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ABSTRACT 

  

 According to the Canadian Cancer Society, 2020, “1 in 8 women will be affected 

by breast cancer and 1 in 33 will die from it.” There has been decline in the breast cancer 

causalities due to the early detection using advanced imaging technologies. This signifies 

the importance of early detection of breast cancer that increases the survival rate and 

treatment options for the patients.  One of the platforms which is aiding the early detection 

is Microelectromechanical Systems (MEMS)-base imaging system. In this thesis, a 

Piezoelectric Micromachined Ultrasonic Transducer (PMUT) is proposed to work at lower 

frequency ranges for higher penetration aiding imaging applications while operating at 

lower voltage. In this work, a comprehensive study based on the Multi-User MEMS 

Process (MUMPs) has been conducted to investigate the effect of critical design parameters 

on the output performance. Three sets of PMUTs are fabricated based on the investigated 

parameters. The resonant frequency and acoustic output pressure of these fabricated 

devices are evaluated and compared based on their respective areas of piezo layer using 

COMSOL Multiphysics. The resonant frequency of the fabricated PMUT ranges from 0.5 

MHz to 2 MHz. Keysight Impedance Analyzer E4990A has been utilized for the electrical 

characterization of the fabricated PMUT devices to determine their respective resonant 

frequencies and validate the COMSOL simulation results. It is shown that the fabricated 

individual circular PMUT achieves a high acoustic output pressure of 39 kPa at 1.3 MHz 

and the rectangular PMUT provides 4.7 kPa of acoustic pressure at 1.4 MHz. The results 

indicate that the proposed PMUT design can deliver acoustic pressure at a lower frequency 

range to increase the penetration depth.   
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Chapter 1 

Introduction 

“It always seems impossible until it’s done” 

        - Nelson Mandela 

1.1 Motivation 

 Breast cancer continues to be a pressing health issue for women of all ages. It is the 

second prominent death-causing disease for Canadian women. According to the Canadian 

Cancer Society, 2020, “1 in 8 women will be affected by breast cancer and 1 in 33 will die 

from it.” As per the 2020 survey, it is assessed that 27,000 women will be identified with 

breast cancer and 5100 women will die from it. Uncommonly, 240 men are predicted to be 

diagnosed with breast cancer and 55 will die from it. The alarming figures in the statistics 

exhibit an upward trend for 50 years. In Canada, the number of cases significantly 

increased between 1984 and 1991 and elevated during 1986 [1].  However, there can be a 

decline in the mortality rate if early detection tools and advanced imaging technologies are 

employed. This implies the importance of early detection of breast cancer as it increases 

the survival rate and treatment options for the patients.   

The breast is primarily made of the fat tissues. Hence, a sensitive imaging device 

is required to differentiate the cancerous tissues from the fat tissues of the breast. 

Ultrasound, a non-invasive method to identify the tumours, can be potentially more 

sensitive than X-ray mammography in differentiating the tissues [2]. Considering these 

facts, an advanced detecting device, when miniaturized using the MEMS technology, can 

not only facilitate the early detection but also increase the feasibility of developing a 
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transportable device. This MEMS-based ultrasound would shift the point of care for breast 

cancer testing from clinics to home in future. A MEMS-based ultrasound transducer, one 

of the non-invasive detection methods, is an active topic for researchers. Based on the 

actuating mechanism, it is categorized into Piezoelectric Micromachined Ultrasonic 

Transducer (PMUT) and Capacitive Micromachined Ultrasonic Transducer (CMUT). The 

major characteristics for a transducer are frequency bandwidth, electromechanical 

coupling, quality factor, acoustic impedance match between two media, power 

consumption, and more importantly acoustic power generation ability.  

 Unlike bulk transducers, PMUT can be easily batch fabricated, is cost-effective and 

offers integration with electronic circuits such as portable devices. The existing 

conventional ultrasound transducers and parallel PMUT designs are studied and analyzed. 

The investigation shows that the conventional ultrasound transducer facing a major issue 

in differentiating the target or infected area due to the problems such as narrow bandwidth 

and high acoustic impedance between the media [3]. However, PMUT provides a high 

capacitance, low polarization voltage due to the piezoelectric property and compatible for 

micromachining processes which reduce the bulkiness. Therefore, PMUT is considered to 

be a potential candidate for early breast cancer detection as well as the medical imaging 

field. 

1.2 Thesis Contribution       

 In this thesis, PMUT transducers are designed, analyzed, developed, and evaluated 

focusing mainly on early breast cancer detection in the domain of medical imaging. The 

main objective of the thesis is to develop a PMUT that operates at a lower frequency range 

capable of generating acoustic output pressure for ultrasound imaging. The lower end of 
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the frequency range is targeted as they have better penetration through the medium with 

less attenuation. To design this PMUT, the principle of operation is studied and analyzed 

to investigate the effect of critical parameters on resonant frequency and acoustic output 

pressure with the respective equations. The effect of piezoelectricity is also studied for the 

proposed circular, square and rectangular PMUT designs. An equivalent circuit model is 

analyzed for a better understanding of electromechanical coupling in a structure.  

 A layer by layer analyses along with analytical modelling has been done for the 

proposed PMUT structure. The analyses show that the governing equations cannot hold for 

a multilayered complex structure of PMUT. Therefore, the factors causing the deviation of 

the calculated values from the simulated values are studied and evaluated. The COMSOL 

Multiphysics software is used to investigate the optimal value for the critical parameters 

such as radius, thickness and material of a layer, applied AC voltage and different test 

medium. The appropriate boundary conditions are applied to the structure to run both the 

electrical and acoustic analyses. The determination of resonant frequency is carried out 

through this finite element analyses method. This process is done to design a lower 

frequency PMUT by varying the critical parameters affecting the resonant frequency. Then, 

the PMUT is operated at their respective resonant frequency of the proposed designs, the 

acoustic output is analyzed to deliver the output pressure. Different medium and critical 

parameters have been studied and evaluated in the acoustic analyses of the PMUT. 

 The proposed designs of the PMUT are fabricated using the PiezoMUMPs 

fabrication technology and packaged using CPGA209A. The PMUT chip layout is 

designed using the MEMS Pro software. The fabricated PMUT chip – IMPWR001 is then 

electrically characterized and measured using the impedance analyzer. Comparison 
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between the simulated resonant frequency from COMSOL and the measured values from 

the impedance analyzer agrees well. Therefore, a low frequency PMUT is designed to 

deliver the acoustic output pressure. 

1.3 Thesis Outline 

 In Chapter 2, various medical imaging technologies such as Radiography, 

Tomography, Nuclear Medicine, Magnetic Resonance Imaging (MRI) and Ultrasound 

along with the principles of operation are reviewed. Moreover, the capacitive 

micromachined ultrasound transducer (CMUT), as well as PMUT, are studied. 

 In Chapter 3, a comprehensive study has been done on the principle of operation of 

PMUT.  The piezoelectric effect along with the equivalent circuit model is studied. The 

effect of critical parameters such as radius, thickness and geometry on resonant frequency 

and acoustic output pressure are studied and analyzed. 

 Chapter 4 includes the layer by layer electrical analyses of the PMUT structure 

using the COMSOL Multiphysics software. Appropriate boundary conditions along with 

the critical parameters analyses have been done for each layer. Moreover, the analytical 

modelling has been done and the calculated values are compared with the simulated values. 

In Chapter 5, the critical parameters are analyzed for the acoustic simulations. The 

acoustic output pressure is determined for various radii, thickness and medium for the 

proposed designs. 

 Chapter 6 outlines the PiezoMUMPs fabrication technique which is selected to 

fabricate the proposed PMUT designs. The fabrication steps of the proposed PMUT is 

discussed in detail. Furthermore, the proposed PMUT design layout is discussed along with 
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the electrical characterization of the PMUT chip – IMPWR001. Then, the comparison of 

simulated data and the measured data has been done to determine the resonant frequency 

of the PMUT.  

Finally, Chapter 7 provides the conclusion and the summary of the thesis and 

potential future works are further provided. 
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     Chapter 2 

   Medical Imaging Technologies  

“Indeed, we often mark our progress in science by improvements in 

imaging.” 

        - Martin Chalfie  
 

2.1 Introduction 

 From unrefined to life-like images, one can trace the evolution of Medical Imaging. 

This involves not only the technology but also the minds who have changed concepts into 

medical marvels. The primordial medical diagnosis involves palpating, auscultation, 

percussion and specimen observation [4]. Over the centuries, the basic drawbacks of 

diagnostic methods caused a lack of reliability and precision. At the end of the 18th century, 

the world of medicine and science experienced an alteration with the discovery of invisible 

rays called X-rays by Wilhelm Conrad Rontgen [5].  The medical imaging became more 

quantitative and contributed towards the diagnosis of diseases. It met the need for treatment 

involving earlier detection, cost-effectiveness, reliability and less human intervention. The 

process of visualizing the inner organs demands a multitude of technologies. In this 

chapter, various medical technologies such as Radiography, Tomography, Magnetic 

Resonance Imaging (MRI), Nuclear Medicine and Ultrasound will be reviewed, discussed, 

and compared. 
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2.2 Radiography 

 Without having to do surgery, X-rays help doctors observe the inner organs. X-rays 

are high-energy beams of electromagnetic radiation and are invisible to human eyes. When 

a high voltage is applied to accelerate the electrons in a vacuum tube consisting of a cathode 

and an anode, X-rays are generated. Their energy level ranges between 10eV to 100eV 

which facilitates the penetration through the tissue and air of the target object. But they are 

blocked when encountered by the materials of high density such as tumor, metal or bone 

[6] [7]. 

 In order to get an image of the part or patient to be examined, the desired area is 

placed between the X-ray beam and a coated plate. The quality of the image is proportional 

to the density, geometry, distance and medium. The X-rays pass through the thinner 

materials and appears white whereas the denser materials appear as black or a shadow when 

the plate is processed. A qualified physician deciphers the processed photographic negative 

image for the patients. This entire process takes only a few minutes and based on the organ 

to be tested, the duration varies [8]. 

 The main limitation of X-rays is radiation exposure. Prolonged exposure results in 

skin burn, radiation sickness, tissue damage and even cause defects in genes. Furthermore, 

the patients who have been implanted with monitoring devices like Pacemaker are prone 

to electrical disturbances due to the radiation. X-rays are highly inadvisable for pregnant 

women as the radiation will affect the fetus. Another significant drawback is the disability 

of the X-rays to process moving objects such as the heart. The movement of the target 

object compromises the resolution of the image. The aforementioned limitations of 

Radiography prompted the medical science to develop to a better imaging technique [9]. 
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2.3 Tomography  

 The limitation of radiography was overcome by an impressive computational speed 

and a high-power imaging technique called X-ray Computed Tomography also known as 

CT, CAT Scan (Computed Axial Tomography) scan or X-Ray CT scan [10]. The resultant 

image is a two-dimensional slice of a three-dimensional target object, called a Tomogram. 

In this process, the object or patient to be analyzed is placed between equipment with an 

X-ray source or generator and X-ray detector. This follows a simple principle of relative 

motion of X-ray source and detector in opposite directions which determines the focal point 

in the desired area and blurs out the remaining area. The tomogram is reconstructed using 

a mathematical algorithm [11]. The development of technology contributes to the 

advancements in this technique such as Spiral Scanning, Electron Beam CT, CT 

Fluoroscopy, and Multi-Slice Scanners. These processes address the major limitation such 

as the insufficient information about density distribution and depth of the layers in a 

structure [12].  

     This process of scanning is brief and inexpensive. However, radiation exposure is 

a common setback to both the conventional and advanced process of computed 

tomography. The three factors that determine radiation exposure are absorbed dose 

effective dose and collective dose. They are expressed in Computed Tomography Dose 

Index (CTDI) and Dose-Length Product (DLP). Based on these three factors, the exposure 

in CT ranges between 10-100 mGy (milliGray). This prolonged exposure to radiation might 

increase the risk of developing cancer. The size and design of the CT scanner also play a 

predominant role.  Statistics of diagnostic radiology from hospitals indicates that CT 
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contributes 75% radiation dosage. Limiting the examination time might solve the problem 

but in turn, it compromises the quality of the image or the tomogram [13]. 

2.4 Nuclear Medicine  

 The process of using the nuclear properties of radioactive materials such as 

Calcium-14, Carbon-15, in diagnosis and research is, Nuclear Medicine. This procedure is 

performed with other imaging techniques generally for detecting rather than curing the 

disease [14]. A prescribed amount of radioactive material is either injected, inhaled or 

ingested into the bloodstream followed by a waiting period. A window of thirty minutes is 

given for the material to concentrate on the body part to be diagnosed. Once the material 

starts disintegrating into the bloodstream, it emits electromagnetic radiation. Based on the 

nuclear properties of the material, the rate of decay varies. High-end detectors such as 

gamma cameras trace down the radiation. This machine is capable of converting the 

radiation into electrical signals which results in a black and white image and the diagnosed 

area in programmed colors. A nuclear medicine physician or radio pharmacist deciphers 

the processed image to patients. The radioactive material decays quickly and is passed out 

through body fluids [15]. The diagnostic procedure in nuclear medicine uses invasive 

methods for imaging which puts children and pregnant women at risk. Furthermore, this 

therapy is limited to diagnosing large tumors as they require a higher intake of radioactive 

material to detect smaller and deeper tumors. The accessibility to the machines and slower 

adaptation by clinicians to learn the technology makes it unattainable for impoverished 

countries. It covers only 10% to 20% of the targeted people as it is not affordable in most 

cases [16]. 
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2.5 Magnetic Resonance Imaging 

 The human body is mostly made of fat, proteins, minerals and water as shown in 

Table I [17]. Among these, water plays a significant role. The alignment of water molecules 

in tissue is controlled by the magnetic field created by the primary and secondary magnets. 

This facilitate the imaging mechanism of Magnetic Resonance Imaging (MRI). MRI relies 

on the magnetic characteristics of the water molecule to look deep into the body to give 

detailed images. The setup consists of a super conducting magnet (primary magnet), 

gradient coils (secondary magnet), transmitting and receiving radio frequency (RF) coils, 

RF detector and computer system. The three gradient coils (secondary magnet) attached to 

the primary magnet, gives the MRI to image in three axes [18].  

Table I shows the percentage of water present in human body 

Name of the Organs in human 

body 

Amount of water present in each 

organ (%) 

Brain and Heart 73 

Lungs 83 

Skin 64 

Muscles and Kidneys 79 

Bones 31 

Liver 71 

               

Under normal conditions, water molecules move randomly. The primary magnet produces 

a magnetic field of strength 1.5 to 3T, which aligns the water molecules in the targeted area 

to a particular frequency. The majority of water molecules align in the direction of the 

primary magnetic field. RF coils are used to transmit the radio frequency and produce a 

secondary magnetic source which realigns the molecule. After a few seconds, the 

secondary source is switched off, which realigns the molecules again. This results in the 
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frequency shift of the water molecules [19]. This change in frequency induces an electrical 

signal and it is received by the RF detector. Based on the type of tissue, resolution of the 

image varies accordingly. The generalization of the test results of the patients results in 

accuracy and questions the validity of the MRI [20]. The higher expense in conducting 

clinical study and intricacies in technical development slows down the process of 

implementation. Moreover, the strong magnetic field generated by MRI machines makes 

it hard for the patients with implanted devices as it creates a magnetic and electrical 

disturbance in their devices which may lead to fatal internal injuries [21] [22].  

2.6 Ultrasound Imaging 

 Ultrasound lies above 20 kHz in the sound spectrum, is inaudible for humans 

utilized for diagnosis [23]. It plays an influential role in the medical domains such as 

Cardiology [24], Gynecology [25], Oncology [26], Obstetrics [27] etc. It does not involve 

any ionizing radiation and also a magnetic field for its operation which makes the 

ultrasound a non-destructive, affordable and also an efficient tool [28] [29] [30]. As 

illustrated in Figure 1, the structure of a conventional ultrasonic transducer is made up of 

an active material i.e. Piezo material, top and bottom electrodes to supply the AC voltage, 

a backing material, a matching layer for the acoustic impedance mismatch between two 

medium and acoustic lens in the front to focus the generated ultrasound beam [31]. The 

acoustic impedance is the measure of resistance experienced by the ultrasound. The larger 

the acoustic impedance, the better the reflection of the ultrasound. Therefore, a gel is used 

to match the impedance between the ultrasound and the respective test medium [30]. The 

ultrasonic transducer works under the principle of piezoelectricity which is discussed in 

Chapter 3. The piezoelectric element is the active part of the transducer. This element is 
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sandwiched between the top and bottom electrodes. When the voltage is applied to the 

active element through the electrodes, stress is induced in the form of mechanical 

vibrations. This produces a pulse of ultrasound [32]. 

 
Figure 1 Cross-sectional view of conventional ultrasound transducer. (Not to Scale). 

Based on the density of the tissue and the acoustic impedance of the medium, the speed of 

the transmission and the receiving of the ultrasound will alter. The transmitted ultrasound 

hits the targeted tissue and reflects back in the form of echoes. This principle is the pulse-

echo method. The reflected ultrasound hits the transducer and produces voltages of small 

magnitude [30]. This excites the piezo material due to the piezoelectric effect. These echoes 

are fed into the electronic system such as band-pass filters, amplifiers and a data acquisition 

system such as microprocessor and Analog/Digital converter for signal processing. This 

signal is further converted to form an image for the patients. Different modes are used in 

the ultrasound for imaging. The 1D A-mode, and M-mode (M stands for motion) were the 

first used modes in the earliest transducers [33]. The resolution of the image is directly 

proportional to the number of transducer elements as this increases the output power of the 

ultrasound and determines the resultant image in real time as well [2]. Therefore, multiple 

elements are used to make 1D and 2D arrays. However, 2D imaging provides only flat 

images and does not give all the necessary information such as lateral and axial resolution 
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of the target object and especially complex structures [34]. To overcome these limitations, 

3D/4D imaging is developed. This method addresses the limitations of 2D imaging has 

served the medical field for more than three decades [35].  

 Despite developing advanced imaging, the fabrication limitations remain as a 

concerning issue because the conventional piezoelectric transducer fabrication process is 

based on the dice and fills approach. The process begins by dicing the piezo ceramic slab 

followed by sandwiching them between a top and a bottom electrode. Then the matching 

and backing layer is attached in the front and back respectively. A dicing saw is used to 

make a cut between the elements called kerf and those cells are put side by side to make 

arrays [36]. A lens is attached at the front as illustrated in Figure 1. The shape of the lens 

varies based on the requirements of the applications. The whole process is time-consuming 

and makes the structure bulkier for array configuration. This design is prone to electrical 

cross talk, high acoustic impedance and high noise level due to the high-frequency 

operations. This process of creating transducers challenges the batch fabrication and also 

other factors such as electromechanical coupling, quality factor, frequency bandwidth and 

design flexibility as well [37] [38] [39] . This can be overcome using the MEMS technology 

which is discussed in the next section. 

2.7 Micromachined Ultrasound Transducer 

   As discussed in the previous section, conventional transducers are limited to 

fabrication, size, flexibility, acoustic impedance mismatches. These limitations can be 

overcome by employing Micromachined Ultrasound Transducers (MUT) which is a device 

made using MEMS technology. MUTs have membranes of micro or nano scale which is 
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driven either piezoelectrically or capacitively. This high capability of miniaturization is 

offered by Micro-Electro Mechanical Systems (MEMS). MEMS is a technology which 

utilizes micro and nano fabrication techniques to develop and combine mechanical and 

electrical components in microscale [40] [41].  

 The fabrication process of the unconventional transducers makes it difficult to 

integrate different resonant frequencies and dimensions on a single chip. This is addressed 

by Micromachined Ultrasound Transducer (MUT) by offering design flexibility. It can be 

a promising alternative to the bulk transducers as the MUTs offer low power consumption, 

easy integration with electric circuits, mass production at low cost. Batch fabrication is 

possible because of MEMS due to the miniaturization capability [41] [42]. As mentioned 

before, based on the driving mechanism of the piezo material in the transducer, MUT is 

divided into Capacitive Micromachined Ultrasound Transducer (CMUT) and Piezoelectric 

Micromachined Ultrasound Transducer (PMUT) [43].  

2.7.1 Capacitive Micromachined Ultrasound Transducer  

 Capacitive Micromachined Ultrasonic Transducer (CMUT) is considered as a 

viable alternative for the conventional piezoelectric transducers which offers wide 

bandwidth, large batch fabrication and higher frequency [44] [45]. As illustrated in Figure 

2, The structure has two parallel plates separated by a vacuum cavity.  A thin flexible 

conducting top plate which is the vibrating and moving membrane is separated from the 

fixed silicon substrate or bottom electrode by a vacuum cavity. On applying a DC bias 

voltage to the top and the bottom electrode, an electrostatic force is created between them. 

This force attracts the top electrode towards the bottom electrode which changes the 
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capacitance of the CMUT. Due to the stiffness of the membrane, a mechanical restoring 

force is created against the downward motion. During a transmission mode, an alternating 

voltage is overlaid on the DC bias voltage, the top membrane starts to vibrate which results 

in the generation of the ultrasound. In receiver mode, the reflected ultrasound from the 

target tissue hits the top membrane. The membrane deflects which results in the change in 

capacitance and output. It can be converted to useful data for further processing [46].  

 

Figure 2 A Schematic diagram of Capacitive Micromachined Ultrasound Transducer. (Not to Scale). 

The micromachining fabrication technique gives the flexibility to design the cavity in the 

range of sub microns giving CMUT the ability to offer wider bandwidth, low power 

consumption and cost [47]. The main disadvantage of the CMUT is the higher requirement 

of an input voltage. when the voltage is increased, the restoring force cannot balance the 

force further and collapses the entire structure. This voltage is known as the pull-in voltage 

The need for maintaining a small gap in CMUT limits the resonant frequency and the 

output pressure as the small gap height restricts the deflection of the top membrane [48]. 

Furthermore, the need for separate CMUT devices and external circuit for transmitting and 

receiving purposes increases the complexity of the structure [49] [50]. The disadvantages 

of the CMUT are overcome by another MUT which is discussed in the next section. 
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2.7.2 Piezoelectric Micromachined Ultrasound Transducer  

 The limitations of conventional piezoelectric transducers in having a bulk structure 

are addressed by this promising development called Piezoelectric Micromachined 

Ultrasonic Transducer (PMUT) [51]. Unlike conventional transducers, PMUT is based on 

the flexural mode of operation which addresses and reduces the large acoustic impedance 

[52]. The structure of the PMUT consists of  thin piezoelectric film ranging from 500nm 

to 1µm depending on the application requirements, sandwiched between the top and 

bottom electrodes. Both the piezoelectric film and the electrodes are mounted on a silicon 

substrate. When an AC signal is applied to the electrodes, the piezo material vibrates i.e. 

squeezes and expands. This phenomenon results in the generation of ultrasound [53]. 

Moreover, PMUT does not require gap or cavity for generating ultrasound which 

eliminates the limitations of the PMUT which is faced by and CMUT [54] [55] [56]. The 

following are the major differences between the conventional transducer and PMUT. First, 

the entire structure of PMUT is in the range of microns to a few millimeters which facilitate 

in achieving high frequency [57]. Second, the micromachining technique utilizes the 

physical and chemical properties of the silicon. This makes the PMUT structure flexible 

and enables batch fabrication. These facilitate the array structure in PMUT which in turn 

increases the overall acoustic power [52]. Finally, resonance is not influenced by the 

thickness of the layers as they are only a few hundred microns. This makes the PMUT 

independent of the thickness and makes PMUT a thin structure [58]. Despite facing low 

electromechanical coupling and narrow bandwidth, PMUT shows promising results in 

achieving affordable devices in batches [59]. The working mechanism, layer by layer 
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analyses and the acoustic output pressure of the proposed PMUT is discussed in the 

upcoming chapters. 

2.8 Conclusion 

 Worldwide, medical imaging plays a crucial role in the lives of humans. Therefore, 

the methodical approach and reliability are required in designing and developing imaging 

technologies. From the analyses of different imaging technologies, each technology has its 

pros and cons. Since this includes humans, a non-invasive and affordable imaging 

technique is required. Furthermore, PMUT is not only non-invasive but also addresses the 

major limitations of the conventional transducers. Though this is in the development phase, 

with proper optimization and modelling, it shows potential for further development.  
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Chapter 3 

Piezoelectric Micromachined Ultrasonic Transducer 

 

“Invention is the most important product of man’s creative brain. The 

ultimate purpose is the complete mastery of mind over the material world, 

the harnessing of human nature to human needs.” 

         -Nikola Tesla 

3.1 Introduction 

 The piezoelectric micromachined ultrasonic transducer is a propitious alternate to 

overcome the limitations of the conventional ultrasound transducer. The flexibility and 

simplicity offered by PMUT are one of the major reasons for this research focus. As 

discussed in the previous chapter, PMUT provides low acoustic impedance , low operating 

voltage, simple fabrication processes  which makes it a potential candidate for medical 

imaging technology [58]. In this chapter, the working mechanism and the critical 

parameters are discussed in detail.   

3.2 Operation Principle of PMUT 

 The operation of the PMUT obeys the piezoelectric effect [58]. The structure of the 

PMUT and the critical parameters are discussed in this section. 

3.2.1 Fundamental Structure 

 In this thesis, the thin film Aluminum Nitride (AlN) based PMUT structure is 

designed and built based on fabrication process called PiezoMUMPs which is discussed in 
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Chapter 6. The piezo material, AlN (500nm) is sandwiched between top electrode, 

Aluminum (1µm) and bottom electrode (1µm), Chrome (20nm). AlN is selected for its 

piezoelectric strain co-efficient, d₃₃, in the range of 3.9-5.5 (Pc/N) [60]. The entire structure 

is built on a silicon substrate as illustrated in Figure 3.  

 

Figure 3 Structure of Piezoelectric Micromachined Ultrasound Transducer (PMUT) 

The material properties of different layers are one of the factors which determine the 

resonant frequency of the structure. The most essential part in the structure of PMUT is the 

material properties, radius and thickness of the piezo layer. Firstly, the material properties 

such as piezoelectric, dielectric and elastic constants of the piezo layer as these determines 

the electromechanical coupling (k) of the PMUT and also the acoustic impedance. For 

instance, Lead Zirconate Titanium (PZT) has high k factor and is commonly reported 

material in PMUTs. The PZT is used in various sectors such as medicine, transportation, 

communications, etc. PZT is also available as ceramics and polycrystalline. The high 

thermodynamic variable in PZT makes it temperature independent. The other common 

materials are Polyvinylidene fluoride (PVDF) that is gradually replacing the PZT because 

it is light and highly flexible [61], AlN [62], and ZnO (Zinc Oxide) [63]. Secondly, the 

metals such as Chromium, Platinum, Aluminum are selected for electrodes as they have 
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high conductivity. The preferred material to build the substrate is silicon as they are readily 

available, inexpensive. The high precision and reproducibility in fabricating the MEMS 

devices [60]. 

 

Figure 4 PMUT with neutral axis and the deflection of the membrane from the neutral axis 

In this work, the unimorph PMUT is operated in 𝑑33 mode. The electric field is applied to 

the top and bottom electrodes in z-direction which results in deflection from the neutral 

axis as illustrated in Figure 4. The plate vibration equation is given by Equation (1) [64], 

 𝐷∇2∇2𝑤 + 𝐼
0 

𝜕2𝑤

𝜕𝑡2

=  ∇2𝑀𝑝 + 𝑃𝑒𝑥𝑡 

 

(1) 

where D is the flexural rigidity of the plate given by Equation (2) [64], 

 

𝐷 = ∑
𝑌𝑖

3(1 − 𝑣𝑖
2)

[(𝑧𝑖 − 𝑧𝑁)3 − (𝑧𝑖−1 − 𝑧𝑁)3]

𝑞

𝑖=1

 

(2) 

with surface density 𝐼0 by Equation (3), 

 

𝐼0 = ∑ 𝜌𝑖ℎ𝑖

𝑞

𝑖=1

 

(3) 
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This PMUT design is a clamped plate structure which is optimized and analyzed for higher 

acoustic output and desired resonant frequency. Three different structures of circular, 

square and rectangular PMUT have been designed and analyzed which is discussed in 

Chapter 4.  

3.2.2 Piezoelectric Effect 

 Each molecule in an object has its own gravity centers for positive and negative 

charges. Under the absence of pressure/force, these gravity centers of both the charges 

coincide as shown in Figure 5(a). But when a force/pressure is exerted on the molecule, 

the gravity centers of the charges separate and forms a dipole. This process is called 

polarization as shown in Figure 5(b) and 5(c). 

 

Figure 5 The polarization process of a piezoelectric material. (a) The orientation of the positive and 
negative charges in the absence of an external electric field. (b) The alignment of the charges when 
an electric field is applied. (c) The net polarization after the removal of the electric field. 

The electrodes are attached on top and bottom surface of the piezo layer. On the application 

of force/pressure, polarization makes the charges to touch the electrodes. The negative 

charges are attracted to the positive terminal and vice versa. On removal of the external 

pressure, the charges go into their equilibrium state. The entire process is repeated which 

converts the mechanical energy into electrical energy. This is called as direct piezoelectric 
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effect. The reverse mechanism of the same process is called the inverse piezoelectric effect 

and this effect is responsible for the generation of ultrasound in PMUT when an AC signal 

is applied [65]. 

3.2.3 Equivalent Circuit Model 

 Designing an appropriate equivalent circuit model is an essential process which has 

to be done to attain the compete transducer system representation. With a proper equivalent 

circuit model, the circuit designer can optimize the front and back end processing and 

design. This influences the overall efficiency of the transducer system. In this section, a 

mechanical and an electrical equivalent circuit model is developed for a single cell [64]. 

 

Figure 6 Mechanical equivalent model of PMUT using Mass-Spring-Damper Model 

The mechanical equivalent model of the PMUT can be modelled using the mass-spring-

damper model as shown in Figure 6. The external force, F oscillates the mass, M which is 

attached to the spring k and a damper b. When an alternating voltage is applied to the 

electrodes, a mechanical force is generated by the piezo layer due to the piezoelectric effect. 
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Figure 7 Electrical equivalent circuit of PMUT 

The stiffness of the membrane counteracts the mechanical force which results in the 

deflection of the membrane. As illustrated in Figure 7, the impedance of the capacitor (𝐶0) 

defines the electrical impedance i.e. the impedance formed the piezo layer of the PMUT. 

The structure of the vibrating plate defines the mechanical impedance (𝑍𝑚) of the PMUT. 

The 𝑍𝑎 defines the acoustic domain and can be written as shown in Equation (4), 

 𝑍𝑎 =  𝑅𝑎 +  𝑗𝜔𝐿𝑎 (4) 

where 𝑅𝑎 is the damping of the medium and 𝐿𝑎 is the acoustic mass. The electromechanical 

coupling i.e. coupling of the electrical and mechanical domains is represented, n, which 

determines the symmetrical working operation at both the transmitting and receiving part 

of the transducer. It the direct measure of efficiency of the PMUT. The K factor can be 

written as shown in Equation (5), 

 
𝑘2 =

𝑓𝑎
2 −  𝑓𝑟

2

𝑓𝑎
2

 
(5) 

where the 𝑓𝑟  𝑎𝑛𝑑 𝑓𝑎 is the resonant and anti-resonant frequencies respectively [66] [67]. 
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3.3 Resonant Frequency 

 The applied AC signal excites the structure to vibrate at multiple frequencies. The 

amplitude of the vibration attains the maximum at a specified frequency of operation. That 

frequency gives the maximum vibration, known as the resonant frequency. The working 

operation of the PMUT relies on this resonant frequency. The critical parameters such as 

radius and thickness of the layer, material properties and the applied voltage determines 

the resonant frequency of the respective structure. As the resonant frequency lies close to 

the natural frequency of the structure, the above said parameters are optimized to attain the 

maximum efficiency of the PMUT [58] [68]. In this work, layer by layer analyses has been 

done to analyze the effects of parameters on the resonant frequency. The resonant 

frequency of a multi-layer structure which is clamped on all edges is given by Equation (6) 

[64], 

 

𝑓𝑟 =  
𝛾1

2

2𝜋𝑅3
√

𝐷

𝜇
 

(6) 

where 𝛾 = 3.19 for fundamental resonance mode, D is the flexural rigidity and 𝜇 is the 

mass per given area as shown in Equations (7) and (8) [64], 

and 

 
𝜇 =  ∑ 𝜌𝑖𝑡𝑖

𝑡𝑜𝑝

𝑖=𝑒
 

(8) 

 
𝐷 =

1

3
∑  𝐸𝑖

(𝑡𝑖−𝑧𝑛)3−(𝑡𝑖−1−𝑧𝑛)3]

(1−𝑣𝑖
2)

𝑡𝑜𝑝

𝑖=𝑒
. 

(7) 
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where the 𝜌𝑖 , the density of the layer, 𝑡𝑖 , thickness, 𝐸𝑖  , Young’s modulus and 𝑣𝑖 , the 

Poisson ration of the layer. 

3.4 Acoustic Power 

 The resonant frequency is one of the critical parameters which determines the 

acoustic performance of the PMUT. Since PMUT is relatively a narrow bandwidth [59], it 

should be operated at the respective resonant frequency to deliver a maximum output 

pressure and to achieve large penetration depths. Moreover, the resultant output pressure 

is directly proportional to the applied voltage. The PMUT operates at lower voltages which 

provides low power consumption and also prevents the repolarization of the charges in the 

piezo layer.  In conventional transducers, the acoustic impedance between the structure and 

the testing domain such as air, water, skin, metal etc., downturn the acoustic output 

performance of the system. The acoustic impedance between the ceramic and the test 

domain should match as it increases the efficiency of the PMUT. Even though the 

implementation of the matching layers with quarter wavelength solves the limitation, the 

complexity of the fabrication process increases and also alters the resonant frequency of 

the structure. However, in PMUT, low acoustic impedance can be achieved by optimizing 

the critical parameters and the micromachining techniques that allows the fabrication of 

thin films [58]. The radiation boundary conditions, sound pressure level and acoustic 

output pressure are investigated in Chapter 5 using FEA simulations. 

3.5 Conclusion 

 In this chapter, the physics involved in the working operation of the PMUT such as 

fundamental structure, effect of piezoelectricity in transmitting and receiving the signal, 
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electromechanical coupling function using equivalent circuits are studied. Furthermore, the 

governing equations and critical parameters of the fundamental structure and resonant 

frequency of the PMUT are also studied. However, the complexity of analytical modelling 

increases with added layers with different thicknesses in the structure. The fundamental 

equation for the resonant frequency is prone to error when more than one material or layer 

is added in the structure of PMUT. Moreover, the complications in calculating in real-time 

values for an array configuration of PMUT is liable to err. The above-mentioned limitations 

and the critical parameters of PMUT are further extensively investigated in the next chapter 

by conducting FEA simulations.  
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Chapter 4 

Critical Design Parameters and Electrical Analyses of 

PMUT 

“Everything that informs us of something useful that we didn't already 

know is a potential signal. If it matters and deserves a response, its potential 

is actualized.” 

        - Stephen Few 

4.1 Introduction 

 An alternating voltage is applied between the top and bottom electrodes of the 

PMUT which facilitates excitation of the piezo layer. As discussed in section 3.3, the 

maximum excitation of the piezo layer can be observed at its natural vibration frequency 

called the resonant frequency. Moreover, to attain the maximum efficiency of the PMUT, 

the device must be operated in its respective resonant frequency. As shown in Equation 

(9), the critical parameters such as flexural rigidity, density, thickness and radius of each 

layer can be analyzed and optimized to get the resonant frequency of the PMUT. A resonant 

frequency analyses for the proposed PMUT, the critical design parameters and electrical 

analyses are presented, studied and evaluated in this chapter. As discussed in section 3.5, 

analytical modelling becomes complex for structures with different thicknesses. The 

deviation of the simulated values from the calculated values of simple and complex 

structures is discussed in section 4.2.1. The electrical analyses for different radii, thickness 

and shape are studied and investigated in this chapter.   
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4.2 Finite Element Analyses  

 A numerical technique is employed to evaluate the physical entities and 

phenomenon. This process is called Finite Element Analyses (FEA). In FEA, the 

mathematical model is described using Partial Differential Equations (PDEs) and these 

equations are solved using FEM and that provides engineers and researchers with the 

information such as resonant frequency, pressure distribution and sensitivity analyses 

about the respective simulated model. 

4.2.1 COMSOL Multiphysics – Electrical Simulations 

 In this thesis, COMSOL Multiphysics Version 5.5 software is utilized to perform 

FEA simulations and analyses of PMUT. Critical parameters of the PMUT are investigated 

thoroughly in this chapter. COMSOL offers numerous physical solvers and the option to 

couple multiple physics interface modules such as acoustics, electromechanics, fluid flow 

and heat transfer. In this chapter, the “Eigen frequency, Prestressed” and “Frequency 

domain” studies are performed using the MEMS module consisting of solid mechanics and 

electrostatics. The electrical boundary conditions and the determination of resonant 

frequency for proposed geometries of the PMUT are discussed under their respective 

geometries. The software is operated on a Windows machine consisting of 2 GHz, 16 cores 

Intel Xenon with a RAM speed of 384 GB. 

4.2.2 Domain Meshing       

 Identifying the mesh type plays an integral part in modelling the PMUT. The 

meshing is essential when the structure has layers with thicknesses of different orders. The 

simulated devices in this thesis range from 500nm to 10µm. Therefore, an appropriate mesh 
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setting must be done by considering all range of thicknesses in the structure. COMSOL 

offers customizable meshing which is used to divide the entire structure into smaller 

domains, called solved data points. These smaller domains are further divided into 

elements. 

 

Figure 8 Different types of Meshing in COMSOL. 

Based on the size of the element, the mesh is classified as coarse, coarser, extra and 

extremely coarse, normal, fine, finer, extra and extremely fine. The coarse meshing has a 

lower density whereas the extremely fine meshing has the higher density. Here the density 

denotes the number of elements in a domain. Figure 8 shows an increase in the number of 

elements for each mesh type. However, the denser mesh tends to increase the 

computational time and memory size. Therefore, suitable mesh type is required for efficient 

simulation. The simulated PMUT presented in Figure 8 has a top electrode (Al) of 95µm 

radius, a piezo layer of 115µm radius and silicon substrate of 165µm radius. As discussed 

in section 3.3, the PMUT must be operated at its resonant frequency to attain the maximum 
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transduction. Therefore, eigen frequency study is conducted to evaluate to determine the 

respective resonant frequency of the structure.  

 

Figure 9 COMSOL simulation results showing the trend of the resonant frequency with the 
respective mesh type. 

To select the suitable mesh, the resonant frequency must be independent of the change in 

mesh setting. Figure 9 illustrates the relationship between the resonant frequency of the 

PMUT and mesh type. The graph depicts that the resonant frequency becomes independent 

of the meshing at the “Fine” mesh. Therefore, fine mesh is chosen to simulate the PMUT 

devices in this chapter. In this thesis, layer by layer analyses has been done to determine 

the resonant frequency of the designed PMUT. Boundary conditions define the 

functionality to be applied to that selected domain and discussed under their respective 

sections. 

4.3 Parametric analyses of Piezo layer 

 The piezo layer as shown in Figure 10 is analyzed by changing the radius, thickness 

and applied voltage and examining the effect on resonant frequency. The FEA simulation 



 

31 
 

results are compared with the analytical model results to validate the accuracy of the 

simulation modelling. 

4.3.1 Boundary Conditions 

 This is called the Step-I analyses where only the piezo layer is investigated. As 

illustrated in Figure 10, the top surface of the piezo layer is selected as the terminal where 

the AC voltage is applied to activate the device. The bottom surface of the piezo layer is 

selected as ground. 

 

Figure 10 The boundary conditions of Step I – Piezo layer analyses. The top surface is selected as 
terminal and the bottom surface is selected as ground. 

The edges are fixed to create a clamped structure. Both the top and bottom surface of the 

piezo layer is selected as a free domain for the structure to vibrate in the longitudinal 

direction. 

4.3.2 Effect of the Radius 

 The radius is one of the critical parameters which has a substantial effect in 

determining the resonant frequency of the PMUT. As shown in Figure 10, only the piezo 

layer is designed and simulated for analyses. Equation (9) is used to calculate the resonant 

frequency for simpler structures. 
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𝑓𝑟 = 0.5 
𝑡

𝑎2
√

𝐸

𝜌
 

(9) 

The material Aluminum Nitride with Young’s modulus (E) of 348 GPa and density (𝜌) of 

3300 kg/𝑚3 are selected for analyses purposes.  The radius of the piezo layer is investigated 

from 10µm to 200µm in incremental value of 50µm. The thickness of the piezo layer is 

2µm and the applied AC voltage 50V is selected for analyses as given in Table II.  

Table II Parameters used in investigating the effect of radius on piezo layer 

 

 

Applied AC voltage – 50V 

Piezo layer thickness - 2µm 

Piezo layer radius (µm) 

50 

100 

150 

200 

250 

As per the equation (9), the area of the layer is inversely proportional to the resonant 

frequency. From Figure 11, it is clear that the resonant frequency decreases with the 

increase in the radius of the piezo layer. In order to corroborate the simulation results, the 

resonant frequency is calculated with the aforementioned material properties and radii. 

 

Figure 11 This graph is plotted between simulated resonant frequency values and radius of the 
piezo layer. An alternating voltage of 50V is applied to the layer of a thickness 2µm. 
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The simulation and calculated results are compared using the MATLAB. As shown in 

Figure 12 the trend of the calculated and simulated results makes a similar curve. This 

substantiates that the radius of the layer is inversely proportional to the resonant frequency 

and also the accuracy of the simulation results. 

 

Figure 12 The graph showing a similar curve for calculated and simulated resonant frequency 
plotted for a piezo layer of thickness 2µm for an alternating voltage of 50V. 

4.3.3 Effect of the Thickness 

 One of the factors that influence the resonant frequency of the PMUT is thickness. 

In order to investigate the effect of the thickness on the performance of the proposed 

PMUT, the structure is modelled and simulated as shown in Figure 13. The resonant 

frequency is calculated based on Equation (9) to investigate the values of the thicknesses. 

The material Aluminum Nitride (AlN) with Young’s modulus of 348 GPa and density of 

3300 kg/𝑚3 is selected for a fair comparison with the developed device. The thickness of 

the piezo layer is analyzed from 1µm to 6µm in incremental value of 1µm. A wide range 

of thickness values is picked to analyze and understand the effect on the resonant 

frequency. The radius of the piezo layer is 50µm and the applied AC voltage is 50V 

selected and fixed for analyses as given in Table III. As per the equation (9), it can be seen 



 

34 
 

that the thickness of the piezo layer is directly proportional to the resonant frequency. From 

Figure 13, it is observed that the resonant frequency increases with the increase in the 

thickness of the structure. Moreover, this increases the flexural rigidity of the structure. 

Because the thicker structure restricts the bending moment which in turn affects the 

resonant frequency. 

Table III Parameters used in investigating the effect of thickness on piezo layer 

 

 

 

Applied AC voltage – 50V 

Piezo layer radius - 50µm 

Piezo layer thickness (µm) 

1 

2 

3 

4 

5 

6 

 

Figure 13 This graph is plotted between simulated resonant frequency values and piezo layer 
thicknesses. An alternating voltage of 50V is applied to the layer of a radius 50µm. 

The simulation results are compared with the calculated resonant frequency and the graph 

is plotted using the MATLAB as shown in Figure 14. The values of the calculated and 

simulated results agree with each other, validating the proposed and simulated 

Multiphysics model that can be further developed into the PMUT complex geometry. This 
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study indicated that the thickness is directly proportional to the resonant frequency and 

needs to be considered in the PMUT design for the target frequency range. 

 

Figure 14 The graph showing a similar curve for calculated and simulated resonant frequency 
plotted for a piezo layer of radius 50µm for an alternating voltage of 50V. 

 

4.4 Parametric analyses of Piezo layer and Silicon substrate 

 For the more complex structure of PMUT, the piezo layer with silicon substrate as 

shown in Figure 15 is analyzed by investigating the critical parameters. The effect of the 

addition of a layer on resonant frequency is investigated by comparing the simulated and 

calculated resonant frequencies from the general piezoelectric equations that hold for one-

layer structure. 

4.4.1 Boundary Conditions 

 This is called the Step-II analyses where a silicon substrate is added below the piezo 

layer. As shown in Figure 15, the AC voltage is given to the top and bottom surface of the 

piezo layer. The edges of both the piezo layer and silicon substrate are fixed and the top 

and bottom surfaces of both the layers are selected as a free domain to resample the MEMS 
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movement. In order to evaluate the effect of adding a layer to the piezo layer is investigated 

and analyzed in this section. 

 

Figure 15 The boundary conditions of Step II – Piezo layer and Silicon substrate analyses. The top 
and bottom surface of the piezo layer is selected as terminal and ground respectively. 

4.4.2 Effect of the Radius 

 In Step-II analyses, the material Aluminum Nitride with Young’s modulus of 348 

GPa and density of 3300 kg/𝑚3 along with Silicon with Young’s modulus of 180 GPa and 

density of 2329 kg/𝑚3 is selected that resemble the more complex structure of PMUT. The 

radius of both the piezo layer and silicon substrate is the same as this is the case in the 

developed PMUT. As given in Table IV, the radius is investigated from 10µm to 250µm 

in incremental value of 50µm. The applied voltage is 50V and the thickness of the piezo 

layer and silicon substrate is fixed in 1:2 ratios. i.e. the piezo layer is 1µm and the silicon 

substrate is 2µm thick. 

Table IV Parameters in investigating the effect of radius on the piezo layer and silicon 

 

 

Applied AC voltage – 50V 

Piezo and silicon layer thickness - 3µm 

Piezo and silicon layer radius (µm) 

50 

100 

150 

200 

250 
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Figure 16 This graph is plotted between simulated resonant frequency values and radii of the piezo 
layer and silicon substrate. An alternating voltage of 50V is applied to the structure of thickness of 
3µm. 

The lowest radius of 50µm and highest of 250µm is selected to investigate the effect of the 

radius at the extreme values feasible for PMUT fabrication process proposed in this thesis. 

From Figure 16, the graph shows a significant drop in the resonant frequency with the 

increase in the radius of both layers. Considering this, 100µm is selected as the initial radius 

to design a low-frequency PMUT. Figure 17 illustrates that there is an inappreciable 

deviation of the calculated values from the simulated values. This negligible difference is 

due to the material properties of Aluminum Nitride and Silicon.  

 

Figure 17 The graph showing a slight deviation in the curve of calculated and simulated resonant 
frequency plotted for structure with thickness 3µm for an alternating voltage of 50V. 
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4.4.3 Effect of the Thickness 

 As discussed in section 4.3.2, Equation (9), is used to calculate the resonant 

frequency of a one-layer piezo structure. However, the complex structure of PMUT 

includes several layers and the material properties of both the Aluminum Nitride and 

Silicon are included in the calculation of Young’s Modulus and Density. The thickness 

analyses have been done in two approaches. The first is to analyze the effect of thickness 

by investigating the thickness of the piezo layer and the latter is by studying the thickness 

of the silicon substrate as given in Table V.  

Table V Parameters used in investigating the effect of thickness on the piezo layer in 

piezo/silicon structure  

 

 

Applied AC voltage – 50V 

Piezo and silicon layer radius - 50µm 

Silicon layer thickness - 2µm 

Piezo layer thickness (µm) 

1 

2 

3 

4 

5 

 

Figure 18 This graph is plotted between simulated resonant frequency values and piezo layer 
thicknesses. An alternating voltage of 50V is applied to the layer of a radius 50µm. 

The first approach involves the variation of the thickness of the piezo layer from 1µm to 

5µm and by fixing the applied voltage to 50V and silicon layer thickness as 2µm. As Figure 
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18 depicts, the resonant frequency increases with the increase in the thickness by obeying 

Equation (9). As given in Table VI, the second approach involves the variation of the 

thickness of the silicon substrate by the values 1µm, 2µm, 10µm, 20µm and 30µm. The 

first two values are picked to analyze the 1:2 ratios as discussed in section 4.4.2. The 10µm 

is selected to evaluate the thickness effect based on the PiezoMUMPs design which is 

discussed in Chapter 6. The 20µm and 30µm are selected to observe the outcome of the 

resultant resonant frequency for thick PMUTs. 

Table VI Parameters used in investigating the effect of thickness on the  silicon layer in 

piezo/silicon structure 

 

 

Applied AC voltage – 50V 

Piezo and silicon layer radius - 50µm 

Silicon layer thickness - 1µm 

Piezo layer thickness (µm) 

1 

2 

10 

20 

30 

 

Figure 19 This graph is plotted between simulated resonant frequency values and silicon layer 
thicknesses. An alternating voltage of 50V is applied to the layer of a radius 50µm. 

As Figure 19 depicts, the unvarying results have been observed. Furthermore, the simulated 

values are compared with the calculated values of the resonant frequency. From Figure 20, 

it is clear that there is a significant deviation of the calculated values from the simulated 
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values. There are multifarious factors that contribute to this deviation. For instance, 

Equation (9) considers only Young’s modulus and density of one material in a simple one-

layer structure. The equation does not hold anymore for complex structures with added 

layers. Therefore, the response deviates from the existing simple formula. 

 

Figure 20  A graph showing a significant deviation in the curve f calculated and simulated resonant frequency plotted 
for structure with thickness 3µm for an AC voltage of 50V. 

However, the proposed PMUT is a more complex structure that employs several layers of 

different geometries. COMSOL is a powerful tool which involves multifarious factors, for 

instance, residual stress, Electrical conductivity, Coefficient of thermal expansion by 

default. This authenticates the exactness of the results which is further investigated in the 

next section. 

4.5 Parametric analyses of proposed Circular PMUT 

 A comprehensive analysis has been done to evaluate the effect of critical design 

parameters. However, the structure discussed in section 4.3 and 4.4 is not the complete 

PMUT. Therefore, the proposed design of PMUT is investigated in this section and it is 

based on a fabrication process, PiezoMUMPs. There are few design constraints such as 

fixed values for thicknesses. One of the critical design parameters, radius, is selected and 

analyzed based on the aforementioned step by step analyses to design the target low-
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frequency PMUT for better efficiency. The designs discussed in this section and 4.6 are 

fabricated and packaged which is discussed in Chapter 6. 

4.5.1 Boundary Conditions 

 This is one of the designs of PMUT geometries. This is called the Design-I, 

modelled based on the design rules of a fabrication process called PiezoMUMPs. The 

thickness of the entire structure is fixed by the design rules which are discussed in Chapter 

6. Moreover, the active areas in the structure of PMUT i.e. vibrating areas are only 

considered for simulation purposes. Therefore, the modelled PMUT is not an exact 

depiction of the fabricated PMUT. However, the passive areas are also simulated and 

compared to substantiate the point that there are insignificant changes in the results with or 

without the incorporation of passive layers in the simulations.  

 

 

Figure 21 The boundary conditions of the proposed design, circular PMUT. The top electrode is 
selected as terminal and the bottom surface of the piezo layer is selected as ground. The structure 
is built on a silicon substrate. The simulated design has a top electrode and bottom surface of the 
piezo layer to apply terminal and ground. 

As shown in Figure 21, the AC voltage is applied to the top electrode whereas the ground 

is applied at the bottom surface of the piezo layer. The entire structure is clamped at the 

edges. The top surface of the top electrode and the bottom surface of the silicon substrate 

is selected as free domains to facilitate the vibrations in the longitudinal directions. The 
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parameters of the proposed circular PMUT are listed in Table VII. These are the parameters 

defined to design the circular PMUT whereas the thickness of each layer is fixed by the 

PiezoMUMPs. However, the radius is selected based on the step by step analyses to attain 

a lower resonant frequency range. 

Table VII The parameters list such as radius, thickness and applied voltage for the 

proposed design, circular PMUT. The same parameters can be used for rectangular and 

square PMUT by changing the radius. 

Name of the 

parameter 

Value[unit] Description 

Vac 1[V] Applied AC voltage 

r 115,170,205,250 

[µm] 

Range of varied radii of the piezo 

layer(AlN) 

r_Al r-20[µm] Radius of the top electrode (Al) 

r_Si r+50[µm] Radius of the Silicon substrate 

r_SiO2 r_Si-10[µm] Radius of Silicon dioxide 

t_Al 1.02[µm] Thickness of the top electrode (Al) 

[Fixed] 

t_AlN 500[nm] Thickness of the Aluminum Nitride  

[Fixed] 

t_Si 10[µm] Thickness of the silicon substrate 

[Fixed] 

t_SiO2 1[µm] Thickness of the silicon substrate 

[Fixed] 

4.5.2 Effect of the Radius 

 The objective of this thesis is to design a low-frequency PMUT for higher 

penetration of the signal to reach the deeper tissues of the targeted area in the human body. 

The outcome is measure using a pulse-echo method where noise is unwanted. Due to low-

frequency PMUTs, lesser noise is observed at the outcome. 
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Figure 22 This graph is plotted between simulated resonant frequency values and radii of the 
piezo layer for the circular PMUT for an alternating voltage of 1V. 

From section 4.3 and 4.4, it is clear that the radius must be higher than 50µm. Therefore, 

the proposed circular PMUT can be designed to operate at less than or equal to 1.5 MHz. 

The critical parameters mentioned in Table VII, have been optimized accordingly for the 

aforementioned resonant frequency. As Figure 22 illustrates, the resonant frequency 

decreases with an increase in the radius of the piezo layer.  

4.6 Parametric Analyses of Square and Rectangular PMUT 

 The square and rectangular PMUT are also investigated as a Figure of merit and to 

investigate the effect of the geometry of the resonant frequency as well as power generation 

ability. Both shapes are designed and simulated based on PiezoMUMPs design rules. The 

effect of radius on the resonant frequency is investigated for both the shapes. 

4.6.1 Boundary Conditions 

 As discussed in section 4.5, the same structure is designed but in a different shape. 

From Figure 23(a) and 24 (a), a similar structure, i.e. the entire structure is built on a silicon 
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substrate. The simulated design has a top electrode and bottom surface of the piezo layer 

to apply terminal and ground. The top electrode is selected as terminal and the bottom 

surface of the piezo layer is selected as ground. The active areas are identified from section 

4.3 and 4.4. Therefore, only the top electrode is built on the surface of the piezo layer.  As 

illustrated in Figure 23 (b) and 24 (b), the AC voltage is applied to the top electrode whereas 

the ground is applied at the bottom surface of the piezo layer.  

 

 Figure 23 The boundary conditions of the proposed design, square PMUT.  

 

 Figure 24 The boundary conditions of the proposed design, rectangular PMUT.  
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As illustrated in Figure 24 (a) and (b), the simulated design has a top electrode and bottom 

surface of the piezo layer to apply terminal and ground. The top electrode is selected as 

terminal and the bottom surface of the piezo layer is selected as ground. 

4.6.2 Effect of the Radius 

 The width and length of the rectangle are converted to areas and plotted as X-axis.  

 

Figure 25 This graph is plotted between simulated resonant frequency values and radii of the 
piezo layer for the rectangular PMUT for an alternating voltage of 1V. 

 

Figure 26 This graph is plotted between simulated resonant frequency values and radii of the 
piezo layer for the square PMUT for an alternating voltage of 1V. 
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As mentioned in Table VII, the area is investigated, and the resonant frequency is simulated 

and plotted as Y-axis. As Figure 25 depicts, the highest resonant frequency is 1.45 MHz 

for an area of 0.05 𝑚𝑚2. The third shape, Square, is selected for fabrication. From Figure 

26, it is clear that the resonant frequency is 1.95MHz for 0.04 𝑚𝑚2. The stress distribution 

of the square facilitates the stiffness of the structure which results in high resonant 

frequency. Therefore, this investigation shows that a high resonant frequency can be 

observed for the same area of rectangular PMUT. 

4.7 Conclusion 

 In this chapter, the PMUT is analyzed layer-wise to observe the effect of critical 

design parameters on the resonant frequency. The critical design parameters such as radius 

and thickness are investigated comprehensively. In order to validate the authenticity of the 

COMSOL Multiphysics, the simulated values of the Step-I and Step-II are compared with 

the calculated values of the resonant frequency. The boundary conditions of the proposed 

designs are also discussed. Then, the proposed designs of PMUT with different shapes such 

as circle, square and rectangle are simulated by varying the radii. The radii are selected 

based on step I and II analyses as to design lower frequency devices. From the simulation 

analyses, the circular PMUT has a resonant frequency of 1.32 MHz for a radius of 115µm, 

the square PMUT has a resonant frequency of 1.95 MHz for an area of 0.04 𝑚𝑚2 and the 

rectangular PMUT has a resonant frequency of 1.45 MHz for an area of 0.05 𝑚𝑚2. The 

operating frequency of the proposed designs has been analyzed comprehensively. Thus, a 

PMUT working in lower frequency range is designed. The next chapter investigates the 

acoustic output pressure for each design when operated at their resonant frequencies. 
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Furthermore, the effect of critical parameters on the acoustic output pressure is also 

investigated.  
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Chapter 5 

Critical Design Parameters and Acoustic Analyses of 

PMUT 

“Sound is the vocabulary of nature” 

        - Pierre Schaeffer 

5.1 Introduction 

 According to the first law of thermodynamics, “The energy can neither be created 

nor be destroyed.” This law governs the transduction of any transducer system. The input 

electrical energy applied to the PMUT is converted to acoustic output energy [58]. The 

critical parameters such as radius, thickness, applied voltage, medium, distance are studied 

and evaluated to attain output pressure at the target frequency range. Moreover, to attain 

maximum output pressure, the PMUT must be operated at its natural vibrating frequency, 

the resonant frequency. As discussed in Chapter 4 and 6, the resonant frequency is 

determined for the proposed design. Therefore, the effect of output parameters such as 

radiation patterns of acoustic pressure and sound pressure level (SPL) in decibels are 

evaluated while operating at the resonant frequency of the respective designed geometries. 

In this chapter, the Acoustic module is coupled with the MEMS module under Multiphysics 

section to perform the acoustic analyses of the proposed PMUTs. Since the PMUT has 

asymmetric structure, the functionality such as 2D and 2D Axis symmetric modules has 

been utilized to execute the acoustic simulations.  The boundary conditions, mesh settings 

along with extracted results are further discussed in this chapter. 
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5.2 Acoustic Simulation Environment 

 As discussed in Chapter 4, the resonant frequency is determined for the proposed 

PMUT designs. In this section, the PMUTs are operated at their respective resonant 

frequencies. When an alternating voltage is applied to the PMUT, ultrasound is generated. 

The generated acoustic waves propagate through the tissues of the targeted area. Based on 

the acoustic impedance of the tissue, a portion of the signal is transmitted or reflected to 

the PMUT.  

 

Figure 27 A 2D axis-symmetric structure of the circular PMUT with a test medium domain of 
radius 1mm with a sector angle of 90º for the acoustic analyses. 

To simulate the acoustic output pressure of the proposed PMUT designs, the fabricated 

PMUT model has been simplified in COMSOL Multiphysics. The 2D component for 

rectangular PMUT and 2D axis-symmetric component for circular PMUT are selected to 

model the proposed structures. The active areas i.e. vibrating areas of the PMUTs are only 

considered for the simulation purposes. As shown in Figure 27, the simplified structure of 

PMUT for the acoustic analyses has a circle of radius 1mm with a sector angle of 90º. This 

circle is selected as the area for any test medium. This 2D component uses a “Revolution” 
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functionality in the result sections to revolve the structure around the axis to give a 3D 

PMUT structure. As illustrated in Figure 28, a 2D component is utilized to design a single 

cell rectangular PMUT without the axis-symmetric functionality. The PMUT is placed at 

the center of the test domain of radius 1mm and 2mm with a sector angle of 180º.  

 

Figure 28 A 2D structure of the rectangular PMUT with a test medium domain of radius 1mm 
with a sector angle of 180º for the acoustic analyses. 

The MEMS module which comprises of Electrostatics and Solid Mechanics is coupled with 

the Pressure Acoustic module of Frequency domain under the Multiphysics section. This 

acoustic module is utilized to analyze and evaluate the propagation of acoustic waves and 

their pressure variations in the selected test medium. A frequency domain study is 

conducted to analyze the effect on PMUT on applying a harmonic excitation of one 

frequency i.e. resonant frequency. The mesh element size, “Fine” is used under Physics-

controlled mesh setting. As Figure 29 illustrates, the mesh is denser around the PMUT and 

less dense in the area of the medium. 
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Figure 29 The fine mesh setting of a 2D axis-symmetric circular PMUT 

As shown in Figure 30, for a fair comparison the same fine mesh setting is also selected 

to analyze the 2D rectangular PMUT. The mesh is denser for PMUT and less dense for 

the test domain. 

 

Figure 30 The fine mesh setting of a 2D rectangular PMUT 

5.2.1 Boundary Conditions  

 The two proposed designs of 2D axis-symmetric circular PMUT and 2D rectangular 

PMUT are simulated for the acoustic analyses. As discussed in section 4.5.1 of Chapter 4, 
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these designs are modelled based on the design rules of the PiezoMUMPs fabrication 

process. The parameters of the proposed circular and rectangular PMUT are listed in Table 

VIII.  

Table VIII The parameters list such as radius, thickness and applied voltage for the 

proposed design, circular PMUT. The same parameters are used for rectangular and 

square PMUT by changing the radius. 

 

The active areas such as silicon substrate, a bottom electrode, piezo layer and top electrode 

are simulated for both the circular and rectangular PMUT. The same boundary conditions 

Name of the 

parameter 

Value[unit] Description 

Vac 10, 20, 30, 40, 50 

[V] 

Applied AC voltage 

r 115, 170, 205, 250 

[µm] 

Range of varied radii of the piezo 

layer(AlN) 

w 250,300,350,400 

[µm] 

Range of the varied Width of the piezo 

layer of the rectangular PMUT 

rAl or wAl r-20 or w-20 [µm] Radius or width of the top electrode 

(Al) 

rSi or wSi r+50 or w+50 [µm] Radius or width of the Silicon substrate 

rSiO2 or wSiO2 r_Si-10 or w_Si-10 

[µm] 

Radius or width of Silicon dioxide 

tAl 1.02 [µm] Thickness of the top electrode (Al) 

[Fixed] 

tAlN 500 [nm] Thickness of the Aluminum Nitride  

[Fixed] 

tSi 10 [µm] Thickness of the silicon substrate 

[Fixed] 

tSi 10 [µm] Thickness of the silicon substrate 

[Fixed] 
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as electrical analyses are followed here. However, the acoustic module has a different set 

of boundary conditions and each condition for both the designs are discussed in this section. 

 
Figure 31 The highlighted region is the selected domain for the pressure acoustics analyses for 

2D axis-symmetric circular PMUT 

The pressure acoustics boundary condition for both the circular and rectangular PMUT are 

illustrated in Figures 31 and 32. The acoustic wave equation is given in Equation (10),  

 
∇ ∙  (−

1

𝜌𝑐

(∇𝑝𝑡 − 𝑞𝑑)) −
𝑘𝑒𝑞

2 𝑝𝑡

𝜌𝑐
=  𝑄𝑚 

(10) 

where 𝜌 is the density of the material, c is the speed of the sound, q and Q is the dipole and 

monopole domain sources respectively [69].  

 The entire circular domain of radius 1mm with a sector angle of 90º for the 2D 

component and 180º for 2D axis-symmetric component is selected to analyze the 

propagation of pressure waves. 
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Figure 32 The highlighted region is the selected domain for the pressure acoustics analyses for 

2D rectangular PMUT. 

The sound hard boundary is a condition that makes the selected area to act as a wall by 

setting the normal component of the acceleration in the Equation (11) as zero. As shown 

in Figure 33, the region beside the PMUT is selected as sound hard boundaries [70]. 

 
−n ∙  (−

1

𝜌𝑐

(∇𝑝𝑡 − 𝑞𝑑)) =  0 
(11) 

 

Figure 33 The highlighted region is the selected domain for the sound hard boundary (wall) for 
2D circular PMUT 
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As illustrated in Figure 34, the axial symmetry applies the symmetrical condition on the 

region r=0. The COMSOL rotates the structure at axis r=0.  

 

Figure 34 Axial Symmetry condition of the 2D axis-symmetric circular PMUT. 

As shown in Figure 35, the spherical wave radiation condition is applied to the 2D axis-

symmetric circular PMUT. This boundary condition allows the radiating ultrasound waves 

from the point (𝑥0, 𝑦0, 𝑧0) to leave the domain and with minimum reflections at the 

boundary.  

 

   
Figure 35 Spherical Wave Radiation of a 2D axis-symmetric circular PMUT. 
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The governing equation is based on the spherical coordinates given by in Equation (12) 

[71], 

 
−n ∙  (−

1

𝜌𝑐

(∇𝑝𝑡 − 𝑞𝑑)) + (𝑖𝑘𝑒𝑞 +
1

𝑟𝑟𝑓
)

𝑝

𝜌𝑐
−

𝑟𝑟𝑓∆||𝑝

2𝜌𝑐(1 + 𝑖𝑘𝑒𝑞𝑟𝑟𝑓)
= 𝑄𝑖 

(12) 

 

As shown in Figure 36, the cylindrical wave boundary condition is applied to the 2D 

rectangular PMUT. The radiating ultrasound is analyzed based on the cylindrical 

coordinates as shown in the Equation (13) and the field is assumed to be independent of 

the axis as this does not involve symmetrical condition. 

 
−n ∙  (−

1

𝜌𝑐

(∇𝑝𝑡 − 𝑞𝑑)) +  (𝑖𝑘𝑒𝑞 +
1

2𝑟𝑟𝑓

−  
1

8𝑟𝑟𝑓(1 + 𝑖𝑘𝑒𝑞𝑟𝑟𝑓

)
𝑝

𝜌𝑐

−
𝑟𝑟𝑓∆||𝑝

2(1 + 𝑖𝑘𝑒𝑞𝑟𝑟𝑓)𝜌𝑐

= 𝑄𝑖  
(13) 

To evaluate the acoustic pressure outside the computational domain, COMSOL utilizes the 

Exterior Field Calculation. The analyses have been done using the Helmholtz-Kirchhoff 

equation, which is given in Equation (14) [71], 

 

Figure 36 Cylindrical Wave Radiation condition of 2D rectangular PMUT 
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𝑝𝑒𝑥𝑡(𝑅) = ∫ (𝐺(𝑅, 𝑟)∇𝑝(𝑟) − ∇𝐺(𝑅, 𝑟)𝑝(𝑟) ∙ (−𝑛)𝑑𝑠

0

𝑆(𝑟)

 
(14) 

The G(R, r) is the Green’s Function where r is radiating wave from a source at R. 

 

Figure 37 Exterior Field Calculation boundary of the 2D axis-symmetric circular PMUT. 

As shown in Figure 37, the boundary of the circular domain is selected as the Exterior Field 

Calculation Boundary Condition. The results of this section are analyzed using the 

radiation pattern. 

5.3 Effect of Radius 

 As the objective of the thesis is to generate acoustic output pressure using a low-

frequency PMUT, the radius is varied to analyze and evaluate. Moreover, as discussed in 

Chapter 4, the PMUT is designed based on the PiezoMUMPs design rules so the thickness 

of the membranes cannot be varied. The dimensions of both the circular and rectangular 

PMUTs are converted to the area to perform a fair comparison as given in Table IX. The 

same dimensions and geometry, as listed in Table VIII, is selected for the analyses of the 

effect of thickness and medium on the acoustic output pressure for the proposed designs of 

the PMUT. As Figure 38 depicts, there is a decrease in the output pressure with the increase 
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in the area of the piezo layer under the fixed biasing condition of 10 V. As discussed in 

4.5.2 and 4.6.1, the smaller radii have the highest resonant frequency. 

Table IX The geometries of the proposed PMUT with their respective area of the piezo 

layer 

Geometry of the PMUT Area of the Piezo layer (𝑚𝑚2) 

Circle 

0.04 

0.09 

0.13 

0.19 

Rectangle 

0.05 

0.06 

0.07 

0.08 

 

The graphs in Figure 38 shows the maximum output pressure of 39.2 kPa at 0.04𝑚𝑚2 for 

the circular PMUT and 4.7 kPa at 0.05𝑚𝑚2 for the rectangular PMUT. This shows that 

the acoustic output pressure is inversely proportional to the area of the piezo layer under a 

fixed biasing condition. 

 

Figure 38 This graph is plotted between the area of the piezo layer and the acoustic output 
pressure of both the circular and rectangular PMUT. 
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5.4 Effect of Voltage 

 To evaluate the effect of applied voltage on the acoustic output pressure, the voltage 

is varied from 10V to 20V for the proposed circular and rectangular PMUTs with 

dimensions listed in Table VIII. This voltage analyses have been done for both rectangular 

and circular PMUT. Both the designs are operated at their respective resonant frequencies.  

 

Figure 39 This graph is plotted between the applied voltage and the acoustic output pressure of 
both the circular and rectangular PMUT. 

As shown in Figure 39, the acoustic pressure is directly proportional to the applied input 

voltage for a fixed active area. The pressure increases linearly for the circular PMUT 

whereas, for rectangular PMUT, it escalates after an input voltage of 20V. The circular 

PMUT of resonant frequency 1.32 MHz exhibits 39 kPa at 10V. A low voltage system also 

facilities a low power consuming system. 

5.5 Effect of Medium 

 The tissues are made of a significant amount of water in their composition. 

Therefore, modelling waves in the liquid medium have been done to analyze and evaluate 

the effect of medium on the propagation of ultrasound.  The speed of sound in water is 
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specified as 1530 m/s throughout the analyses. The Total acoustic pressure field (Pa) 

analyses are done for both the circular and rectangular PMUTs in liquid and air medium. 

Moreover, the sound pressure level (dB), Exterior field pattern using radiation pattern are 

also evaluated for the proposed PMUT designs. The attenuation of the ultrasound 

concerning to distance is also evaluated in this section.  

 

Figure 40 Total acoustic pressure field analyses in 2D and 2D axis-symmetric components in the 
water medium. (a) 39.1 kPa is observed for the circular PMUT operated at its resonant frequency 
of 1.3 MHz for an input AC voltage of 10V. (b) 4.71 kPa is observed for the rectangular PMUT 
operated at its resonant frequency of 1.45 MHz for an input AC voltage of 10V. 

As illustrated in Figures 40(a) and 40(b), the acoustic pressure is higher at the center of 

PMUT creating a directional beam pattern. The rectangular PMUT provides 4.71 kPa for 

10V. As depicted in Figure 38, the smallest area of both the designs delivered the higher 

output pressure under a fixed biasing condition. Figure 41 illustrates the decrease in the 

pressure level with an increase in the distance. A cut point functionality is used to evaluate 

the variation in pressure when the distance is increased. As illustrated in Figure 41(a), the 

cut point is plotted from point 0, center of the PMUT to the border of the 2mm water 

domain. 
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Figure 41 (a) Cut-point of 2D rectangular PMUT. (b) The graph is plotted between the cut points 
vs acoustic pressure at that point. 

As shown in Figure 41(b), the amplitude of the ultrasound degrades as it moves further 

from the source due to attenuation, absorption of the energy by the tissues, scattering, 

reflection and refraction of the ultrasound by the heterogeneous mixture of the test medium. 

The 3D model of the propagation and attenuation of the acoustic output pressure is shown 

in Figure 40(b). 

 The next parameter, Sound Pressure level which measures the effective pressure of 

sound in terms of decibels (dB). It is calculated using the given formula: 

    𝑆𝑃𝐿 = 20 log10 (
𝑝

𝑝0
) 

Where SPL is sound pressure level, p is the sound pressure and 𝑝0 is the reference sound 

pressure. The value of reference sound pressure is 20µPa. For instance, the total acoustic 

pressure level for circular PMUT as shown in Figure 40(a) is 3.91 kPa. Therefore, the value 

of p is 3.91 kPa and the value of 𝑝0 is 20µPa. This gives the SPL for circular PMUT as 185 

dB and the rectangular PMUT has a sound pressure level of 164 dB as shown in Figure 

42(a) and 42(b). The radiation pattern of exterior field pressure evaluates the propagation 
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of the ultrasound beam outside the computational domain as shown in Figure 43. The 2D 

radiation pattern evaluates the sense of direction of propagation of the ultrasound beam. 

 

Figure 42 Sound pressure level analyses in 2D and 2D axis-symmetric components in the water 
medium. (a) 185 dB is observed for the circular PMUT operated at its resonant frequency of 1.3 
MHz for an input AC voltage of 10V. (b) 164 dB is observed for the rectangular PMUT operated at 
its resonant frequency of 1.45 MHz for 10V. 

As shown in Figure 43(a), the radiation pattern of the single cell circular PMUT is high 

directional in the water medium and no side lobes or grating lobes are observed. However, 

in rectangular PMUT, the main lobe is wider with no side or grating lobes. This shows that 

the directivity is higher in the proposed circular PMUT and the beam width is higher in the 

rectangular PMUT.  

 

Figure 43 The radiation pattern of exterior field pressure for (a) circular PMUT and (b) 
rectangular PMUT. 
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5.6 Conclusion 

 The acoustic analyses have been for the circular and the rectangular PMUT using 

COMSOL Multiphysics. The Pressure Acoustics module is coupled with the MEMS 

module to model the acoustic environment for the PMUT. In this chapter, a 2D component 

and 2D axis-symmetric components are employed to model the rectangular and circular 

PMUT respectively. The “Fine” mesh is used to both the designs to evaluate the acoustic 

output pressure. Followed by the boundary conditions of the acoustic model are discussed 

along with their respective governing equations. Furthermore, the critical parameters such 

as radius, applied voltage, distance and test medium are investigated thoroughly. The 

PMUTs are operated at their resonant frequency using the frequency domain study and the 

effect of radius, voltage and medium are studied. From the acoustic analyses, the circular 

PMUT exhibits 39.1 kPa when operated at its resonant frequency of 1.32 MHz for an input 

voltage of 10V. The radiation patterns of the circular PMUT shows higher directivity with 

no side or back lobes. The rectangular PMUT exhibits 4.7 kPa when operated at 1.45 MHz 

for an input voltage of 10V and has a wider beam width. Therefore, a low-frequency PMUT 

that can generate acoustic output pressure is designed and evaluated.  
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Chapter 6 

Proposed Designs and Electrical Characterization of PMUT 

“And on the eighth day God said, “Okay, Murphy, you’re in charge.”  

       – Author Unknown 

6.1 Introduction 

 The proposed PMUT device is fabricated using an advanced surface 

micromachining technique known as PiezoMUMPs. In this thesis, the proposed designs 

are designed and fabricated based on this PiezoMUMPs technique offered by MEMSCAP 

Inc. The PMUT chip is designed using MEMS Pro software. The fabrication steps of the 

proposed designs are discussed in detail in this chapter. Then the fabricated chip is tested 

to evaluate the resonant frequency of the individual PMUTs. The measured values are 

compared with the simulated values in the later section of this chapter. 

6.2 PiezoMUMPs 

 The PiezoMUMPs is a piezoelectric micromachining process focusing on MEMS 

based piezoelectric devices. To achieve high yield, the dimensions and other critical 

parameters such as thickness, the order of material layers and the spacing are 

predetermined to accommodate all types of piezoelectric devices. This fabrication process 

has 5 mask layers. However, each layer has its pre-established values for thickness and 

material selections. The first layer starts with a doped silicon substrate. Thermal oxide is 

grown, patterned and etched. Followed by the deposition, patterning and etching of the 

piezo layer, Aluminum Nitride and the pad metal, chrome and aluminum. Then the silicon 

is lithographically patterned, and a protection layer is applied at the front side till the 
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patterned silicon layer. Then the wafer is flipped, and the backside of the wafer is patterned 

and etched to create a trench. Finally, the protection layer is stripped off. The fabrication 

steps are discussed thoroughly in the next section [72]. 

6.2.1 Fabrication steps of the proposed PMUT 

 The fabrication is performed on a 150 nm n-type Silicon on Insulator (SOI) wafer. 

A phosphosilicate glass (PSG) layer is deposited on the silicon layer and annealed at 1050 

ºC for one hour in Argon. The silicon layer is doped to increase electrical conductivity. 

Then the PSG layer is removed by a wet chemical etching process. This illustrated in Figure 

44 [73]. 

 

Figure 44  Doping of silicon layer by Phosphosilicate glass layer on a 150 nm n-type Silicon on 
Insulator (SOI). 

After doping the silicon layer, a thermal oxide is grown of thickness 2000 Angstrom. Then 

the thermal oxide is coated with positive photoresist to create Pad Oxide. Photoresist, a 

material, sensitive to light used in the photolithography process to form patterns on layers. 

A positive photoresist is used as it becomes soluble when exposed to UV light. Therefore, 

the positive photoresist is lithographically patterned by the Pad Oxide Mask (First Level 
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Mask). The remaining oxide is etched using the reactive ion etching process (RIE). The 

process is illustrated in Figure 45. 

 

Figure 45 The Pad Oxide is the first level masking. The pad oxide is grown 2000 Angstrom of 
thickness. It is then patterned lithographically and etched using RIE process. 

 

Figure 46 Deposition of the piezo material is the second masking. A 0.5µm thickness of the piezo 
material is deposited using reactive sputtering. The piezo layer is lithographically patterned and 

wet etched. 

In this second level masking, a 0.5µm thickness of the piezo layer, Aluminum Nitride is 

deposited on the patterned thermal oxide by reactive sputtering. This method is selected as 

it provides control over the gas flow and preferred for thin film deposition. Then, the wafer 

is coated with positive photoresist. The second level mask is used to lithographically 
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pattern the photoresist. Then, the remaining of the piezo film is wet etched. This is 

illustrated in Figure 46. 

 Followed by the deposition of the piezo layer, the pad metals are deposited. In this 

step, a negative photoresist is used to coat the wafer. The third level masking, pad metal, 

is used to lithographically pattern the photoresist. Then, a thickness of 20nm chrome and 

1000nm aluminum is deposited using beam evaporation as shown in Figure 47. Then deep 

RIE etching is performed.  

 

Figure 47 Deposition of the pad metals is the third level masking. The negative photoresist is 
patterned and a 20nm chrome and 1000nm aluminum are deposited by beam evaporation. 

The fourth masking, SOI, is for lithographically patterning the silicon layer. As shown in 

Figure 48, the silicon is etched till the thermal oxide. At this stage, the wafer is coated with 

UV sensitive photoresist. Then the area is exposed to ultraviolet light which allows the 

patterned photoresist area to etch. The Inductively Coupled Plasma (ICP) is employed to 

perform the Deep RIE. This ICP technology mainly used to remove the remaining of the 

silicon. 
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Figure 48 Etching the silicon until the oxide layer using the fourth level masking, SOI. RIE and 
Deep RIE is used for the etching process. An UV sensitive photoresist is used to pattern the wafer 

The final process is to create a trench at the backside of the wafer. Therefore, a protective 

coating is applied at the front side of the wafer. As shown in Figure 49, a polyimide coating 

is used to hold the structure when the wafer is flipped. After the formation of the trench, 

the protective coating is removed using a dry etch process. In order to create a trench, the 

substrate is lithographically patterned using the fifth mask, Trench. Three etching process 

has been utilized to form the trench. Firstly, Reactive Ion Etching (RIE) is employed to 

etch the pattern into bottom oxide. 

 

Figure 49 A protection layer, polyimide coat is deposited at the front end of the wafer to hold the 
structure when the wafer is flipped to create the trench at the back end of the wafer. 
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Secondly, the substrate layer is etched using a DRIE silicon etching process. Lastly, the 

oxide layer above the substrate is etched using the wet oxide etch process. After the above-

discussed process, the protection layer is removed, and the trench is created at the backside 

of the wafer. The process is illustrated in Figure 50. 

 

Figure 50 Fifth mask level, Trench is used for patterning the substrate. RIE, DRIE Silicon etch 

and wet oxide etch processes are utilized to create the trench till the oxide layer. 

Hence, the PMUT is fabricated using a simple five-level masking fabrication process. The 

dies are then separated using a laser dicing technique. A CPGA209 is used to wire bond 

and package the chip.  

6.2.2 Proposed PMUT Design and Fabricated Chip 

 The proposed PMUT designs as discussed in Chapter 4 is drawn as a layout in a 

chip using L-Edit MEMS Pro version-10. This software is used for design and analyses of 

MEMS devices. MEMS Pro has a functionality where the user can add the fabrication 

process as a layer palette. In this work, a PiezoMUMPs layer palette has been used to design 

the chip. As shown in Figure 51, different geometries such as circular, square and 

rectangular PMUTs has been arranged in the chip size of 4.5mm x 4.5mm to compare their 
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resonant frequencies and power generation capabilities. The mechanical properties are 

given by the PiezoMUMPs design process which is listed in Table X. 

Table X Layer names with their predetermined thickness of the PiezoMUMPs. 

Layers in the 

PiezoMUMPs design 

process 

Predetermined Thickness 

(µm) 

Minimum Maximum 

Thermal Oxide 0.195 0.21 

Substrate 395 405 

Oxide 0.95 1.05 

Silicon 9 11 

Piezo Layer - 0.5 

Pad Metal 0.47 1.02 

 

 

Figure 51 Top view of the fabricated PMUT Chip – IMPWR001 in MEMS Pro using a standard 
PiezoMUMPs fabrication layer sequence. 
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As shown in Figure 51, the chip consists of individual PMUTs of different target 

geometries as designed in Chapter 4. The dimensions of the highlighted part in Figure 52 

is listed in the table below. 

Table XI The dimensions of the tested PMUT devices in the Chip – IMPWR001 

Name of the PMUT geometries Dimensions of the Piezo Layer 

(µm) 

Circular PMUT (radius), 4 

devices 

115, 170, 205, 250 

Square PMUT (side), 4 devices 105, 115, 145, 205 

Rectangular PMUT (Width & 

Height), 4 devices 

(250,200), (300,200), 

(350,200), (400,200) 

 

 

Figure 52 The optical image of the fabricated PMUT chip – IMPWR001 (Top View). The 
highlighted parts are the geometries tested for analyses. 
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6.3 Electrical Characterization 

 To evaluate the properties of the fabricated devices, electrical characterization is 

performed using a Keysight Impedance Analyzer E4990A as shown in Figure 53. The 

measurement results are then compared with the simulation results presented in the 

previous chapters. This equipment is used to perform admittance-voltage measurements 

over the target frequency range. The probe voltage is set to 1V. The impedance 

measurements are done for the devices highlighted in Figure 52 with dimensions listed in 

Table XI. 

 

Figure 53 Experimental test setup for the electrical characterization of PMUT chip – IMPWR001 

6.3.1 Simulation Verification 

 Electrical characterizations are conducted on the circular and rectangular designed 

PMUTs to validate the effect of the geometry on the device resonant frequencies at the 

target frequency range in this thesis. The measurement results are compared with the 

simulation results presented in the previous chapters, where the effects of device critical 
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design parameters are investigated. To measure the resonant frequency in the impedance 

analyzer, a frequency sweep is conducted. Since the frequency range for this impedance 

analyzer is 20 Hz to 30 MHz, it can cover the low target frequency range of the devices 

designed in this work, designed to perform at lower than 3MHz. Unlike conventional 

PMUTs with higher than 10MHz operating frequency, the proposed PMUT designs are 

designed, modelled and optimized to operate at a frequency range of 0.5 MHz to 2 MHz. 

The electrical characterizations are performed at this frequency range. The start and end 

value in the fine sweep measurements are entered with an approximation value lesser than 

0.5 MHz. For instance, the simulated value for a circular PMUT of radius 170µm is 0.748 

MHz. Therefore, the frequency ranges with a start value of 0.5 MHz and an end value of 

0.9 MHz is set in the impedance analyzer. The same procedure is followed for all the 

evaluated devices. In this particular device, after the sweep, the resonant frequency is 

identified at 0.731 MHz. The entire process is repeated for the entire devices in the PMUT 

chip. As shown in Table XII, the measured resonant frequencies are compared with the 

simulated resonant frequencies with their deviation expressed in MHz and plotted in Figure 

54. 

Table XII Comparison of resonant frequencies of proposed PMUTs with their deviation. 

Geometry 

of the 

PMUT 

Area of the 

PMUT 

(𝑚𝑚2) 

Simulated 

Resonant 

Frequency 

(MHz) 

Measured 

Resonant 

Frequency 

(MHz) 

Deviation 

Value 

(MHz) 

Error 

(%) 

 

Circular 

PMUT 

0.04 1.32 1.86 0.54 40.9 

0.09 0.74 0.73 0.01 1.3 

0.13 0.55 0.48 0.07 12.7 

0.19 0.4 0.3 0.1 25 

 

Rectangular 

PMUT 

0.05 1.45 1.58 0.13 8.9 

0.06 1.34 1.34 0 0 

0.07 1.27 1.18 0.09 7 

0.08 1.22 1.07 0.15 12.2 
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Figure 54 The graph is plotted for measured and simulated values of  resonant frequencies of the 
PMUT versus the area of the piezo layer of each geometry of the proposed PMUT designs. 

Figure 54 depicts that the extracted resonant frequency values from the impedance analyzer 

agree well with the FEM results which are discussed in Chapter 4. As the thickness of the 

layers is predetermined by the PiezoMUMPs design rules, the radius, side, width and height 

of the different geometries are converted to an area for a fair comparison. For instance, the 

circular PMUT with 115µm radius, a resonant frequency of 1.86 MHz is measured. The 

simulated resonant frequency for this device where the anchors and substrate were ignored 

in the simulations is 1.32 MHz which matches closely with the measurement result, 

validating the design methodology to develop the low frequency circular PMUT. The same 

procedure has been used for measuring the rest of the fabricated circular PMUTs. For the 

figure of merit, the rectangular PMUTs has been designed and verified with the 

aforementioned measurement procedure. For instance, the rectangular PMUT with width 

250µm and height 200µm has a measured resonant frequency of 1.58 MHz and a simulated 

frequency of 1.45 MHz. This 0.13 MHz difference in the measured and simulated resonant 

frequency is due to the consideration of active areas in the PMUT for simulation purposes 
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and systematic errors in the measurement. Moreover, the graph validates the authenticity 

and efficiency of the COMSOL Multiphysics software. 

6.4 Conclusion 

 In this chapter, the proposed PMUT designs are developed using the PiezoMUMPs 

fabrication process. The step by step process of the fabrication is discussed. As this 

technique provides a cost-effective fabrication, it is utilized in this thesis. The proposed 

designs of the PMUT are drawn and analyzed using the MEMS Pro software. Furthermore, 

the fabricated PMUT chip – IMPWR001 is tested i.e. electrical characterization is 

performed using the impedance analyzer. After extracting the measured resonant frequency 

values, it is compared with simulated values from COMSOL Multiphysics. The graph in 

Figure 54 shows that the measured values agree well with the FEA results. Therefore, the 

operating resonant frequency for each PMUT in the proposed designs is validated. The 

following process is to operate the PMUT at the validated resonant frequency to determine 

the acoustic output pressure accordingly.  
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Chapter 7 

Conclusion and Future Work 

“The journey of a thousand miles begins with one step. “ 

         -Lao Tzu 

 Early detection of breast cancer prevents further development of the cancerous 

tissues and provides a significant amount of time for the doctors to arrange the appropriate 

treatments. The breast is mostly made of fat tissues. It also has the blood vessels, ducts and 

lobules which are the deeper tissues. The depth of the common axillary lymph nodes is 

between 1.4cm to 8cm [74]. Therefore, identifying the deeper cancerous tissues in the 

breast requires an appropriate imaging device to perform the early detection. The 

implementation of advanced micro and nanotechnology in the field of medical imaging 

devices increased the possibility of developing cost-effective portable devices. 

Piezoelectric Micromachined Ultrasound Transducer (PMUT) is a MEMS based 

transducer which has gained the attention of the researchers to develop with 

aforementioned configurations. Unlike conventional ultrasound transducer, the structure of 

PMUT is simple which facilitates the batch fabrication. In common, medical imaging 

systems utilize higher frequency for working operations. A high-frequency ultrasound 

transducer offers better resultant images and resolution. However, it has a higher 

attenuation rate as the frequency is directly proportional to the rate of attenuation of the 

signal [75]. The selection of the frequency range is based on the application. In some cases, 

to reach the deeper organs or tissues, a lower-frequency signal is required. In an effort to 

develop a lower-frequency PMUT, the critical design parameters such as radius, the 
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thickness of the membrane, material properties of each layer are studied, analyzed and 

evaluated. Also, the design parameters influencing on the acoustic output pressure such as 

test medium, geometry are studied and evaluated. The proposed designs of PMUT are 

analyzed, simulated and fabricated to determine the appropriate resonant frequency and 

respective acoustic output pressure.  

7.1 Summary and Conclusion 

           In this thesis, a low-frequency PMUT with measurable acoustic output pressure, a 

proof of concept, is developed. To understand and analyze the working mechanism of 

PMUT, the fundamental structure with the governing equations are studied. The effect of 

piezoelectricity along with the equivalent circuit model is investigated to discern the 

underlying theory of electromechanical coupling. FEA simulations are conducted using 

COMSOL Multiphysics to design a PMUT which operates at lower frequencies and to 

provide better acoustic performance. Kazari et al [76] designed lower frequency PMUTs 

using PiezoMUMPs. They designed, characterized and tested a circular and octagonal 

PMUTs for non-destructive testing in solids. They tuned their PMUTs to operate at 1MHz, 

1.5MHz and 2MHz for higher-harmonics based nonlinear ultrasonic testing. 

           Firstly, the resonant frequency is determined for each of the proposed PMUT designs 

by performing an electrical analysis. To examine the structure, layer by layer analyses has 

been done by altering the critical design parameters such as radius, thickness. The Step I 

analyses, the piezo layer is simulated first and the results show that smaller radius and 

thicker membrane contributes higher resonant frequency. As the mechanical motion of the 

device determines the operating frequency, the effect of the addition of the silicon substrate 

to the piezo layer, Step II, is investigated. A similar trend is discerned that the radius is 



 

78 
 

inversely proportional, and the thickness is directly proportional to the resonant frequency. 

Analytical modelling has been done to calculate the resonant frequency. The calculated 

and simulated values for both the Step I and Step II are compared to study the deviations. 

The calculated values of the Step I agree well with the simulated values. However, in Step 

II, the equation does not hold for a multi-layered structure. Therefore, COMSOL 

Multiphysics is employed to perform both the electrical and acoustic analyses of the multi-

layered structure, PMUT.  

           The investigation of the proposed PMUT designs such as Circular, Square and 

Rectangular is done by investigating, analyzing, and evaluating the critical parameters. The 

proposed designs are based on the rules given by the PiezoMUMPs fabrication process 

where the thickness of each layer as well as structural materials are predetermined. Three 

low-frequency designed are proposed and the simulation results show that the resonant 

frequency of the circular PMUT is 1.3 MHz, the square PMUT has 1.9 MHz and the 

rectangular PMUT has 1.45 MHz. Thus, lower frequency PMUTs are developed. 

Furthermore, the proposed PMUT design layers are developed. The required mask layers 

of all the proposed designs are drawn using MEMS Pro software and then fabricated using 

PiezoMUMPs fabrication process. The fabricated prototype chip – IMPWR001 is tested 

by performing electrical characterizations using an impedance analyzer. The electrical 

characterizations show that the measure resonant frequency agrees well with the simulation 

results. Thus, the resonant frequency is determined for each low-frequency PMUT designs. 

           Based on the electrical analyses and characterizations, the acoustic analyses are 

performed for circular and rectangular PMUTs using COMSOL simulations. Each PMUT 

is operated at their respective resonant frequencies to achieve the maximum output 
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pressure. The acoustic simulation environment with the governing equations is 

investigated. The critical parameters such as radius, applied input AC voltage, test medium 

is varied to investigate their effects on acoustic output pressure. The acoustic analyses 

results show that the circular PMUT presents 39.1 kPa at 1.32 MHz and the rectangular 

PMUT exhibits 4.7 kPa when operated at 1.45 MHz for a low input voltage of 10V. The 

radiation patterns of the circular PMUT shows higher directivity and rectangular PMUT 

with wider beam width with no side or grating lobes. Thus, a low-frequency PMUT with 

high acoustic output pressure is developed. 

7.2 Future Work  

             The fabricated PMUT chip in this thesis consists of individual PMUT with different 

geometries. An array structure for each geometry needs to be studied, modelled, 

investigated and fabricated. A separate study on array arrangement needs to be done to 

analyze the cross-talking effects. The fabricated chip with array structures has to be tested 

by performing an acoustic characterization to further enhance the acoustic output 

performance. Moreover, the test results facilitate the improvement on the propagation of 

ultrasound, bandwidth and quality factor.   
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