, Rayleigh wave, Bluestein Gulyaev 

wave (SH-SAW: shear Horizontal SAW), and STW (Surface Transverse Wave). Of 

these three types, the first two are distinct from the third. Indeed, the Rayleigh and 

Bleustein-Gulyaev waves propagate freely along the surface, while the STW waves 

are guided by engraved grooves or metallic strips deposited on the surface [9]. 
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3.1.1.1. Rayleigh waves: 

Discovered by Lord Rayleigh in 1885, the Ryleigh wave propagates in a semi-

infinite medium [10]. The depth of penetration of this type of wave in the substrate, so 

the distance at which the acoustic displacements are zero, is of the order of 2λ (are 

guided along the surface of the material and their amplitude fully decreases with the 

distance of penetration). This is why Rayleigh waves are also known as surface waves 

SAW. 

 

Figure 1.2: Propagation and polarization of the Rayleigh wave 

In an isotropic medium, the polarization of Rayleigh waves is "elliptical" like the 

sesmic wave: where the acoustic displacement on the ground rolls in an elliptical 

motion, similar to ocean waves. In a homogeneous half-space, the polarization is 

always retrograde, i.e., the rolling motion is in the opposite direction to the Rayleigh 

wave propagation. figure 1.2. 

In an anisotropic medium, the acoustic displacements occur in a plane that is 

tilted with respect to the sagittal plane, the polarization is said to be "quasi-elliptical". 

 

3.1.1.2. Bleustein-Gulyaev waves: 

A strongly piezoelectric material with certain symmetries can guide a purely 

horizontal transverse surface horizontal surface wave called Bleustein-Gulyaev 

wave[11]. The depth penetration is greater than in the case of a Rayleigh wave, of the 

order of 100λ. In addition, the more piezoelectric the material, the more confined the 

Bleustein-Gulyaev wave in the surface (Figure 1.3) [12]. These waves are also known 

under the name "SH-SAW" (Shear Horizontal Surface Acoustic Wave), for "transverse 

horizontal surface acoustic wave" see figure 1.4. 
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Figure 1.3: Displacement of particles during the propagation of a Bleustein-Gulyaev wave. 

 
 

Figure 1.4 : Propagation of shear waves shear horizontal-SAW [SH-SAW]. 

 

3.1.1.3. STW waves (Surface Transverse Wave): 

Surface Transverse Wave (STW) waves are to be differentiated from other types 

of waves, insofar as their propagation requires a trapping on the surface. It is 

sometimes possible to generate a wave, especially in a quartz substrate of simple cut 

rotation [13]. This wave, which tends to go towards the volume of the material, is called 

SSBW (Surface Skimming Bulk Wave), for "subsurface creeping bulk wave" Therefore, 

it is not strictly a surface wave. 

However, if the propagation path is, a periodic pattern of grooves etched or 

engraved on the substrate, or if metal strips are deposited on the surface, they will be 

captured on the surface. Can then get the wave surface guide, this is the STW wave. 
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3.1.2. SAW resonator: 

SAW resonators are devices that can be one-port (single/mono port) or two-

port (dual/bi port). One-port devices consist of a single IDT to generate and receive 

the acoustic wave, with two reflector arrays on each end. These two gratings reflect 

the surface acoustic wave and generate a standing wave. Figure 1.5(a) shows a typical 

configuration of a single-port SAW resonator. Single ports are mainly used in oscillator 

circuits, such as VCO or Colpitts oscillators.  

The two-port SAW resonators consist of an input IDT that generates the surface 

wave, and an output IDT that recovers this wave. As with single-port resonators, two 

reflector arrays are installed on the edges to reflect and confine the wave between the 

two IDTs. The configuration is shown in figure 1.4(b) Dual-port devices are primarily 

used as band pass filters.  

               (a) 

 

               (b) 

 

 

Figure 1.5: (a) Configuration of a one-port SAW resonator, (b) Configuration of a two-

port SAW resonator,  
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3.4 Operating principle of SAW devices 

SAW devices are made of piezoelectric materials on which a periodic comb-

shaped interdigital transducer (IDT) pattern is developed by a photolithographic or 

other process. These electrodes are generally made of inert metals or alloys, for 

example Au, Cr/Au/Cr, Al, Pt,etc.  

When an AC voltage is applied to these IDTs, an acoustic wave is generated 

which travels across the crystal surface, however, perpendicular to the IDTs but in an 

away direction. The velocity of surface waves is 10−5times that of light waves. These 

acoustic waves are confined to the substrate surface, having penetration depths of a 

few wavelengths. This indicates that they possess high surface energy. Lord Raleigh 

was the first to explain the propagation of waves along the plane surface of elastic 

solids in his classical paper [13]. 

A typical SAW resonator is shown in Figure 1(a). In this configuration there are 

specially designed grating reflectors having a period of λ/2, which are used to reflect 

back the surface waves towards the IDTs for resonance. A single port SAW device 

contains only one set of IDTs, but two reflectors on each side of the crystal for obtaining 

suitable resonance signals.  

 

Figure 1.6: A typical design of a one-port SAW resonator. 

 

Single port SAWs are usually considered for making oscillating circuits whereas 

two port devices are useful for developing special frequency filters. 
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3.2.Interdigital transducers (IDTs): 

At the University of California in 1965, White et al. [13] discovered the principle 

of generating and detecting surface acoustic waves using an Inter Digital Transducers 

(IDT) disposed on the surface of a piezoelectric material. 

The basic principle is as follows. The Inter Digital Transducer is deposited as a 

thin metal layer of approximately 100 nanometers on a piezoelectric substrate. 

 

Figure 1.7: Excitation of surface acoustic waves using interdigitated combs [14] 

(Lambda = periodicity of combs, W = aperture, L = length). 

 

3.2.1. Operating principle of the (IDT): 

The generation of acoustic waves is done by means of two parallel and coplanar 

electrodes deposited on the surface of the piezoelectric substrate. A cumulative effect 

can be obtained from an interdigital assembly constituting the transducer. By applying 

an alternating voltage to the input transducer, an alternation of compressions and 

expansions can propagate along the substrate figure 1.7.  

The system being reversible, an identical set serves as a receiver and allows to 

collect the signal in electrical form. The received signal is delayed and attenuated 

compared to the transmitted signal, Hence, the name of delay line. It is possible to 

increase the quality coefficient Q of the system, by increasing the number of fingers 

constituting each electrode, within the limits of technological feasibility.  

The distance between the fingers is determined in order to obtain a cumulative 

phenomenon of constructive waves at a given frequency. Figure 1.8 gives the main 

characteristics of a1 surface acoustic wave device. 
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Figure 1.8: Geometrical characteristics of a SAW device. W= acoustic 

aperture, L=distance between IDTs, = 2𝝿 (V/ω) Wavelength, d =   electrode 

spacing and electrod width. 

4. Surface acoustic wave transducers: 

In the field of bio-receptor technology, SAW sensors can be used to determine 

the presence of specific molecules in the environment [15]. The SAW device is 

fabricated using a photolithography technology similar to the technology used in the 

semiconductor industry. Periodic metallic interdigital transducers (IDTs), deposited on 

uniformly polarized piezoelectric crystals, act as an electrical input or output. 

 

Figure 1.9: SAW resonator/filter uses interdigital transducers mounted on a 

piezoelectric substrate to generate surface acoustic waves in the space between the 

transducers, producing a frequency-dependent response at the output. (Image source: 

Digi-Key Electronics). 

The application of a signal to the IDT produces a deformation of the surface of 

the material causing the launch of a SAW that propagates along the piezoelectric 

surface with a phase velocity given by the physical properties of the material figure 

(1.9). These surface waves can then be converted back to an electrical signal by a 

receiving IDT. 
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The resonance frequency of the SAW device is given by the following formula: 

𝑓 =
𝑉𝑃

λ
                                           (1.1) 

λ= 2p                                         (1.2) 

Where λ is the wavelength (spatial periodicity od the IDT fingers), 𝑽𝑷: The phase 

velocity in the material, p: the period  

5. SAW devices:  

Devices based on SAW are usually developed on piezoelectric substrates such 

as lithium niobate, lithium tantalate, langasite, and quartz, ZnO, AlN..etc. Non 

piezoelectric materials such as silicon dioxide and diamond are usually coated with 

piezoelectric substrates and SAW devices are realized. The two basic configuration of 

SAW devices are the SAW delay line and SAW resonator.  

The SAW delay line consists of two IDTs on the surface of the substrate 

separated by a few wavelengths. Figure 1.10 (a) shows the elements of a SAW delay 

line device. The transmitter IDT excites and receiver IDT detects the SAW over the 

substrate. 
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Figure 1.10: (a) SAW delay line, (b) & (c) One-port SAW resonators, and (d) 

Two-port SAW resonator. 

In case of one port resonator, two sets of reflectors are fabricated in the either 

side of the bidirectional IDT as shown in figure 1.10 (b) [16]. These reflectors could be 

made of shorted metal strips or grooves. At the Bragg frequency, such that the 

periodicity of reflector electrodes equals half the wavelength, reflections from individual 

strips have the same phase so they add coherently, as in a single electrode of an IDT. 

Strong reflections are obtained when N |𝑟𝑠|>1, where N is the number of strips and 𝑟𝑠 

is the reflection coefficient of one strip. One port SAW resonator action can be achieved 

by single long IDT as shown in figure 1.10 (c), where multiple reflections within the IDT 

lead to standing waves and resonate in a particular frequency. SAW resonators can 

be used as a controlling element for a high stability oscillator. For this purpose, a two-

port SAW resonator can be used as shown in the figure 1.10(d). 
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6. SAW sensors: 

6.1. Operating principles of SAW sensors: 

Acoustic wave devices are sensitive to any disturbance that may affect the 

speed, the travel distance or even the modes of wave propagation. A disturbance 

results in a variation of the electrical response of the device (frequency, amplitude, 

delay, phase..etc.). SAW systems are no exception to this rule and are sensitive to 

three main types of disturbances: Temperature variation, deformation and 

deposition of Gaseous, Liquid or Solid species on the surface. 

Temperature changes and deformation cause changes in velocity (changes in 

elasticity modulus, density and piezoelectric coeffitions).  

The speed of the waves changes also under the deposition 

(adsorption/absorption) of gaseous species. This can produces a change in the 

mechanical inertia at the surface (increase of the moving mass), a change in the 

elasticity modulus (after diffusion of adsorbed species on the propagation medium), or 

froms a perturbation of the surface electric field.  

The deposition of liquid or solid species modifies the mode of propagation of the 

waves. The addition of a layer of liquid or a viscoelastic film on the surface can causes 

the appearance of guided modes at particular frequencies. The speed of these modes 

depends on the physical parameters of the guiding layer and it is thus possible to 

measure them by following the possible to measure them by following the evolution of 

the frequency response of the devices. These parameters are viscosity, density, 

stiffness, thickness etc... 

All SAW sensors on the market use one of these three kinds of sensitivitie. The 

other sensor configuration is the resonator type, figure 1.10(b) shows a one-port SAW 

resonator, where the sensing film is coated over the entire acoustic path. Thus, change 

in properties of sensing medium will alter the resonance frequency of the SAW 

resonator.  

Figure (1. 11) shows a block diagram of a measurement scheme that can be 

used in measuring the characteristics of SAW sensor. The IDTs can be excited using 

network analyzer and from the scattering parameters of the device one can 

characterize the SAW sensor.  
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Figure 1.11: Setup for measuring SAW sensor characteristics using network 

analyzer. 

6.2. SAW temperature sensor: 

The development of SAW sensors for temperature measurement is not an easy 

task, but is nevertheless a very promising research avenue. If successful, the economic 

benefits could be very significant. Thanks to the original combination of four 

fundamental properties, namely high robustness over a wide temperature range, small 

size, the ability to be interrogated from distance and the absence of on-board 

electronics, the number of (potential) industrial applications for 'high temperature' SAW 

sensors is indeed very important. Applications are notably envisaged in the automotive, 

nuclear, mining and petroleum industries, as well as in the mining and oil industry as 

well as, of course, in the steel industry. 

One of the main problems in the development of 'high temperature' SAW sensors 

is the choice or development of the basic components of the sensor element. Although 

materials such as AlN is well known today and have proven to be well suited for high 

or even very high temperature measurements, they still have major limitations for 

operating in harsh environments for a long period of time or for operating at high 

frequencies and thus obtaining high accuracy.  

Although bilayer structures have many advantages (robustness, k2, very high 

frequency operation...), new problems arise precisely because of their particular 

structure. In particular, the different thermal expansion of the two layers generates 

stress fields that can significantly influence the TCD of the structure.  

SAW devices can be modeled using various techniques such as the delta 

function model, equivalent circuit model, coupling of mode (COM) method, and can be 
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P a g e  28 | 99  

simulated using techniques such as the finite element method (FEM). In the next part 

of this chapter FEM simulation of SAW devices such as SAW resonator, SAW device 

model to simulate a temperature sensor are discussed. 

 

7. State of the art on the modeling and the simulation of surface acoustic wave 

sensors by the finite elements method (FEM): 

As previously cited, surface acoustic wave (SAW) devices are widely used in 

communication equipment [17], including as electronic actuators [18,19], modulators 

[20], RF filters [21], and as biochemical and gas sensors [22-23]. Early researchers 

rely on experiments to design and develop SAW devices. There were frequent 

discrepancies in actual function of devices. Basic design of SAW transducers has to 

be optimized with the help of modeling techniques. Nowadays computer aided 

simulation helps in designing SAW devices and studying the characteristics of these 

devices made on new piezoelectric substrates. So, Simulations are therefore very 

necessary to design, optimize and develop these high-performance devices. They 

allow reducing production time and costs, as well as a better understanding of the 

physics and helping in estimating and visualizing the SAW device response before 

fabricating these devices. 

A number of simulation techniques and methods have therefore been developed 

and applied to acoustic modeling, but significant improvements are still needed. 

Methods used to model and analyze interdigital transducers (IDTs) include the delta 

function model, the equivalent circuit model [24], the P-matrix model which analyzes 

SAW devices using mathematical methods and mode coupling theory. However, these 

methods require some approximations, and considerable computational resources, 

especialy for complex geometries. These techniques are more suitable for RF 

applications for filter and SAW resonator design.  

The finite element method (FEM), which can be implemented via commercial 

software, such as ANSYS or COMSOL Multiphysics©, has proven to be a better 

alternative to model and analyze SAW sensors. The FEM uses simple methods to 

analyze complex geometries (such as those of surface acoustic wave devices) and to 

understand the associated physical phenomena, before their realization in a clean 

room [25]. 
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8. Piezoelectricity: 

8.1. What is the piezoelectricity? 

The qualitative observation of the piezoelectric phenomenon was made by a 

French mineralogist abbot R. HAÜY (in 1817). However, the discovery of 

piezoelectricity is attributed to the brothers Pierre Curie and Jacques Curie (1880). 

Piezo is a Greek prefix which means pressure. Some crystals have the property to 

polarize under the influence of a mechanical constraint (or stress): it is the direct 

piezoelectric effect schematized on figure 1.12 The piezoelectric effect is reversible: 

these same crystals deform when they are subjected to an external electric field. This 

phenomenon is only observed in non-conductive materials. The displacement of 

charges is done in a privileged direction under the forces of or compression in the 

crystalline structure of the ceramic. 

Figure 1.12: The piezo-electric effect: Generation of charges due to mechanical 

stress (direct effect, left), and strain caused by the application of an electric field 

(converse effect, right). 

In the figure 1.13 we can easily imagine an exemple of piezoelectric crystal 

structure, made up of hexagonal arrangements of ions, all lined up in an orderly matrix 

throughout the bulk of the crystal volume. When the crystal is compressed, each 

hexagon would contribute to a net polarization across the crystal. 

https://en.wikipedia.org/wiki/Pierre_Curie
https://en.wikipedia.org/wiki/Jacques_Curie
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Figure 1.13: Hexagonal mesh composed of silicon atoms and oxygen atoms 

before and after a mechanical stress. 

 

8.2. Piezoelectric Materials: 

Since their discovery in the 19th century, piezoelectric materials have been used 

for a variety of applications, from power sources to actuators. Piezoelectric materials 

can be classified into four main categories: crystalline, ceramic (AlN or ZnO based 

thin films), polymers and piezoelectric composites. These materials differ in their 

physical, thermal, optical, mechanical, electrical and elastic properties.  

Each of these properties is associated with specific constants and coefficients, 

Such as elasticity Modulus and electromechanical coupling modulus. The choice of 

properties and type of piezoelectric material depends mainly on the intended use. In 

the SAW sensor area, the important parameters are the surface wave propagation 

velocity, the acoustic impedance, the electromechanical coupling factor and the 

temperature coefficient for frequency.  

8.3.  Piezoelectric equations: 

➢ The electromechanical coupling factor (k2): characterizes the efficiencyof 

conversion of electrical energy into mechanical energy and vice versa. It is calculated 

from the relation (Eq. 1.2) and is expressed in %: 

𝑘2 =
𝑆𝑡𝑜𝑟𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑
                        (1.3) 

➢ The temperature coefficient of frequency (TCF): Temperature Coefficient of 

Frequency) reflects the shift of the resonance frequency under the effect of 

temperature.  
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➢ The relationship between the stress T, strain S, electric field E, and electric 

Displacement D of the piezoelectric material is given by the following equation: 

 

𝑇𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙
𝐸  𝑆𝑘𝑙 − 𝑒𝑘𝑖𝑗𝐸𝐾    (1.4) 

𝐷𝑗 = 𝑒𝑗𝑘𝑙𝑆𝑘𝑙 − 𝜀𝑗𝑘
𝑠 𝐸𝑘    (1.5) 

Where 𝑒𝑘𝑖𝑗  Is piezoelectric constant matrix, 𝐸𝑘 is electric field componants, 

𝐶𝑖𝑗𝑘𝑙  is elasticity matrix, 𝑆𝑘𝑙  is strain tensor,𝜀𝑗𝑘  is dielectric permittivity matrix.   

The simple structure, fast response time, and easy integration make the High 

Temperature Piezoelectric Sensor (HTPE) advantageous and especially interesting. 

Various piezoelectric materials such as quartz (SiO2), lithium niobate (LiNbO3, LN), 

gallium ortholithic gallium (GaPO4), langasite, and aluminum nitride (AlN) have been 

widely studied for high temperature applications. Each of these materials has its own 

strengths and weaknesses for use with HT sensors.  

So, the choice of the piezoelectric substrate, which is an essential part of SAW 

devices, is one of the challenges to face to realize such sensors. Indeed, there are very 

few piezoelectric materials capable of withstanding high temperatures above 400°C 

[27]. Piezoelectric materials conventionally used in SAW industry are limited in 

elevated temperatures because of various physical phenomena including:  

✓ Phase transition that leads to a change and instability of piezoelectric properties with 

temperature.  

✓ Electrical resistivity that decreases strongly with temperature leading to increase the 

acoustic propagation losses. 

✓ Temperature dependence of electromechanical properties  

✓  Decomposition [28]. 

Therefore, in this work we studied a SAW sensor based on (AlN) layer which has 

a high melting point and a good piezoelectric property in high temperature. 
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 8.4. Fields of applications: 

The fields of application of piezoelectricity are numerous. They depend on the 

frequency of use (table 1.1). The applications concern the electroacoustic transduction 

for medical imaging and non-destructive testing in the MHz frequency range, but also 

Sensors, actuators, motor elements, or filters. The design and transducers and 

ultrasound systems therefore require the knowledge of the electromechanical tensors 

of all the constituent materials [29]. 

Table 1.1: Areas of application according to their working frequency [30]. 

F
re
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10-50 kHz 

10-100 kHz 

1-20 MHz 

100 MHz – 10 GHz 

10- 100 GHz 

A
p

p
lic
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o
n

  
Cleaning, welding, machining, gluing 

Underwater, acoustics, analysis of the subsoil. 

Medical acoustics, ultrasound 

Acoustic-optics, Acoustic-electric 

Study of the material 

 

        8.5. Aluminum Nitride (AlN): 

               8.5.1. The material AlN: 

Aluminum nitride or AlN is a wide band gap semiconductor (6.2 eV). It is an 

electrical insulator with a high thermal conductivity of 320 W.m-1K-1, and high resistivity 

of 1013 Ω.cm, AlN is also a refractory material with good resistance to oxidation [31] 

and abrasion. It has potential applications as a substrate in optoelectronics in the 

ultraviolet field and in electronics for the manufacture of microwave power transistors. 

Currently, many researches are conducted to produce UV emission diodes using 

gallium aluminum nitride. Some experiments have made it possible to reach 

wavelengths of the order of 210 nm [32], the gap of the aluminum nitride would allow 

emissions up to 200 nm in principle. However, further research will be necessary 

before such electronic compounds are available on the market. such electronic 

compounds. 
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(a)                                            (b) 

Figure 1.14: (a)-Aluminum Nitride Nano powder, (b)-Aluminum Nitride powder. 

AlN has two polytype crystal structures: a Würtzite (hexagonal) structure and a 

Zinc Blende (cubic) structure (Figure 1.15). 

 

8.5.2. The Crystalline structure of AlN 

The Würtzite structure (Fig.1.15(a)) is composed of two hexagonal sub-lattices 

of nitrogen and aluminum atoms shifted from each other by a vector 0.3869×(0,0,1).  

The Zinc Blende form (Fig. 1.15(b)) consists of two face-centered cubic 

sublattices of nitrogen and aluminum atoms shifted by a quarter of a vector 1/4×(1,1,1). 

The thermodynamically stable structure is the hexagonal phase [34]. 

 

Figure (1.15): Aluminum nitride; (a) Würtzite structure and (b) Zinc Blende 

structure [35] 

The AlN Würtzite structure (space group P63mc) is of type 2H according to the 

nomenclature used for SiC polytypes (Figures 1.15 and 1.16). The corresponding 

mesh parameters are a=3.11A˚ and c=4.98A˚. 
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Figure 1.16: 2H hexagonal structure of aluminum nitride: the aluminum 

atoms (in yellow) and the nitrogen atoms (in grey) both have a tetrahedral 

environment [35]. 

 

8.5.3. Mechanical properties: 

It is important to know the mechanical properties of AlN when performing 

epitaxial deposition on different substrates. Indeed, a modication even local of the 

crystal lattice can lead to changes in physical properties such as the gap width. 

Essential properties are the coefficients of elasticity and Thermal expansion as well as 

hardness. 

      8.5.4. Coefficient of elasticity: 

The stresses and strains of the crystal lattice are related by the laws of Hooke's: 

𝝈 = 𝑬. 𝜺                                               (1.6) 

where σ is the stress (in Pa), E, the Young's modulus (in Pa) and ε the strain or relative 

elongation. 

                                                𝝈𝒊𝒋 = 𝑪𝒊𝒋𝒌𝒍 . 𝜺𝒌𝒍                                             (1.7) 

where 𝝈𝒊𝒋 is the stress tensor (in Pa). 𝑪𝒊𝒋𝒌𝒍, the tensor of elasticity constants (in Pa) and 𝜺𝒌𝒍 the 

strain tensor. With the simplifications related to the symmetries of the hexagonal lattice of the 

6mm crystal class to which the space group P63mc belongs, the generalized Hooke's law is 

written according to equation (1.7). 
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×

(

  
 

𝜀1
𝜀2
𝜀3
𝜀4
𝜀5
𝜀6)

  
 

       (1.8) 

 

 

The elasticity coefficients of hexagonal aluminum nitride are collected in table 

(2.1) Coefficients of elasticity 𝑪𝟏𝟏 𝑪𝟏𝟐 𝑪𝟏𝟑  𝑪𝟒𝟒 . 

 

8.6. Aluminum Nitride (AlN): piezoelectric thin film material 

contact 

Aluminum nitride (AlN) is a piezoelectric thin film material currently used for the 

realization of sensors (ultrasound transducers, pressure sensors, actuators, in 

micropump, etc. and also of components for signal processing by surface elastic 

waves. The speed of acoustic waves in AlN is one of the fastest among all materials, 

which is an advantage for high frequency applications. AlN is deposited at low 

temperature, which makes it compatible with the integrated circuit manufacturing 

CM0OS process, hence the possibility of making a sensor with integrated electronics 

to reduce production costs. 

Moreover, AlN has a high breakdown electric field and good resistance to 

chemicals, physical characteristics useful for sensors and actuators. Currently physical 

etching tests and characterization of AlN are being carried out. 

8.7. Applications of AlN: 

We have seen that AlN is a refractory compound, electrically insulating, with a 

high hardness and a high thermal conductivity. In addition, it has a good resistance to 

oxidation. AlN is one of the few materials that is both electrically insulating and a good 

thermal conductor. AlN is therefore an interesting material for various applications in 

the form of sintered ceramics.  
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It can be used in thin layers as an anti-abrasion and anti-corrosion coating [36,37] 

to protect the surface of cutting tools and certain heating elements. In microelectronics, 

polycrystalline nitride films are used as dielectrics in MIS (Metal Insulator 

Semiconductor) or MNOS (Metal Nitride Oxide Semiconductor) structures. It acts as  

an anti-diffusion barrier for boron or phosphorus doping elements in semiconductors.  

It is also used as a coating layer to protect semiconductors during annealing. 

Single crystals obtained by heteroepitaxy are used in acoustic wave devices in the high 

frequency range. An important point is the elaboration of multilayer compounds (AlN-

semiconductor-II-VI compound) on substrates that allow the simultaneous processing 

of acoustic, electronic and optical signals [38, 39]. In the field of power electronics (high 

temperature, high voltage and high frequency), AlN is sought after for its electrical 

insulation and high thermal conductivity. Moreover, polycrystalline AlN is also used as 

a substrate in cooling devices using copper layers in the form of DBC (Direct Bonding 

Copper) or AMB (Active Metal Bonding). 

9. Conclusion: 

The first part of this bibliographic chapter was devoted to present generalities on 

the MEMS tehnology and SAW devices before focusing our interest on the SAW 

sensors based on transducers, we have given some information about the temperature 

sensor, and we also talk about the principal of piezoelectricity and their equations, and 

the principle of generation of acoustic waves using interdigital transducers (IDTs). 

Without forgetting to introduce the main materials used in our temperature senors 
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Chapitre 2:  

Theory of surface acoustic 

waves (SAW) 
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1. Introduction: 

Surface acoustic wave sensors rely on the fact that mechanical vibrations 

propagate under piezoelectric solid surfaces when surface acoustic waves (SAWs) are 

excited by an electrical signal at the resonant frequency. This chapter presents an 

extension of this analysis technique for modeling the effects of diffraction on the 

impulse response of a complete SAW device. The current work also considers the 

implications of the twodimensional nature of the mathematical formulation of the model, 

and how the results of this formulation influence the validity of the model. Comparison 

is made between theoretical and experimentally observed device performance.  

Experimental determination of various forms of the frequency response function 

has been applied for many years in order to characterize the structural response of a 

diversity of constructions and a comprehensive review is given by Ewins ~1984.  

So, at first, we will describe the impulse response, Secondally, we present the 

equation that used as an approximation to the scalar two-dimensional impulse 

response of an ideal point source and that it is assumed that this function is valid for 

all frequencies, and for the reasonably short separations from the source under 

consideration. Taking the inverse Fourier transform yields a time domain. At the end 

we combin 

e the relationship between transducer geometry and impulse response and also 

the frequency response of the SAW. 

 

2. The History of Impulse response test method: 

The impulse response test method is a nondestructive, stress wave test, used to 

evaluate structural components and elements. Its application to concrete structures is 

less well known than its application to mechanical structures, and the method has 

received far less publicity than the recently developed impact-echo test [40]. Both 

methods are described in the American Concrete Institute (ACI) report (1998). 

Experimental determination of various forms of the frequency response function has 

been applied for many years in order to characterize the structural response of a 

diversity of constructions and a comprehensive review is given by Ewins (1984). The 

method was first adopted in the aviation industry as reported by Kennedy and Pancu 
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(1947) harmonic loadings with different angular frequencies are applied at different 

locations, and measurement of the response enables one to identify the 

eigenfrequencies and the eigenmodes.  

2. Difinition of Impulse response: 

The impulse response of a system is its response to a very short input signal 

(Dirac pulse/delta function), a pulse is a signal with amplitude of 1 at t=0 and zero 

elsewhere. Using a pulse to excite a system provides “infinite” frequency content, i.e., 

the impulse response tells us how the system will behave for inputs at all frequencies 

[41].  

 

 

Figure 2.1: Impulse response diagram [42]. 

 

3.1. Why is it useful? 

Impulse response method is a great tool for simulating transducers because 

many transducer drive signals are wideband. 

Finite element analysis (FEA) models cannot support infinite frequency content 

because the maximum frequency is limited by the size of the mesh. It is possible, 

though, to simulate an impulse response within a certain frequency band of interest. 

In comsol software it is possible to calculate the impulse response across a wide 

band of interest (band-limited impulse response) using a time-domain response 

simulation approach. The response to this impulse will allow us to calculate the 

response to a range of drive signals such as ramps, steps, squares or sinusoidal 

signals in post-processing. Calculating the impulse response allows users to assess 

various arbitrary drive functions in one cost-effective model. 

 

https://onscale.com/blog/how-to-batch-process-fea-simulation-data-automatically-using-a-review-script-in-onscale/
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3.3.Impulse response theory: 

The only time-domain signal that contains all single-frequency elements with unit 

magnitude is an impulse (delta function). In the time domain, putting an impulse into a 

system gives you a time-domain output signal. Time-domain signals can be converted 

into the frequency domain using the fast Fourier transform (FFT). 

 

Figure 2.2: Impulse response (time domain response) and transfer function (frequency 

response) [42]. 

For any other input excitation x(t), the output signal y(t) is considered as the 

convolution of two functions; the input signal x(t) and the impulse response y(t). In other 

words, the transfer function Y() is given by the simple product of the input signal X() 

and the transfer function of the device H(w). Where X(), H() and Y() are 

respectively the Fourrier transform of x(t), h(t) and y(t). 

 

Figure 2.3: Transfer function [42]. 



 

P a g e  41 | 99 
 

The Fourier transform of the convolution of two functions is the simple product of 

the two Fourier transforms. As such, in the time domain the FFT of the convolution of 

two signals is the product of their frequency spectra 

4. Relationship Between Transducer Geometry and Transducer 

Impulse Response: 

The input transducer 𝑇1  generates a periodic electric field with a periodicity 

determined by the spacing of the adjacent electrodes. This field generates surface 

waves through the piezoelectric effect with maximum efficiency at the frequency 𝑓𝑜 The 

generated surface wave propagates to the output transducer 𝑇2 , which converts the 

mechanical displacement of the incident SAW wave to to an output electric field by the 

mean of the inverse piezoelectric effect.  

The filtering properties of these devices are completely determined by the 

processes for conversion of the electrical signal to acoustic energy, and vice versa, at 

the input and output transducers, respectively. This is shown in Figure 2.4, which 

schematically describes the device as two frequency selective transfer functions, 

𝐻1(𝜔) and 𝐻2(𝜔) , connected by a delay function expressed by 𝒆𝒙𝒑(−
𝒋𝒍𝝎

𝝂
). Here 𝒍 is 

the distance between the centers of the two transducers as shown in Fig 1.8 and 𝝂 is 

the surface-wave propagation velocity. The total transfer function of the device is then 

given by: 

𝑽𝟐(𝝎)

𝑽𝟏(𝝎)
≈ 𝑯𝟏(𝝎) . 𝒆𝒙𝒑 (−

𝒋𝒍𝝎

𝝂
) .𝑯𝟐(𝝎)                                                                                      (2.1) 

The transfer functions 𝐻𝑖(𝜔) can be calculated from the impulse responses. This 

impulse response ℎ(𝑡) is a waveform which has a particularly simple relationship to the 

transducer geometry and materials since each electrode pair constitutes a tap on the 

acoustic delay line whose relative time delay is given by the position of the input and 

output IDT electrodes on the surface-wave substrate, and whose strength is directly 

proportional to the amount of overlap 𝑤(𝑧) between adjacent electrodes.  

From filter theory it is known that the impulse response ℎ(𝑡), and the frequency 

response 𝐻(𝜔) , are a Fourier transform pair [42], and thus the frequency response 

can be calculated by the mean of a Fourier transform integral given by: 

𝐻(𝜔) = ∫ ℎ(𝑡) exp(−𝑗𝜔𝑡) 𝑑𝑡
∞

−∞
                                                                                                (2.2) 
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4.1.Frequency response of an IDT: 

In order to define the response of the SAW, an electrical excitation 𝑈(𝑡) of finite 

duration (assimilated a sinusoid of frequency 𝑓0 = 𝑉𝑟/2𝑑 is applied on the electrode 

system (input IDT (1)) [43]. Let us introduce the function h(t) which is the impulse 

response of the system whose square represents the elastic power density per unit 

width of the Rayleigh wave beam emitted in each of the two propagation directions 

𝑥1 and −𝑥2. 

 

Figure (2.4): Symbolic diagram of a SAW [44]. 

                    ℎ𝑆𝐴𝑊(𝑡)   = ℎ1(𝑡)
 ∗
    𝑡 

 ℎ2(𝑡) 
 ∗
 𝑡
 ℎ3 (𝑡)                                          (2.3) 

With, ℎ𝑆𝐴𝑊(𝑡)   is the impulse response of the SAW delay line, ℎ1(𝑡)  is the 

impulse response of IDT(1),  ℎ2 (𝑡)  is the impulse response of region causing delay 

(the acoustic path), and  ℎ3 (𝑡)  is the impulse response of IDT(2), 
 ∗
    𝒕 

 denotes the time 

convolution product operator. 

                                      ℎ2(𝑡) = 𝛿(𝑡 − 𝜏)                               (2.4)     

ℎ2(𝑡) : is the impulse response of the wave path between IDTs that sets the delay  

𝜏 =
𝐿𝐶𝐶

𝑉𝑅
 (Of the SAW delay line), with slight attenuation.  𝐿𝐶𝐶 Represents the distance 

between the two centers of the IDTs (1 and 2). For a SAW delay line that is 

symmetrical, (i.e IDT (1) and IDT (2) are identical), then: 

                                            ℎ1 (𝑡)  = ℎ3 (𝑡)                                          (2.5)     

Their respective Fourier transforms are: 

                                   𝐻1(𝑓) = 𝐻2(𝑓)                                                  (2.6)     

Let's take the input IDTs (1), having N pairs of fingers. The frequency 

response 𝑯𝟏(𝒇) of this transducer is deduced from its impulse response 𝒉𝟏(𝒕). By 
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applying on the electrodes, a pulse U(t) of duration shorter than the travel time of the 

surface wave between two fingers, we simultaneously polarize all the parts of the 

transducer (comb (1) at the potential U(t) while the comb (2) is grounded). Since at 

each finger interval the electric field reverses. The spatial period of the wave is 2d [45]. 

As for its duration 𝜃, it is equal to the ratio of the length L of the IDT (1) transducer to 

the propagation speed of the surface wave 𝑽𝑹: 

𝜽 =
𝑳

𝑽𝑹
=
𝟐.𝒅.𝑵

𝑽𝑹
                                                                                         (2.7) 

Knowing that the frequency of this surface wave is: 𝒇𝟎 =
𝑽𝑹

𝝀
 

𝜽 =
𝑵

𝒇𝟎
                                                               (2.8) 

The frequency response is obtained by taking the Fourier transform H1(f) of the 

impulse response 𝒉𝟏(𝒕)  of the IDT. 

 

Figure 2.5: Impulse response, (a) -of the IDT electrode system (1), 
(b)-of the entire SAW delay line [46]. 

  

The response 𝒉𝟏(𝒕) is the response of the input IDT to a Dirac pulse of unit 

voltage U(t)=(t), at the out put of the first IDT system 𝒉𝟏(𝒕) is given by a sinusoid of 

frequency 𝒇𝟎 =
𝑽𝑹

𝝀
  and duration 𝜽 =

𝑵

𝒇𝟎
, Figure 2.6. 
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ℎ1(𝑡) =  {
𝑎0. 𝑠𝑖𝑛(2𝜋𝑓0𝑡), 𝑓𝑜𝑟 −

𝜃

2
< 𝑡 <

𝜃

2

0                              𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒          
}                        (2.9) 

 

𝒕 : is the time and 𝒂𝟎 its amplitude. 

               

Figure 2.6: Impulse response of an IDT [47]. 

The frequency response or transfer function is deduced by taking the Fourier 

transform of the impulse response h1(t), that is: 

                  𝐻1(𝑓) = 𝑇𝐹{ℎ1(𝑡)}                                       (2.10) 

Or 

𝐻1(𝑓) = ∫ ℎ1(𝑡)
+∞

−∞
𝑒−𝑗2𝜋𝑓𝑡dt                                (2.11) 

The impulse response of the (2.7) can be represented as a product of two 

functions, the sine function and a rectangular window, so its Fourier transform can be 

written as follows: 

                                            𝐻1(𝑓) = 𝑇𝐹(∏  (𝑡) × 𝑠𝑖𝑛(2𝜋𝑓0𝑡))                          (2.12) 

                                                                 𝐻1(𝑓) = 𝑇𝐹 {∏ 𝑡}   𝑓
∗  𝑇𝐹{𝑠𝑖𝑛(2𝜋𝑓0𝑡)}              (2.13) 

 

Now, the Fourier transform of the sine function is: 

                       𝑇𝐹{𝑠𝑖𝑛(2𝜋𝑓°𝑡)} = 𝛿(𝑓 − 𝑓0)                      (2.14) 

𝛿(𝑓 − 𝑓0) : is the neutral element of the convolution product. 

 

𝐻1(𝑓) = 𝑇𝐹{∏(𝑡)} , centered in 𝑓0.                                 (2.15) 

𝑯𝟏(𝒇) = ∫ 0 ∗ −𝜃
2

−∞ 𝑒−𝑗2𝜋(𝑓−𝑓0)𝑡 dt + ∫   
  
𝜃

2

−
𝜃

2

1 ∗ 𝑒−𝑗2𝜋(𝑓−𝑓0)𝑡𝑑𝑡 +∫  
+∞

     
𝜃

2

0 ∗ 𝑒−𝑗2𝜋(𝑓−𝑓0)𝑡    (2.16) 
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𝑯𝟏(𝒇) = ∫   
  
𝜃

2

−
𝜃

2

1 × 𝑒−𝑗2𝜋(𝑓−𝑓0)𝑡𝑑𝑡    (2.17) 

𝑯𝟏(𝒇) =  
𝟏

−𝝅(𝑓−𝑓0)
 [
𝒆−𝒋(𝑓−𝑓0)𝟐𝝅𝜽/𝟐− 𝒆+𝒋𝟐𝝅(𝑓−𝑓0)𝜽/𝟐

𝟐𝒋
]   (2.18) 

𝑯𝟏(𝒇) =  
1

𝜋(𝑓−𝑓0)
sin(𝜋(𝑓 − 𝑓0)𝜃)   (2.19) 

                                  𝑯𝟏(𝒇) =  
1

𝜋(𝑓−𝑓0)
𝐿

𝑉𝑅

sin (𝜋(𝑓 − 𝑓0)
𝐿

𝑉𝑅
)                  (2.20) 

             𝑯𝟏(𝒇) =  𝜃[
sin(𝜋(𝑓−𝑓0)𝜃)

(𝜋(𝑓−𝑓0)𝜃)
] , using the (2.6), we obtain 

             𝑯𝟏(𝒇) =  𝜃[
sin(𝜋(𝑓−𝑓0)

𝐿

𝑉𝑅
)

(𝜋(𝑓−𝑓0)
𝐿

𝑉𝑅
)
] =  𝜃. 𝑠𝑖𝑛𝑐 (𝜋(𝑓 − 𝑓0)

𝐿

𝑉𝑅
)                                               (2.21) 

 

With 𝑠𝑖𝑛𝑐(𝑋) = sin (𝑋)/𝑋 is the cardinal sine function. 

  

𝑯𝒔𝒂𝒘(𝒇) = ℎ1(𝑡) ℎ2𝑡
∗ (𝑡) ℎ3𝑡

∗ (𝑡)                                               (2.22) 

𝑯𝒔𝒂𝒘(𝒇) = 𝑇𝐹{ℎ𝑠𝑎𝑤(𝑡)}                                       (2.23) 

𝑯𝒔𝒂𝒘(𝒇) = 𝑇𝐹{ℎ1(𝑡) ℎ2𝑡
∗ (𝑡) ℎ3𝑡

∗ (𝑡)}                                (2.24) 

 

Using the property of the Fourier transform on the convolution product gets the 

simple product of Fourier transform: 

 

𝑯𝑺𝑨𝑾(𝒇) = 𝑇𝐹{ℎ1(𝑡)} ∗ 𝑇𝐹{ℎ2(𝑡)} ∗ 𝑇𝐹{ℎ3(𝑡)}   (2.25) 

𝑯𝑺𝑨𝑾(𝒇) =  𝐻1(𝑓).𝐻2(𝑓).𝐻3(𝑓) 

But: 𝐻1(𝑓) = 𝐻3(𝑓) 

𝑯𝒔𝒂𝒘(𝒕) = 𝐻1
2(𝑓). 𝐻2(𝑓)     (2.26) 

𝑯𝒔𝒂𝒘(𝒕) = 𝜃
2{[𝑠𝑖𝑛2𝜋𝑓𝜃]/(𝜋𝑓𝜃)2}𝑒−𝜂𝑙𝑐𝑐     (2.27) 

𝑯𝒔𝒂𝒘(𝒕) = 𝜃
2{[𝑠𝑖𝑛2𝜋𝑓𝜃]/(𝜋𝑓𝜃)2}𝑒−𝜂𝑙𝑐𝑐    (2.28) 

We represent, also in figure 2.7, the electrical response in terms of return loss 



 

P a g e  46 | 99 
 

expressed by the S11 Scattering parameter, and in term of insertion losses by the S21 

scattering parameter  

 

 
Figure 2.7: S11 return loss (Reflection), S21 insertion loss (Transmission) 

 

5. Thermal strain effect: 
 

This section discusses the analytical expersion for the TCF constant of a 

thickness (TE) surface acoustic wave (SAW) resonator and will emphaze the difficulty 

and the importance to achieve temperature mesurement. 

The wave velocity and consequentely the resonance frequency shifts of 

resonators are related to changes in stiffness coefficiets witht temperature and the 

thermal expansion, which affects not only the dimensions of the resonators, but also 

the density of the material, the velocity of the excited SAW is given by [10 and 11] as: 

ν = √
𝑪𝒊𝒋
𝑫  

ρ
      (2.30) 

Where 𝑪𝒊𝒋
𝑫 refers to the stiffness constants measures at constant displacement 

and to the density 𝝆. The fundamental resonance frequency for a TE resonator, also 

refereed to the parallel resonance, it is given by [10]: 

𝒇𝒑 =
𝝂

𝟐𝒅𝝅
√𝝅𝟐 − 𝟖𝒌𝟐      (2.31) 
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where d refers to the thikness of thes piezoelectric substrate and  𝒌𝟐 to the 

electromechanical coupling constant. 

When the piezoelectric contribution in (2.31) is neglected, we can deduce the 

serie the resonance frequency of  (2.32) given by:  

𝒇𝒓𝒆𝒔 ≅
𝝂

𝟐𝒅
      (2.32) 

5.1.TCF constant and sensitivity of the sensor  

The change of the resonance frequency due to temperature changes is 

described by the temperature coefficient of frequency (TCF). TCF is one of the key 

parameters of a temperature sensor; it allows to evaluate the SAW’s resonance 

frequency normalized shift (in ppm, part per million) for a variation of 1°C of 

temperature. In the case of SAW based temperature sensors, a large value of the TCF 

constant is recommended because it is itself the standard sensitivity S [ppm/°C] of the 

sensor, contrary to the othe application (filters, resonators, gas sensing, .ect.) where 

TCF must be around zeos to ensure the stability of the device to the temperature. 

The relation between TCF and the sensitivity is given by: 

𝑺 =
𝟏

𝒇𝟎

𝝏𝒇𝟎

𝝏𝑻
= 𝑻𝑪𝑭            (2.33)  

The temperature coefficient of frequency for the low coupling approximation of 

the TE resonance is given as : 

𝑻𝑪𝑬 =
𝟏

𝒇

𝝏𝒇

𝝏𝑻
=
𝟏

𝝂

𝝏𝝂

𝝏𝑻
−
𝟏

𝒅

𝝏𝒅

𝝏𝑻
=
𝟏

𝝂

𝝏𝝂

𝝏𝑻
− 𝜶𝒛     (2.34) 

Where 𝛼𝑧corresponds to the thermal expenssion of the substrate. Using  (2.33) 

in  (2.34) the TCF leads to  

 𝑻𝑪𝑭 =
𝟏

𝟐
[
𝟏

𝑪𝒊𝒋
𝑫

𝝏𝑪𝒊𝒋
𝑫

𝝏𝑻
−
𝟏

𝝆

𝝏𝝆

𝝏𝑻
] − 𝜶𝒛           (2.35) 

The second order temperature dependence of the elasticity coefficients is :  

𝑪𝒊𝒋(𝑻𝟎)(𝟏 + 𝑻𝑪𝒊𝒋𝚫𝑻) + 𝑻𝑪𝒊𝒋𝚫𝑻
𝟐    (2.36) 

Where 𝑇0 refers to the reference temperature of the material, Δ𝑇 to the 
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environment temperature change. 𝐶𝑖𝑗 is the elasticity constants of materials, and  𝑇𝐶𝑖𝑗
𝐷 

the relative cariation of the elasticity constant per unit of temperature.  

The temperature dependence of the density 𝜌 is in first order given by  

𝝆(𝑻) = 𝝆(𝑻𝟎)(𝟏 − (𝜶𝟏𝟏 + 𝜶𝟐𝟐 + 𝜶𝟑𝟑)∆𝑻)    (2.37) 

 

Using  (2.36) and  (2.37) in  (2.34) leads to the first order formulation of the TCF 

for a TE resonator, as  

𝑻𝑪𝑭 =
𝟏

𝟐
[𝑻𝑪𝒊𝒋 − (𝜶𝟏𝟏 + 𝜶𝟐𝟐 + 𝜶𝟑𝟑)] − 𝜶𝒛    (2.38) 

TCF constant is related to materials parameters as ,  and , which 

represent the effective thermal expansion coefficients of the piezoelectric layer in the 

x, y and z directions respectively and   that of the substrate according to  (2.38). 

5.2. Parameters to be considered in simulation of a SAW 

temperature sensor: 

The change in the temperature of the surrounding environment and consequently 

sensor’s temperature can cause two major effects, which are achange in the length of 

the propagation path and interdigital distance d, added to a change in material’s density 

when it is deformed. 

In order to construct a model of the SAW temperature sensor by Finite Element 

Method (FEM), we consider the variations of the physical parameters cited above and 

developed in the first order. 

Interdigital distance: 

𝒅 = 𝒅(𝑻𝟎)(𝟏 + 𝜶. ∆𝑻)     (2.39) 

(AlN) thickenss: 

𝒉𝑨𝑳𝑵 = 𝒉𝑨𝑳𝑵(𝑻𝟎)(𝟏 + 𝜶𝟑𝟑∆𝑻)    (2.40) 

Density of the substrate: 

𝝆(𝑻) = 𝝆(𝑻𝟎)[𝟏 − (𝜶𝟏𝟏 + 𝜶𝟐𝟐 + 𝜶𝟑𝟑)∆𝑻]    (2.41) 

 
The elastic constants developed in the second order are given by: 

 

𝑪𝒊𝒋(𝑻) = 𝑪𝒊𝒋(𝑻𝟎)[𝟏 + 𝑻𝑪𝑬𝒊𝒋∆𝑻 + 𝑻𝑪𝑬𝟐𝒊𝒋∆𝑻
𝟐]              (2.42) 
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For (AlN) and (Si), the constants    TCEij, TCE2ij and   are given in table 2.1. 

Table 2.1: (AlN) and (Si) Physical parameters used in the temperature sensing model. 
 

 AlN SI 

 

 

elastic constants, cij 

[GPa] 

c11 

c12 

c13 

c33 

c44 

c66 

410.02 

149 

110.1 

390 

125 

130.27 

165.7 

34.7 

_ 

_ 

65.5 
_ 

 

 

1st order TCE 

Tcij [𝟏𝟎−𝟔/K] 

Tc11 

Tc12 

Tc13 

Tc33 

Tc44 

Tc66 

-80e-6 

180e-6 

-160e-6 

-100e-6 

-50e-6 

-10.80e-6 

-81e-6 

-110e-6 

_ 
 

_ 

 
-63e-6 

_ 

 

 

2nd order TCE 

T2cij [𝟏𝟎−𝟗/K2] 

T2c11 

T2c12 

T2c13 

T2c33 

T2c44 

T2c66 

-20.61e-9 

-19.51e-9 

-19.88e-9 

-20.03e-9 

-20.36e-9 

-57e-9 

-52e-9 

-52e-9 

_ 
_ 
 

-52e-9 
 

_ 

piezoelectric stress 

coef., eij 

[C/m2] 

e15 

e31 

e33 

-0.48 

-0.58 

1.55 

 

_ 

relative permittivity, 

εij 

ε11 

ε33 

9 

11 

11.7 

11.7 

CTE, αij [𝟏𝟎−𝟔/K] α11 

α33 

5.27e-6 

4.15e-6 

2.6 

2.6 

density, ρ [kg/m3] 3260 2329 
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6. Conclusion  
 

 

At first part of this chapter we have describe the impulse response, its equations 

taking the inverse Fourier transform yields a time domain, after we combine the 

relationship between transducer geometry and impulse response and also the 

frequency response of the SAW. 

At the second part in order to construct a model of the SAW temperature sensor 

by Finite Element Method (FEM), we consider the variations of the physical parameters 

cited above and developed in the first order. 

We finished by taking physical parameters for (AlN) and (Si) used in the 

temperature model .



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 : 

Finite Elements Method 

Simulation 
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1. Introduction : 

Finite elements method (FEM) simulation is a computer tool widely used in many 

fields such as physics, mechanics, thermics or electricity. Other modeling techniques 

are also used to obtain results more quickly. This method offers a substantial gain in 

both time and money, and allows to optimize the design of systems such as SAW delay 

lines, filters or resonators, before their realization in clean room [48,49]. In the field of 

sensors in particular, these tools have largely proven, and still proving their usefulness 

for the design to increase sensitive detection devices. 

In this study, we use COMSOL Multiphysics for modeling SAW temperature 

sensor using FEM method, and we attempte to increase the sensitivity of our sensor.  

The finite element simulation allows us to take into account several multiphysics 

phynomena; we focuse here on the electrical and the mechanical properties of our 

device, espetialy, the particle displacement field and electric potential, when surface 

acoustic waves propagate along the surface of a given piezoelectric material.  

We started by the simulation of an existing experimental exemple in the literature, 

of a SAW temperature sensor operating at a frequency of 425 MHz, in order to compare 

calculations (simulations) and experiments. Different configurations were tested and 

only the one that was in perfect agreement with the experimental results was taken 

into account. This optimization phase is crucial step because it allows us to estimate 

the accuracy of our simulations and model and to validate this model method in order 

to use in the simulation of other new structures we wish to design. 

In the first part of this chapter, we briefly introduce the COMSOL Multiphysics 

simulation software, based on the finite element method. Then we will describe our 

own model to reproduce the experimental structure of Chuian Li et al. and predict the 

electrical behavior of all SAW transducers for future optimizations. 

 

2. Physical modeling by finite elements 

The Finite Element Method (FEM) was introduced in 1956 by Turner [50]. The 

objective was to find an approximate solution to problems that are difficult to solve 

analytically. Finite element modeling (FEM) is a mathematical tool that has been widely 

used in simulations of microsystems of several multi-physical domains, thermal, 

electrical, and in particular mechanical to calculate the deformations as well as the 

stresses of complex structures [51]. This method is widely used for the design of 

microstructures, hence the principle which consists in cutting the structure and search 
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for an approximate solution of the exact solution of the distribution of a physical quantity 

on a given domain.  

In FEM method, the physical domain is divided into several subdomains that we 

call element. This operation is called a discretization of type finite elements. This is 

equivalent to splitting a complex problem into several simple problems to solve [52]. 

The elements are composed of a geometric set of points called nodes that comprise a 

mathematical graph of energy exchanges within the element and through its nodes. 

The global evaluated (calculated) field is then defined by a finite number of field values 

on the nodes. The unknowns at each of the nodes are called nodal variables or degrees 

of freedom. 

 

The finite element modeling consists of several steps: 

-The choice of the energy domain which allows fixing the nature of the variables 

(degrees of freedom). 

-The discretization of the studied domain into a large number of small elements 

and nodes. This operation is called meshing [52,53]. 

-The resolution of the global system of equations. 

-The calculation of the quantities associated with the degrees of freedom. 

The finite element method allows obtaining a display of quite precise graphs of 

the structure's behavior, but this method has the drawback of having a long calculation 

time. Indeed, some complex structures and geometries require a lot of time: several 

hours or even several days of calculations and simulations. It is therefore difficult to 

consider parametric studies using this finite element approach.  

This approach will be illustrated in this chapter by using COMSOL Multiphysics® 

modeling software to solve multiphysics problems, such as the study of piezoelectric 

behavior of a resonator of a SAW device under a temperature changes. 
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2.1. Presentation of COMSOL Multiphysics® software 

COMSOL Multiphysics is a software dedicated to finite element modeling and 

numerical simulation of multiphysical phenomena described by systems of partial 

differential equations (PDE). It is multiplatform software: Windows, Mac, and 

GNULinux. It has a graphical and interactive interface allowing the user to design his 

model in 1D, 2D or 3D. It is an advanced and powerful tool that contains powerful 

solvers to handle and solve problems in physics, mechanics and process engineering 

problems while quickly getting to the result.  

COMSOL allows you to optimize solutions, couple and solve equations from 

multi-physics domains simultaneously. A very important advantage of COMSOL 

Multiphysics is that it offers the user the opportunity to focus on the model and not 

spend time solving the mathematical equations that require writing several lines of 

programming. 

The most important steps of the modeling process on this software, of which a 

view of the graphical interface is shown in Figure 3.1, proceed as follows: 

✓ Choose the dimension of the model geometry (1D, 2D and 3D). 

✓ Choose the physical domain of the study (AC/DC, acoustics, mechanics of structures, 

heat transfer...). 

✓ Choose the type of study for the calculation (frequency, time, stationary,..). 

✓ Build the geometric model of the device to be studied. 

✓ Define the physical properties of the materials and the boundary conditions. 

✓ Construct the mesh of the structure. 

✓ Solve and display the results: Analysis of the results and post processing. 

    Note that this software allows the simulation of several physical domains at the same 

time and for the same study [54,55]. In addition, it offers the possibility of processing 

specific applications via its various complementary modules (Figure 3.2) [56]. 
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Figure 3.1: COMSOL Multiphysics software interface. 
 

 

Figure 3.2: Add-on modules for COMSOL Multiphysics. 

 
In the rest of this manuscript, we will first present a model of the SAW devices 

using the COMSOL Multiphysics software. The results obtained will be compared with 

those obtained from experimental measurements [60]. This will allow us to define a 

model capable of taking into account and predicting the electrical and mechanical 

behavior of all the SAW transducers for the subsequent optimization steps. 
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3. 2D simulation of a SAW unit cell: 
 

We consider a two-dimensional (2D) structure, of a SAW transducer in the 0xz 

plane, (see figure (3.3)), we are interested in the excitation of the piezoelectric effect 

through the application of an external electric field on the input inter-digit electrodes. 

 

 

Figuire 3.3: Unit cell SAW Structure. 

 

First, we perform a modal study on a SAW unit cell (by considering periodicity 

conditions) in order to deduce the eigenfrequencies of the structure, then we perform 

a harmonic study of the same cell by sweeping the excitation frequency into the region 

containing the eigenfrequency of the surface modes, determined from the previous 

modal study. 

3.1. Modal study of a SAW unit cell 

3.2. Geometry of the SAW structure 

Comsol Multiphysics offers geometric design tools in (1D, 2D and 3D). Geometric 

operations are always organized in sequences like model tree. The geometry of our 

structure is a single SAW unit cell (considering the periodicity conditions) which 

consists of five layers superiposed as follows (Silicon substrate, Platinum intermediate 

layer, AlN piezoelectric layer and Pt ectrodes on a Ti buffer layer). Each of them is 

delimited by a rectangle (box), the geometrical parameters of each rectangle 

(caracterised by its length, width and the position of its origin) are listed in (tables (3.1), 

(3.2) and (3.3) (3.4)), respectively, the figuire 3.4 shows the geometrie of this structure. 
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Table 3.1: Region defining the 
piezoelectric layer AlN 

 
Table 3.2: Region defining the 

Si substrate layer. 

Name Value  Name Value 

X Position  -NB*lamda/2 X   Position 0 

 Y Position  0 Y   Position -3* Lambda 

Width Lamda Width Lambda 

Length t_AlN Length h_SUB 

 

Table 3.3: Region defining the  
electrode with Pt 

Table 3.4: Region defining the 
electrode with Ti 

 

Name 

Value Value Value Value 

Electrode 1 Electrode 2 Electrode 1 Electrode 2 

x 
Position  

lambda/8 lambda/2 lamda/8 lamda/8 

y 
Position  

t_AlN+ 

t_electrode_Ti 

t_AlN+ 

t_electrode_Ti 

t_AlN t_AlN 

Width lambda/4 lambda/4 lamda/4 lamda/4 

Length t_electrode_Pt t_electrode_Pt t_electrode_Ti t_electrode_Ti 

 

Table 3.5:  Region defining Pt layer. 

Name Value 

Position x 0 

Position y 0 

Width Lambda 

Length t_Pt layer 
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Figure 3.4: Geometry of a SAW unit cell, using the periodicity condition. 
 

The applied boundary conditions are illustrated in figure 3.4, considering the 

continuity periodicity condition: Figure 3.5 represents the simulation results 

(mechanical response in terms of total mechanical displacement field) showing the 

different possible vibration modes in the SAW resonator unit cell. for each natural 

frequency. In color level, Red is associated with maximum intensity, while Blue one is 

associated with minimum intensity; a natural mode of vibration is associated. These 

modes are considered to surface modes. 

 

Figure 3.5: Mechanical displacement field in SAW unit cell (symmetric and 

antisymmetric Rayleigh mode). 
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The visualization on the same figure of the two components (ux, uz) of the 

mechanical displacement field shows that for both modes (symmetrical and 

antisymmetrical), the displacement is localized at the surface of the device. At the 

frequency 423.07 MHz, both ux, uz and also utot of the mechanichal displacement field 

are symmetric with respect to the mediator of the structure (oz axes passing by the 

centre of the structure). For the frequency 412.06 MHz these compenents are raither 

antisymmetric with respect to the mediator. 

In figuire (3.6.a), we have done a cross section in our structure to given more 

details about the mechanical displacement compenents (ux, uz) variation with depth in 

the substrate. The maximum of these components are observed at the top suface of 

the structure and they decrease with the penetration in the depth of the substrate, this 

is showen in the figuire 3.6.b, that is explain our intrest mode surface acoustic waves, 

where the mechanical energy is confined on the top surface of the SAW device. 

 

 

Figure 3.6: a)-Mechanical displacement compenents (ux, uz) detailed in b)-by a 

cut line in the depth of structure. 

 

 

(a) (b) 
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4. Study of the global structure of the SAW resonator  

4.1. Simulation procedure of the whole SAW device by Comsol: 

The main simulation steps we will follow to study the piezoelectric SAW 

resonators by the finite element method are listed as follows: 

1)  Choice of the dimension of the simulation space. 

2)  Selection of the different physics describing our phenomenon to be studied. 

3)  Definition of the geometrical parameters of the model. 

4) Assignment of materials to the different regions of the resonator. 

5) Application of boundary conditions (electrical and mechanical) on the different regions, 

boundaries and interfaces. 

6) Choice of the appropriate mesh for the SAW structure. 

7) Definition of the frequency range of the study.  

8) Launching the calculation. 

9) Post exploitation and processing of the results. 

4.2. Choice of the dimension of the simulation space: 

In this first step we carry out the choice of the dimension of the problem, we 

select here to make a two-dimensional simulation (2D), on a section of the SAW (Oxz 

plane). We consider that the surface acoustic waves propagate in the (Ox) direction, 

and polarized in (Oz) direction. 

4.3. Choice of physics: 

In Comsol software we can simulate several physical phenomena such as 

electrostatics, electromagnetism, heat diffusion, mechanical deformation, piezoelectric 

effect, ...etc. Most MEMS devices use one or more phenomena to translate a physical 

input quantity into an electrical output quantity or vice versa. SAW resonators are 

mainly based on the direct or inverse piezoelectric effect through an electromechanical 

coupling. In this second step, we choose to use the physics "Piezoelectric Devices 

(pzd)", wich couples both electrostatic and solid mechanic phenomena.  

4.3.1. Geometric parameters of the model: 

It is very useful to make a parametrization in a table of the variables of the model 

and then use them in the different steps of simulation, it is enough to change in the 

table the value attributed to the variable that we want to modify and this will be taken 

into account automatically in the whole model. In this simulation, the values of the 

geometric parameters are listed in table 3.6. 
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Table 3.6: Geometrical parameters of the SAW model. 

Name Expression Description 

t_AlN 2 [um] AlN thickness 

Lamda t_AlN_0/0.17 SAW wavelength 

f0 440[MHz] Estimated SAW frequency 

t_electrode_Pt 140[nm] electrode thickness Pt 

t_electrode_Ti 10 [nm] Eectrode thickness Ti 

Np 50 Number of electrode pair 

fi 340[MHz] Initial Frequency  

ff 500[MHz] Final Frequency  

df (ff - fi)/150 Frequency step 

LB lamda/2 The pitch between IDTs and Bragg refloctors 

NB 100 Number of Bragg reflectors 

LPML Lamda Length of the perfectly matched layer 

h_SUB 5*lamda + LPML Substrate 

T 125 Temperature 

T0 25 Initial temperature 

 

4.3.2. The geometry of the SAW Structure: 

The whole structure (SAW resonator) is divided into three parts; Figure 3.7: 

  i)- The input inter-digitated electrodes (transmitter/receiver IDT act as electrical access).  

 ii)- The reflector systems containing the Bragg mirrors on the both sides of the structure.  

iii)- The PML (Perfectly Matched Layer) regions act as an absorber region. 

 

 

Figure 3.7: The different parts constituting the simulated SAW structure. 
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The part (i), the transmitter/receiver are already described previously in the case 

of the study of a unit cell except that this time we introduce a finite number of electrodes 

pairs (according to the table (3.6), NPair=50). 

For the parts (ii) we define the Bragg reflectors (Pt strips) witch act as a mirrors 

reflecting all mechanical energy of the incoming SAW wave, and thas creating an 

acoustic resonant cavity to forms the SAW resoator. 

The PML part contains three regions (two laterals and one in the bottom of the 

substrate). The side regions contain the following overlapping layers; the Si substrate, 

a Pt layer and a AlN layer. 

 

4.3.3. Materials constituting the structure: 

For each chosen physic, a minimum of physical parameters must be defined so 

that the calculation can be launched. The physical parameters associated with each 

material, such as the dielectric permittivity, the Young's modulus, the bulk density, the 

elasticity tensor and the piezoelectric tensor...etc, are defined in each domain of the 

SAW structure.  

4.3.3.1. Silicon (Si) 

 

Figure 3.8: Assignment of Si to the substrate region. 
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Table 3.7: Physical properties of Si 

Property Name Value 

Density Rho 2329 [kg/m3] 

relative permitivity Si 𝝐𝒓 11.7 

Poisson’s ratio Nu 0.15 

Young’s modulus E 66.3e9 [Pa] 

 

 

4.3.3.2. Platinium (Pt) : 

 
 

Figure 3.9: Assignment of Pt as buffer layer between Si and AlN. 

 

Table 3.8: Physical properties of Pt  

Property Name Value of Pt 

Density Rho 21450 [kg/m3] 

Cofficient of thermal expenssion alph_Pt 9e-6 [1/K] 

Poisson’s ratio Nu 0.23 

Young’s modulus E 168e9[Pa] 
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4.3.3.3. Alumiuim nitride (AlN) : 

 

Figure 3.10: Assignment of AlN to the substrate region. 
 

AlN is a piezoelectric (and dielectric) material, very interesting as piezoelectric 

active layer for the SAW device figure 3.10. From the material library, the physical 

constants of AlN are listed in (Table (2.1) temperature effect). The choice of this 

material is made on the basis of its relatively good electromechanical coupling 

coefficient (k2
eff), which reflects the ratio of conversion of mechanical energy to 

electrical energy and vice versa, and also because of the stability of the oscillation 

frequency of this material. The generation of the wave is done by means of two pair of 

electrodes (IDTs), deposited on the surface of the piezoelectric layer. The electrical 

power applied on the transmitter IDTs is converted into an elastic wave that will 

propagate on the surface of the structure, this wave will be reflected back the same 

IDTs by the mean of Bragg reflactors acting as mirors, the reflacted energy is converted 

again into an output electrical power on the same IDTs.  

 

 

4.3.3.4. IDTs electrodes with Pt on Ti :  

Platinum thin film electrodes are popular for both low and high-temperature 

sensors due to their excellent electrical properties, high melting point and outstanding 

oxidation resistance[61]. 

 

 



 

P a g e  65 | 99 
 

4.3.3.4.1. Platinuim: 

 

Figure 3.11 : Assignment of Pt electrode. 

4.3.3.4.2.  Titanuim: 

 

Figure 3.12 : Assignment of Ti electrode. 

 

Table 3.9: Physical properties of Ti 

Property Name Value  

Density Rho 4506[kg/m3] 

Cofficient of thermal expenssion alph_Ti 8.60e-6[1/K] 

Poisson’s ratio Nu 0.321 

Young’s modulus E 115.7e9[Pa] 

 

4.3.4.  Electrical boundary condition (Grounds, Terminal): 

The electric boundary conditions are due to the fact that the elctrodes are 

connected to an external electric potential (generator). The anode and the cathode of 

the IDTs (interlaced) electrode system respectively linked to the generator graound 

(V=0 Volt) and the to the potential V= 10 Vout. We can also apply an electrical power 

as the case of the caracterization by a vector network analyser (VNA), for the 

detemination of the Scatterin parameter S11. 
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4.3.5. Mechanical Boundary condition: 

Numerical simulation of wave prpagation problems in infinite media using the 

finite element method requires the reduction of the study domain to a limited domain. 

The method of absorbent layer is considered in this sens by usin a perfectly matched 

Layer (PML) zones, surrounding borders of the structure. These layers are used in 

order to force the waves to be evanished and prohibit its reflection back the structure.  

However, the computation time required by a problem coupling the study domain and 

the absorbing domain becomes more important. Figure 3.13 shows the PLM absorbing 

regions in our SAW resonator. In the extremity lateral ends and bottom, we use fixed 

constraint boundary condition, where the mechanical displasment is keps null (utot=0). 

All the rest of the structure is free to be vibrating 

 

Figure 3.13: Definition of the mechanical boundary conditions PML. 

5. Meshing of the structure: 

The mesh is the division of the global domain into a finite number of 

subdomains/elements. Comsol Multiphysics proposes several methods for 2D 

meshing, including free triangular, free rectangular, extruded mesh.etc [64].The choice 

of the mesh depends on the nature of the structure, the geometry, the boundary 

conditions and also the physics, in our case the mesh is rectangular distributed, and 

the size of the mesh elements depends mainly on the wavelength of the mechanical 

wave propagating in the structure. The mesh in Y direction is refined more at the 

interface where the surface wave is localized, while in X direction we considered 16 

mesh elements per wavelength. 
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Figure 3.14: Mesh of the structure. 

 

6. Definition of the frequency range of the study: 

In this simulation the study is harmonic, it is carried out in the frequency range 

from 440 MHz to 600 MHz. 

 

    Launching the calculation: 

We now go to the calculation launching step (compute),  

 

      Post processing of the results:  

In this step we extract all necessary result, like electrical input admittance, S11 

parameter, mechanical displacement field districbution, electrical field distripution, etc. 

 

7. The electrical and mechanical response of SAW resonator 

The main simulation parameters derivated from the simulation of the 

piezoelectric phenomenon are the electrical charge (𝑄) and the mechanical stress (𝑇𝑖𝑗). 

All other parameters are derived from these laters, especialy the electrical admidence 

Y11 or scattering parameter S11 parameter and mechanical displacement field utot. The 
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objective of our study is to determine the electrical admittance of the resonator, as well 

as the mechanical displacement field in the structure at the remarkable frequencies of 

the electrical response.  

 

8. Conclusion 

 

        The finite element method has become an efficienty computational tool to 

describe complex physical phenomena, subject to complicated boundary conditions 

such as the simulation of the electromechanical behavior of SAWs. We have presented 

in this chapter a modal study and harmonic study on a SAW cell (by considering the 

periodicity conditions) in order to deduce the frequencies and the eigenmodes of the 

structure. The design steps (Simulation procedure) and the modeling of a 2D SAW 

structure using the Comsol Multi-physics tool are described. Next, this simulation 

allowed us to faithfully reproduce the real behavior of the whole SAW structure by 

imposing boundary conditions such as (Electrical and Mechanical Boundary 

Conditions), symelary to the ones used in reality. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4: 

Results and Discussion 
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1.  INTRODUCTION : 

In this chapter the results of the study are presented and discussed with we 

determine the center frequency of resonator at room temperature, The 

electromechanical coupling coefficient (k2) and SAW resonator quality factor (Q), then 

the temperature coefficient of frequency (TCF) value. All the results will obtaind for the 

structure with and without Pt bottom layer, our first goal is to compare our simulation 

result with those experimentaly obtained by Chuian Li et al. Than, we attempte to 

generalize our aprouch do other new structure and pplications like SAW delay line 

working in time domaine for the wireless SAW sensor (with an antenna). 

 

2. Structure (Pt/AlN/Pt/Si): 

Figuire 4.1 show as the final structure Pt/AlN/Pt/Si of the SAW sensor with NB= 

50, Np= 50, This structure is obtained by combining aproximately all the geometrical 

parameter the Chuian Li structure, in order to obtain the same situation and compare 

the results. 

    

Figuire 4.1: Geometry the SAW structure Pt/AlN/Pt/Si, (Np=50, NB=50) 

 

2.1. Total mechanical displacement field: 

At the resonance frequency f0=445.09 MHz, the mechanical displacement field 

is maximum in the center of the SAW structure because of the use of the bragg 

reflectors the mechanical displacement field is confined in the center of the structure, 

all mechanichal energy of the SAW waves is localized on the IDT system, so reflectors 

act as bragg mirror which prohibit the mechanichal loss forming thus an acoustic 

resonance cavity. 
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Figuire 4.2: Mechanical displacement field of the SAW structure Pt/AlN/Pt/Si, with 

(Np=50, NB=50) at the resonance frequency of 445.09 MHz. 

 

2.2. The electrical input admittance Y11: 

The electrical input admittance noted Y11 or Y (expressed in "Siemens" (S) or Ω-

1) is the inverse of the electrical input impedance Z11 or Z (Ω) of the SAW device: 

                                                                𝒀 =
𝟏

𝒁
                                                                       (4.1) 

The electrical admittance is complex, its real part represents the electrical 

conductance (G) and its imaginary part is the acoustic susceptance (B), hence: 

                                                                                𝒀 = 𝑮 + 𝒋𝑩                                                        (4.2) 

From comsol Multiphysics simulation, we can get this parameter (Y11) for 

different values of temperature from 25°C to 500°C for the structure Pt/AlN/PT/Si with 

Np=50, NB=50 it’s showen in figuire 4.3. Y11 present a maximum at the serie resonance 

frequency (electric origine) and a minimum at the parallet resonance frequency 

(acoustic orogine). Y11 curve hexibits a shift toward low frequencies when the 

temperature increases. 
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Figuire 4.3: (Y11) Electrical input admittance amplitude of the SAW temperature 

sensor for different values of temperature. 

 

2.3. S11-Scattering parameter: 

S11-Scatterind parameter represents the reflection coefficient of the electrical 

power at the SAW input IDT. It is given by : 

               S11= (Z11- Z0)/(Z11+Z0)                                                (4.3)  

Where, Z11 represents the electrical input ampedence of the SAW device and Z0 is 

electrical input ampedence of the generator, S11 can be extracted directely from 

simulation when usin electrical terminals with electrical power ecitation (as the case of 

the Vectorial Network Analyser, VNA). Bat, it can also be deduced directly from Y11(f) 

as it explaining in the figuire 4.4. 

 

Figuire 4.4: Extraction of S11(f) from Y11(f). 
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The variation curves S11(f) for different values of the temperatures (T), ranging 

from 25°C to 500°C with a step of 25°C are shown in figure 4.5. S11 present a minimum 

value at the resonance frequency of the device at f=445.09 MHz for T=25°C, the same 

as the corresponded Y11. The S11 curve hexibits, also, a shift toward low frequencies 

when the temperature increases. 

 

Figuire 4.5: (S11) Electrical response of the temperature sensor in term of 

S11-parameter for different values of temperature. 

 

The behaviour of both Y11(f) or S11(f) to the temperature changing is attributed to 

the change in the acoustic wave velocity, and to the thermal expension of all device 

materials. Obviously, thermal expension would enlarge finger width and spaceing 

between IDTs, this dilatation increases the value of the wave length 𝜆. Since f0 is 

inversely proportional to the wavelength λ (when (λ) increases (f0) decreases). the 

center frequency (f0) has significantly reduced while temperature grew up to 200 °C. 

The SAW resonance frequency (f0) shifted from 445 MHz at 25 °C to 436 MHz at 500 

°C.  
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Figuire 4.6: Characteristic of SAW resonator at room temperature. 

After many ajustement using the parametric sweep on the elasticity coefficients 

and density of AlN, Pt and Si, available in the literature. The SAW resonance frequency 

(f0) is evaluated at 445 MHz. The sweeped values of these parameters are presented 

in the tables, (figure 4.7, 4.8 and 4.9) we've also made two crystal orientations, for Si 

(100) and AlN (002); where we have orient Si in the plan system (xz) and we chose it 

like a fully anisotropic material and we orient also AlN in the plan system (xz). 

 

 

Figuire 4.7: Parametric sweep of elasticity constants and the density of AlN.
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Figuire 4.8: Parametric sweep of elasticity constants of the Si. 

 

Figuire 4.9: Parametric sweep of elasticity constants Pt. 

 

2.4. The electromechanical coupling factor (𝒌𝟐𝒆𝒇𝒇): 

The electromechanical coupling coefficient (k2) is an important quantity in 

determining the efficiency of acoustic excitation by IDTs, and it is an inherent 

characteristic of the acoustic wave propagation in a given piezoelectric medium which 

represents empirically the piezoelectric strength of the acoustic wave mode.[13] It 

should be noted that the 𝑘2 of SAW resonator (in %) represent the ratio conversion of 

the mechanical energy to the electrical energy int the piezo-material and visversa.This 

parameter is determined from the real and the imaginary part f the S11 parameter 

according to the folowing formula: 

                          𝑘2 =
𝜋

4𝑁

𝐺(𝑓0)

𝐵(𝑓0)
                                     (4.4) 

   

where N is the number of finger pairs of IDT, G(f0) and B(f0) are the radiation 

conductance and the acoustic suceptance respectively. 
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Figuire (4.10): The electromechanical coupling coefficient formula.  

 

 

Figuire 4.11: The electromechanical coupling coeffition of the temperature 

sensor for different values of temperature. 

 

From figure 4.11, we see that the k2 coefficient increases with temperature. this 

phenomenon is also observed in the reference [62].  

The AlN Lamb wave resonators with the electrically floating bottom electrode 

provides a larger effective coupling coefficient than the grounded and open ones.[63] 

This similar phenomenon has also been found in our study. From the figure 4.12 we 

see that The AlN resonator with the floating bottom electrode shows a k2 of 0.35%, It 

is considered that the floating bottom electrode could reduce the additional parasitic 

capacitances and increase the parallel resonance frequency and consequently 

enhance the k2. Moreover, the k2 value increase from 0.35% at room temperature to 
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0.37% at 500°C.  Interestingly, we found that the k2 coefficient quasi-linear increases 

with temperature. with an increase of 5.71% is observed. 

 

 
 

Figure 4.12: Variation of k2 versus temperature for the SAW resonator. 

 

2.5. Quality factor (Q-factor) of Pt/AlN/Pt/Si SAW structure: 

 

Figure 4.13: The Quality factor of the temperature sensor for different values of 

temperature. 
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Figure 4.14: Quality factor variation versus temperature for SAW resonator. 

 

The relationship between quality factor and temperature is plotted in figure 4.14; 

a linear slightly decrease as function of temperature is observed. At 25°C Q is 985.68 

and in for 500 °C it is of 985.08, which means that Q-factor still almost constant versus 

tempetrature.  

 

2.6. Sensitivity of the sensor:  

The relationship between frequency and temperature is plotted in figure 4.15; a 

linear decrease as function of temperature is observed and the slope, which represents 

the sensitivity of the device, is given by a linear fit on the calculated values of the 

resonance frequency (f0) for each temprerature. The value of the sensor sensitivity 

(calculated from the slope of the obtained line) is s= - 40.54 ppm/°C. 

 

Figure 4.15: Resonance frequency variation versus temperature for SAW sensor. 
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3. Structure (Pt/AlN/Si): 

In this part, we will simulate the same structure but without the Pt buffet layer, 

With NB=50, Np=50 (see, Figuire 4.16).  

 

Figuire 4.16: Geometry of the SAW structure Pt/AlN/Si, (Np=50, NB=50) 

Total mechanical displacement field: 

The Total mechanical displacement fieldis presented in the figure 4.17, the 

rsonance frequency f0=418.72 MHz, the mechanical displacement field is maximum in 

the center of the SAW structure, The mechanichal energy of the SAW wave is localized 

on the IDT system because of the reflectors forming the acoustic resonance cavity. 

 

Figuire 4.17: Mechanical displacement field of the structure Pt/AlN/Si, (Np=50, 

NB=50) at the resonance frequency of 418.7 MHz. 
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4.1. The electrical input admittance Y11: 

 

Figuire 4.18: (Y11) Electrical input admittance of the temperature sensor for 

different values of temperature. 

4.2. S11-Scattering parameter: 

The reflection coefficient variation curves S11(f) versus temperatures (T) ranging 

from 25°C to 500°C with a step of 25°C of the structure Pt/AlN/Si are shown in figure 

4.19. 

 
Figure 4.19: (S11) Electrical response of the temperature sensor for different 

values of temperature. 
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Figuire 4.20: S11 Performance at room temperature (Nb=10). 

 

Figure 4.19 shows the frequency response (S11 magnitude) of SAW resonator at 

different values of temperature. The resonance frequency (f0) of Pt/AlN/Si configuration 

is 420.3 MHz. 

The SAW resonant frequency is shifted from 445.01 MHz for the structure with 

Pt Bottom Layer to 420.3 MHz for the structure without Pt bottom layer, this confirms 

that SAW velocity in the structure Pt/AlN/Pt/Si is higher than the SAW speed in 

Pt/AlN/Si structure. The adding of the Pt layer leads to an increase in the SAW velocity 

and consequently in its resonant frequency. 

4.3. The electromechanical coupling factor (𝐊𝟐𝐞𝐟𝐟): 

           

 

Figure 4.21: The electromechanical coupling factor of the temperature sensor 

for different values of temperature, , a)-for NB=50, b)-NB=100. 

(a) (b) 
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Figure (4.22): Relative variation of k2 versus temperature measured on SAW 

resonator of the structure Pt/AlN/Si a)-for NB=50, b)-NB=100. 

The k2 coefficient increases with temperature in this configuration. From the 

figure 4.22, we see that the k2 value for Pt/AlN/Si is 0.14 %, the Pt/AlN/Pt/Si 

configuration has larger k2 value (0.37%) than AlN/Pt/Si. 

 

4.4. Quality factor (Q-factor): 

 

Figure 4.23: The Quality factor of the temperature sensor for different values of 

temperature. 

 

(a) (b) 
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Figure 4.24: Quality factor variation versus temperature for SAW resonator. 

 

The relationship between quality factor and temperature is plotted in figure 4.24; 

a linear decrease as function of temperature is observed. from 25°C where the 

Q=890.85 to 500 °C where Q=888.13. 

 

4.5. Sensitivity of the sensor: 

The resonance frequency variation in function of temperature is plotted in figure 

4.25, A linear decrease in frequency is seen as a function of temperature, a linear fit 

on this variation leads to the slope s, which represents the sensitivity of the device. The 

sensor sensitivity is s= - 40.32 ppm/°C (TCF constant of the structure). 

 

Figure 4.25: Resonance frequency variation versus temperature for Pt/AlN/Si 

SAW sensor. 
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However, the quasi-constant sensitivity to temperature makes it well suited for 

temperature monitor application. Compared with that of Pt/AlN/Si configuration, the 

TCF value of Pt/AlN/Pt/Si configuration decreases by indicating a much higher 

sensitivity to temperature change. 

 

5. Comparaison between experimental resuts (Chuian Li) and our    

theorical results (Simulation): 

 

Figure 4.26: Comparision of our simulated results to experimental data of Chuin Li et 
al. of the structure Pt/AlN/Pt/Si 

 

Figure 4.26 shows a comparison between our simulated results obtained by FEM 

model decribed privisouly, to thr experimental data realized by Chuin Li et al [64], on 

the SAW structure, with Pt bottom electrode (Pt/AlN/Pt/Si). The simulated resonance 

frequency value deduced from S11 magnitude, is about 445.07 MHz, and that of the 

literature is about 456.6MHz. This shows that our results are in good agrement with 

experimental data. Because of the electrical mismatsh impédence between generator 

and the SAW device, the level of experimental S11 parameter, is around -5dB.  
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Figure 4.27: Influence of temperature on coupling coefficient of the structure 
Pt/AlN/Si. 

 

   

Figure 4.28: Influence of Temperature on coupling coefficient of the structure Pt/AlN/Pt/Si. 
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6. Delay line -Type SAW Sensor: (As perspectives) 

   In this section, and in order to optimize the applications of the SAW sensor. we 

present an exemple of SAW delay line type sensor. The proposed structure can be 

used for wireless interogation SAW sensor. The response of the sensor recorded in 

time domaine, deduced by the invers fast Fourier transform (IFFT) on its frequency 

response.  

 

6.1. What does delay line mean? 

A wireless delay line-type SAW sensor (Figure 4.29.a) receives an interrogation 

pulse through an antenna. The electromagnetic pulse is transformed into SAW with an 

interdigital transducer (IDT) placed on the piezoelectric material [64]. The reflectors, 

placed on the substrate, reflect the interrogation pulse back to the IDT, which again 

converts the SAW into electrical signal (Figure 4.29.b). This response signal consisting 

of delayed reflections is then transmitted back to the interrogation unit (Figure 4.30). 

 

 
Figuire 4.29: a schematic layout of reflective delay line surface acoustic wavesensor (a) and 

the corresponding impulse response of the sensor (b).
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Figuire 4.30: Intregation principle of the SAW sensor. 
 

 
6.2. Simulation of Pt/AlN/Si SAW delay line. 

We consider a two-dimensional (2D) structure, of a SAW transducer in the 0xz 

plane, (see figure 4.31), we are interested in the excitation of the piezoelectric effect 

through the application of an external electric field on the input inter-digit electrodes, 

and than deduce the reflective signal caused by the reflector system in time domaine. 
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Figuire 4.31: SAW structure Pt/AlN/Si delay line by comsol software. 

The geometrical parameters used in the simulation of the delay line are illustrade in table 

4.1.     

Table 4.1: The new parameter for delay line 

 

Name Expression 

Df (ff-fi)/200 

Ff 500 MHz 

Fi 340 MHz 

F0 440 MHz 

Np 5 

NB 10 

Lb 10*lamda 

 

At the frequency f0=439.74 MHz, the mechanical displacement field is maximum 

and is confined in the reflector system and on the IDTs. 
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Figuire 4.32: Mechanical displacement field of SAW delay line sensor at 
f=439.74 MHz. 

 

 

For this SAW delay line, and using COMSOL Multiphysics, the simulated S11 in 

the ferquency domain is presented in figure 4.33. It presents a minimum of 0.991 dB 

at the frequency of 439.74 MHz, where the the mechanical displacement field is 

previsouly observed. S11 presents, also, some equidistant minima intensity due to the 

multiple reflections between transmitter/receiver IDTs and reflector systems separated 

by a distance of 10λ. The representation of the S11 in time domaine is obtained by 

calculating the inverse Fourier transform (IFFT) curve using Matlab program, (given in 

appendix A). 
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Figuire 4.33: Simulated S11 in the frequency domain was obtained by comsol 

 

 The IFFT curve is obtained by calculating the Inverse Fourier transform with respect to 

x, the calculation program by Matlab is given in appendix A . 

 

Figuire 4.34: Simulated S11 in time domain using Matlab program. 
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Figuire 4.35: Resume of delay line SAW sensor. 

 

Important remarque: 

In our FEM mode, and in order to reduce the calculating time, we have simulated 

a SAW structure with NB=50 instead of NB=400 (as used in literature [60], Chuian Li et 

al.). In reality Bragg reflectors became to be effitient from NB =10 or NB=50, this is 

presented in figure 4.36, so  NB=50 is sufficient for forming the acoustic resonant cavity, 

and it’s not nessery to go up to NB=400 to get the good result.  
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Figure 4.36: The mechanical displacement field for different values of Bragg 
relector numbers. 

 

7. Conclusion: 

  SAW resonators with Pt/AlN/Si and Pt/AlN/Pt/Si configurations were simulated 

with Comsol software, we have obatind the results and we have done a comparative 

study on both configurations. The performances of sensors were evaluated for 

diferents values of temperature in the rand of 25 to 500 °C. The center frequencies of 

Pt/AlN/Si and Pt/AlN/Pt/Si configuration are 420.28 MHz and 445.01 MHz, 

respectively, at room temperature. The TCF values of Pt/AlN/Si and Pt/AlN/Pt/Si are 

-40.32 9 10-6 and -40.54 10-6 C-1, respectively. As a result, the SAW resonator with Pt 

Bottom Layer has good performance for temperature sensor applications.  

The comparison made on the results, obtained by our theoretical FEM model and 

by the experimental results of Chuian Li, shows that they are in a good agreement, and 

this confirms the validity and the reliability of our FEM model. 
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General Conclusion: 

In this manuscript, we have carried out a simulation, under a COMSOL multi 

physics environment, of a temperature sensor based on a SAW transducer. We started 

this work with a brief summary on SAW sensors, we also present the main theoretical 

foundations, necessary to understand their operating principle and their main 

characteristics.  

Our contribution, focused on the study of the center frequency shift of resonator 

due to the temperature changes, the electromechanical coupling coefficient, the quality 

factor, and the temperature coefficient of frequency (TCF), which represent the 

sensitivity of the sensor.  

First, we recalled the theoretical approach of SAW deviece, we gave some 

generalities on the piezoelectric phenomenon, its governing equations, the main 

piezoelectric materials used in MEMS domaine, and on the propagation of surface 

acoustic waves in piezoelectric materials. We have also presented the operating 

principle of SAW transducers. 

Secondaly, we have presented the procedure and steps of the FEM simulation 

using COMSOL multi physics environment. Than, we are performed the 2D simulation 

of a SAW sensor, this gives a good approximation for the problem resolution. This FEM 

model is coupled to the theoretical temperature effect model to get the response of the 

SAW temperature sensor. 

The obtained results are in a good agreement with those established in the works 

of Chuin Li et al. and allowed the validation of our FEM model. We have considered in 

this work, two types of SAW sensor, a multilayer Pt/AlN/Pt/Si and Pt/AlN/Si SAW 

resonators operating respectively at 445.01 and 420.28 MHz, and tested for different 

values of temperature, in the range of 20°C to 500°C. The electrical measurements 

revealed a piezoelectric response with a quality factor Qr of 985 at resonance 

frequency. The electromechanical coupling coefficient (keff
2) was estimated to be 0.32% 

at 500°C, and the temperature coefficient of frequency (TCF) value is -40.50 ppm/°C. 

As perspectives, it would be interesting to extend the study on the SAW delay 

line working in time domaine, in order to optimize their performances and to use it ias 

a tag in wireless radio frequency (RF) sensors and communication. 
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Appendix (A) 
Matlab program to plot the S11 in the frequency domain 

 
clear all 

close all  

clc 

data=load('real_imag_S11.txt'); 

f=data(:,1); 

real_S11=data(:,2); 

imag_S11=data(:,3); 

S11=real_S11+1i*imag_S11 

plot(f,10*log(abs(S11)),'LineWidth',2) 

% Create xlabel 

xlabel('f(Hz)','FontSize',16); 

% Create ylabel 

ylabel('S_1_1(dB)','FontSize',16); 

df=f(2)-f(1); 

add_zero=fix(f(1)/df) 

S11_extend=    [ S11(1)*ones(add_zero,1)    ;           S11]; 

f_extend=0:df:(length(S11_extend)-1)*df 

hold on 

plot(f_extend,10*log(abs(S11_extend)),'r','LineWidth',1) 

Ne=length(f_extend); 

fe=(Ne-1)*df; 

dt=1/fe; 

t=0: dt:(Ne-1)*dt; 

IFFT_S11=(ifft(S11_extend))*df; 

figure(2) 

% subplot(311) 

plot(t(1:Ne/2),10*log(abs(IFFT_S11(1:Ne/2))),'k','LineWidth',2) 

% subplot(312) 

% plot(t,real(IFFT_S11),'k','LineWidth',2) 

% Create xlabel 

xlabel('t(s)','FontSize',16); 

% Create ylabel 

ylabel('IFFT(S_1_1(dB))','FontSize',16 
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