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Abstract 

High-frequency ultrasonic phased array transducer is a desired candidate in 

real-time and high resolution imaging. Many difficulties will arise in the development 

of array imaging systems with an operating frequency of above 100 MHz. These 

difficulties include high-frequency phase-delay system, electrical matching problem, 

mechanical matching problem, and especially the fabrication of high-frequency array 

transducers which play a critical role in ultrasonic phased array imaging systems. This 

dissertation focuses on the array transducers with a central frequency of above 100 

MHz, which mainly investigates two aspects. The first one is the finite element 

numerical simulations in the optimized design. The second one is the fabrication 

using different experimental processes based on micro electromechanical system 

(MEMS) technologies. 

In the section of numerical studies, a commercial finite element tool, 

COMSOL3.5a, is employed which benefits from well-performed coupling capabilities 

in combining fluidic model, solid model and electrical model. In piezoelectric backing 

array transducers, the effects of pitch size, kerf tiller and kerf depth on the acoustic 

field, electrical impedance and crosstalk are investigated. Systematic simulations are 

carried out for a designed buffered transducer array. 

In the section of experimental fabrication and characterization, MEMS based 

technologies are applied to obtain high-frequency array elements, such as radio 

frequency (RF) sputtering and etching thin film, etc. Single crystal LiNb03 arrays are 

made using ICP RIE technique. Two kinds of Znü arrays are kerfed using wet 

chemical etching technique and micromachining silicon substrate, respectively. All of 

these arrays are characterized by Network Analyzer. The measured electrical 

impedance and crosstalk are consistent with the theoretical predictions obtained from 

finite element calculations. 

Key words: Ultrasonic phased array; High-frequency; MEMS; FEM simulation; 

Piezoelectric 
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Résumé 

Les réseaux de transducteurs ultrasonores haute fréquence à déphasage sont des 

candidats intéressants pour l'imagerie haute résolution en temps réel. De nombreuses 

difficultés interviennent lors du développement de réseaux avec une fréquence 

d'émission supérieure à 100 MHz: déphasage en haute fréquence, adaptation 

électrique, adaptation mécanique et fabrication des réseaux de transducteurs haute 

fréquence qui joue un rôle critique pour le développement de ces systèmes. Cette 

thèse porte notamment sur deux aspects spécifiques: la modélisation numérique par 

élément fini et la fabrication basée sur les microtechnologies et les MEMS. 

Dans la partie consacrée aux simulations numériques, un modèle commercial 

basé sur les éléments finis, COMSOL 3.5a, est utilisé. Pour les réseaux de 

transducteurs piézoélectriques sur absorbeur en face arrière, l'influence du pas spatial, 

de la profondeur de séparation des transducteurs, de l'isolation mécanique de ces 

transducteurs sur le champ acoustique ont été étudiés ainsi que l'impédance électrique 

et le couplage. Ces simulations ont également été réalisées pour des réseaux de 

transducteur sur ligne à retard de propagation 

Dans la partie consacrée aux réalisations expérimentales et à leur caractérisation, 

des réseaux ont été obtenus grâce aux technologies dédiées aux MEMS à partir de 

monocristaux de LiNb03 gravés par les technologies plasma et de ZnO déposé en 

couche mince. Ces réseaux de transducteur ont ensuite été caractérisés à l'analyseur 

de réseaux et les mesures électriques des impédances et des couplages ont permis de 

montrer la cohérence avec les prédictions théoriques. 

Mots clés: Réseaux de transducteurs ultrasonores à déphasage, MEMS, simulation 
Eléments finis, Transducteur piézoélectrique haute fréquence 
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General introduction of the thesis 

With the rapid development of microelectronics, micromechanics and 

piezoelectric material technologies, high-frequency ultrasonic phased array 

transducers are highlighted again and again in real-time and high resolution imaging. 

However, many difficulties will arise in the development of array imaging systems 

with an operating frequency of above 100 MHz. These di:fficulties include 

high-frequency phase-delay system, electrical matching problem, mechanical 

matching problem, and especially the fabrication of high-frequency array transducers 

which play a critical role in ultrasonic phased array imaging systems. Several 

researchers have fabricated kerfless arrays above 100 MHz. These arrays suffer from 

a severe crosstalk which would degrade imaging quality. 

The objective of this thesis focuses on the development of kerfed array 

transducers with a central frequency of above 100 MHz. Two aspects are mainly 

investigated. The first one is the finite element numerical simulations for the 

optimized design. The second one is the fabrication using different experimental 

processes based on micro electromechanical system (MEMS) technologies. 

In the section of numerical studies, a commercial finite element tool, 

COMSOL3.5a, is employed which benefits from well-performed coupling capabilities 

in combining fluidic model, solid model and electrical model. In piezoelectric backing 

array transducers, the effects of pitch size, kerf filler and kerf depth on the acoustic 

field, electrical impedance and crosstalk are investigated. And systematic simulations 

are carried out for a designed buffered transducer array. Several conclusions arrive 

based on these simulations. 

Firstly, in order to decrease the noise from reflectance waves in backing, a rough 

surface whose dimension is around 1.0 À should be considered to scatter a majority of 

incident waves. 

Secondly, when the pitch is more than 1.5 À, the grating lobes get close to the 

main lobe, which will lead the array transducer hardly useful. Thus, the pitch size 
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should be limited to smaller than 1.5 Il. In addition, when kerf width increases while 

pitch size keeps the same, sensitivity will decrease while directivity pattern keeps 

almost the same. 

Thirdly, 2-D FEM model is more accurate to calculate the electrical impedance 

for piezoelectric array elements than KLM model which is usually used in 1-D 

models. 

Fourthly, the no filled array has better bearn performances than the filled array. 

Moreover, kerf depth plays an important role in acoustic field and crosstalk of array 

transducers. Half-cut array is demonstrated to be a promising candidate for 

micromachining due to much smaller depth/width aspect ratio and acceptable 

transducer performances. 

Finally, comprehensive studies are made for the backing-layer and buffered-layer 

arrays. Generally, the backing one serves a higher sensitivity. Nevertheless, the 

buffered one has a less constraint on pitch size, and it brings possibilities in the 

fabrication. 

In the section of experimental fabrication and characterization, MEMS based 

technologies are applied to obtain high-frequency array elements. In conclusion, three 

approaches are investigated. 

Firstly, different etching methods, such as ICP RIE, FIB, and laser, are studied to 

obtain the limit in the feasible fabrication of 36°/Y-cut single crystal LiNb03 arrays. 

36°/Y-cut single crystal LiNb03 have been pattemed by means of ICP RIE 

micromachining to create ultrasonic arrays resonating in the frequency range of 

100-200 MHz. For a realized LiNb03 kerfed array with a pitch of 42 f..LID and thickness 

of 16 f..LID, the electrical impedance and crosstalk are evaluated using a network 

analyzer. The impedance magnitude is around 1 kQ at the resonant frequency of 230 

MHz. The crosstalk of the adjacent element is -46 dB. They agree weil with the 

theoretical predictions. 

Secondly, a novel wet etching method with very small lateral undercut is 

presented to fabricate thick-film ZnO-based ultrasound transducer arrays. The 

wet-chemical etchant is NH4Cl aqueous solution with a concentration of 10 wt% and 

the etching rate is 60 nm/min at 20°C. The duration should be controlled precisely to 
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avoid over etching as well as non-sufficient etching. This technique results in a 

possibility to obtain a pitch of a Il at 300 MHz. A 13-Jlm-pitch ZnO array is achieved 

due to a small ratio (0.25) of lateral etching to vertical etching. This ratio of small 

lateral etching from NH4Cl aqueous solution is studied and discussed. Finite element 

method is employed to calculate electrical impedance, crosstalk and focusing/steering 

acoustic field performances of the transducer. The characteristics of the transducer are 

measured and compared to the theoretical predictions. The real part of the electrical 

impedance is around 200 n at the resonant frequency of 300 MHz. The adjacent 

crosstalk is about -53 dB. 

Thirdly, we propose a novel method using silicon micromachining integrated 

with deposition of piezoelectric thick films to fabricate high-frequency ZnO-based 

linear array transducers. Piezoelectric elements are formed by sputtering thick-film 

ZnO onto etched features of a silicon substrate so that the difficult etching process for 

ZnO films is avoided by etching silicon. This integration makes it simple and efficient 

to define the features in an array instead of etching ZnO films. Finite element method 

is employed to simulate the wave propagation in water based on this new transducer 

configuration. The acoustic field results indicate this configuration has an acceptable 

performance. A 13-Jlm-pitch ZnO sandwich array is achieved with a thickness of 8 

Jlill for 300 MHz. The characteristics of the transducer are measured and compared to 

the theoretical predictions (finite element results) including electrical impedance and 

crosstalk. On the other hand, the lateral growth of ZnO films is studied. A 4-step 

method with rotation 90° between each step of sputtering is investigated. The lateral 

growth of ZnO has been decreased by 21% by using the improved approach. 
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Chapter 1: Introduction 

1.1 Ultrasonic imaging and its development 

1.1.1 Development of ultrasonic phased arrays 

Beginning in the late 1940's, ultrasound was first used in medical diagnostic 

applications [ 1 1. When commercial equipment became available in the 1960s, 

radiologists and obstetricians began to fully use diagnostic ultrasounds [21 • Since the 

1960s, diagnostic ultrasound technology has continued to develop and become more 

available to doctors with the creation of specialized transducers and real-time imaging. 

At first, the ultrasonic transducer had single element and the detected range was 

limited along the axial direction. The scanner required a mechanical system. This 

resulted in low efficiency. 

In the 1960s, researchers began developing ultrasonic phased array systems that 

utilized multiple point source transducers that were pulsed so as to direct sound beams 

by means of these controlled interference patterns. In the early 1970s, commercial 

phased array systems for medical diagnostic use first appeared, using steered beams to 

create cross-sectional images of the human body. Initially, the use of ultrasonic 

phased array systems was largely confined to the medical field (for example, for 

acoustic imaging of the human body and guidance of needles [3•
41

), aided by the fact 

that the predictable composition and structure of the human body make instrument 

design and image interpretation relatively straightforward. Industrial applications, on 

the other hand, represent a much greater challenge because of the widely varying 

acoustic properties of metals, composites, ceramics, plastics, and fiberglass, as well as 

the enormous variety of thicknesses and geometries encountered across the scope of 

industrial testing. The early industrial phased array system, introduced in the 1980s, 

was extremely large, and required data transfer to a computer in order to do the 

processing and image presentation. These systems were most typically used for 
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in-service power generation inspections. In large part, this technology was pushed 

heavily in the nuclear market, where critical assessment more greatly allows use of 

cutting edge technology for improving probability of detection. Other early 

applications involved large forged shafts and low pressure turbine components. The 

industrial applications of phased arrays for non-destructive testing (NDT) have been 

widely reported [S,
6J since the 1980s. 

Portable, battery-powered phased array instruments for industrial use appeared in 

the 1990s. To create the multi-channel configurations necessary for bearn steering, 

analogous circuit designs require higher power and more space than digital circuit. 

With the rapid development of inexpensive embedded microprocessors, the digital 

circuit designs replaced analogous circuit gradually and enabled more rapid 

development of the next generation phased array equipment. In addition, the 

availability of low power electronic components, better power-saving architectures, 

and industrial widely used surface mount board design led to miniaturization of this 

advanced technology. This resulted in phased array tools which allowed electronic 

setup, data processing, display and analysis ali within a portable deviee, and so the 

doors were opened to more widespread use across the industrial sector. This in tum 

drove the ability to specity standard phased array probes for common applications. 

Generally, with dramatic progress of piezoelectric material technologies, 

micromechanics, microelectronics, and advanced computers (including calculation 

ability and simulation softwares ), ultrasonic phased array technologies have been 

developed rapidly in the past 20 years. 

1.1.2 Ultrasonic imaging 

Ultrasound refers to mechanical waves whose vibrations are above the upper limit 

of the human audible range (above 20 kHz). Ultrasound is used in many different 

fields, typically to penetrate a medium and measure the reflection signature or supply 

focused energy. The reflection signature can reveal details about the inner structure of 

the medium, a property also used by animais such as bats for hunting. The most 

well-known application of ultrasound is its use in sonography to produce pictures of 
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fetuses in the human womb. There are a vast number of other applications as well [?J. 

Ultrasonic imaging is known as a safe and portable modality. It has many benefits as 

follows. 

(1) Most ultrasound scanning is noninvasive (no needles or injections) and is usually 

painless. 

(2) Ultrasound is widely available, easy-to-use and less expensive thau other imaging 

methods. 

(3) Ultrasound imaging does not use any ionizing radiation. 

( 4) Ultrasound scanning gives a clear picture of soft tissues that do not show up well on 

x-ray Images. 

(5) Ultrasound is the preferred imaging modality for the diagnosis and monitoring of 

pregnant women and their unbom babies. 

(6) Ultrasound provides real-time imaging, making it a good tool for guiding minimally 

invasive procedures such as needle biopsies and needle aspiration. 

(7) For standard diagnostic pulsed ultrasound there are no known harmful effects on 

humans. 

(8) Ultrasound is a desired method to image the subsurface of the materials. 

(9) Ultrasonic imaging affords a way to obtain the elastic constant and viscoelastic 

coefficient. 

(10) Ultrasonic pulses have a relatively slow velocity of propagation (1500 m/s) in the 

body compared to x-rays (3x108 m/s). This means that electronic circuitry cau 

distinguish reflections, in pulse mode operation, at different depths in the body by 

the time taken for the round trip for an echo, which is not possible with x-rays. 

On the other hand, it has limitations including: 

(1) Ultrasound waves are disrupted by air or gas; therefore ultrasound is not an ideal 

imaging technique for the bowel or organs obscured by the bowel. In most cases, 

barium exams, computed tomography (CT) scanning, and magnetic resonance 

imaging (MRI) are the methods of choice in this setting. 

(2) Ultrasound has difficulty penetrating boue and therefore cau only see the outer 

surface of bony structures and not what lies within. For visualizing internai 

13 



structure of bones or certain joints, other imaging modalities such as MRI are 

typically used. 

(3) The penetration ability limits the application of ultrasound. Although high 

frequency ultrasound supplies high resolution, attenuation in medium arises 

greatly with the increase of working frequency. Most ultrasonic transducers 

require coupling materials to enhance transmission efficiency. It is difficult to use 

ultrasound in non-destructive evaluation (NDE) in sorne particular conditions. For 

example, in high temperature circumstances, many coupling materials would be 

evaporated. 

Based on the above discussion, ultrasonic imaging is a desired modality for medical 

diagnosis and industrial NDE. 

In recent years, 3-Dimensional (3-D) ultrasonic imaging gains more and more 

attention. As far as 3-D ultrasonic imaging is concemed, 3-D resolution is required. 

Sorne ultrasonic transducer developers have implemented 3-D imaging using 2-D 

arrays [8•
9

•
10

•
111. 3-D ultrasonic imaging provides important clinical benefits compared 

to traditional2-D ultrasonic imaging. For example, 3-D ultrasound imaging is able to 

acquire and display volumetrie data; 2-D cross-sectional scans can be obtained at 

arbitrary orientations relative to the transducer arrays. However, 3-D ultrasonic 

imaging is substantially more complex than 2-D imaging. 2-D arrays are needed 

normally for volumetrie imaging. Spatial sampling of a 2-D transducer aperture 

requires that the element pitch in both dimensions be less than about one-half the 

wavelength of ultrasound in tissue [!ZJ. This requirement results in that 2-D arrays can 

have a very large number of elements. For comparison, 1-D arrays in current 

commercial systems commonly have 128 elements. A 128x128-element 2-D array has 

16,384 elements, which poses significant data processing and packaging challenges. 

On the other hand, because 2-D array elements have limited sizes in both dimensions, 

they are usually much smaller than comparable 1-D array elements. Their smaller size 

means they have higher electrical impedance [!3J. Conventional 1-D arrays can be 

connected to an externat imaging system by matching to 50-Q micro-coaxial cables. 

However, because of the high equivalent impedance of the 2-D array elements, 
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broadband electrical matching is difficult. In summary, these difficulties, including the 

complex system, the great mismatch in electrical impedance, and the fabrication 

processes [l
4l , have limited the development of2-D arrays. 

1.2 High-frequency ultrasonic imaging 

1.2.1 Imaging resolution 

As the spatial resolution is anti-proportional to the frequency ofultrasound, higher 

frequency ultrasound enables higher resolution imaging. Fig.1 .2.1 shows the 

re1ationship between ultrasound frequency and resolution in clinical settings. Severa! 

MHz ultrasound is used in conventional echography and echocardiography; 

approximately 10 MHz ultrasound is used in carotid scan and sorne surface organs 

such as thyroid scan, breast scan and muscle scans. 20-45 MHz ultrasound is used for 

intravascular ultrasound (NUS). Ultrasound microscope uses ultrasonic frequency 

higher than 100 MHz and it has achieved 15 micron resolution (equivalent to 40 times 

magnification in optical microscopy). Higher frequency such as GHz range ultrasound 

enables imaging of a single cell. 
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Figure 1.2.1 : Relationship between ultrasound frequency and resolution in clinical 

settings [ISJ 
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1.2.2 Acoustic microscopy 

Acoustic imaging is mainly applied in three domains-underwater exploration 

(sonar system), biomedical diagnostics and therapy, and material non-destructive 

evaluation (NDE). The imaging resolution depends on the working frequency of the 

transducer. The working frequency is conditioned by the penetrating capacity of the 

acoustic wave in the exploited medium. Thus, we can choose a specialized operating 

frequency according to the application objective and correspondingly choose the 

acoustic transducers and the imaging systems. 

A sonar system has usually an operating frequency of several tens of Hz to a few 

hundred of kHz. An ultrasonic system in NDE covers a frequency range from several 

MHz to tens of MHz permitting to obtain an imaging resolution of mm or even 

sub-mm. A traditional ultrasonic medical scanner works in the similar frequency 

range. 

For biomedical applications, ultrasonic scanners are often referred as "Ultrasonic 

Backscatter Microscope" (UBM) which uses a transducer with resonant frequency 

between 30 and 100 MHz [16l. Their utilities include: the eye imaging in diagnostic 

such as glaucoma, ocular tumors, assisting refractive surgery [17l; skin imaging [18l; 

catheter-based intravascular imaging to characterize atherosclerotic plaque and to 

guide stent placement and angioplastie procedures [ 19 l; intra-articular imaging; 

Doppler blood flow mapping; and small animal imaging such as in-vivo imaging of 

mouse embryonic development for evaluating the efficacy of drugs and gene therapy 

[20] 

Another well-developed acoustic imaging system, working in very high 

frequency ranging from 100 MHz to GHz, is the Scanning Acoustic Microscope 

(SAM) [21 l. It provides acoustic imaging with a spatial resolution in the order of f.!m or 

sub-f..lm, comparable to that of the optical instrument. Based on the fundamental 

difference between a SAM (based on acoustic waves reflection) and an optical 

microscope (based on optical waves scattering), the SAM is a unique tool to exploit 

quantitatively, on a microscopie scale, elasticity properties of materials [22l such as 
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biological tissues and cells. It has the capacity of observing into the subsurface, to 

measure local values of acoustic wave velocity, attenuation, and other mechanical 

properties such as anisotropie, viscoelastic, inhomogeneous, heterogeneous 

properties. 

In material characterization, SAM is mainly used in three fields. The first is to 

determine cracks and patterns of mechanical stress fields, the piezoelectric, 

photoelectric, and superconducting properties. The second is to detect defects like 

adhesion failure, exfoliation, alien inclusions, layer thickness changes in coatings and 

multi-layer structures. The third is to study dynamic phenomena associated with 

reconstruction of the material properties induced by varying physical factors (pressure, 

temperature, radiation) and by chemical and pharmacological impacts, etc. 

In the biomedical application, SAM is employed not only for tissue 

characterization [23 l, but also used for molecular imaging and cell visualization [24l to 

investi gate cellular elastic properties [25l, motility [26l, tumor type classification [27l, 

biological phenomenon such as apoptosis [2SJ, etc. 

Generally, in acoustic imaging, there are three types of acoustic transducers. 

Each operates with their associated imaging system. 

Single element transducers are the most often used acoustic transducers. Either 

UBM or SAM uses a single element transducer. They operate in transmission or 

reflection mode. Their excitation and reception electronics is very simple. The 

imaging is performed by mechanically scanning the transducer. To obtain high 

imaging resolution, the acoustic bearn is often focused and a transducer with a 

working frequency up to severa! GHz is adopted. But single element transducers have 

two great drawbacks. The first one is that the single element transducer has fixed 

focal distance where the spatial resolution is best only within the depth of focus and 

degrades rapidly beyond the focal point. The second is that the mechanical motion of 

the transducer limits the imaging frame rate and degrades the imaging quality. 

An ultrasonic phased array transducer is composed of a number of individual 

piezoelectric elements, arranged in a linear or 2-Dimensional (2-D) array, working in 

the same way as is operated in a radar system. Each element is driven by an electric 
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pulse with a relative delay to steer and focus a transmitting ultrasonic bearn in an 

inspection medium. An image of the object located in the scanned plane can be build 

up by displaying the reflected pulse waves (retuming echoes received by the 

elements). The phased array system permits to obtain fast image frame rate and 

perform in-vivo real-time imaging. But it needs sophisticated electronics which is 

often cumbersome and expensive. Because of the difficulties in transducer technology 

and electronics, actually, there is no array system working at a frequency more than 

80MHz. 

The third type of the acoustic imaging system is the scanning near field acoustic 

microscope [291
. It combines the ultrasonic detection technology with scanning 

near-field microscopy (such as scanning electron microscopes-SEM, scannmg 

tunneling microscopes-STM, and atomic force microscopes-AFM) and obtains an 

image resolution superior to the diffraction limit, or the so-called "super resolution", 

by using an aperture or tip that is far smaller than the wavelength. Such kind of 

microscope often needs sample preparation and electrical conduction that is not 

convenient for penetrating and non-invasive imaging ofliving cells. 

1.2.3 Development of high-frequency ultrasonic phased arrays 

For real time and high resolution acoustic imaging, it is very desirable that the 

high frequency acoustic transducer can also adopt phased array technology as is used 

in traditional "low frequency" array scanner. Theoretically, the development of 

high-frequency arrays means the proportional miniaturization in geometrical sizes of 

transducer elements. But many technical difficulties will arise in their manufacture 

using conventional materials and fabrication procedures. There are several 

technological lock-in preventing from developing transducer arrays with frequency 

range above 50 MHz. Firstly, there exists no fabrication technique permitting to eut 

the piezoelectric material into so small elements (usually with a pitch of a half 

wavelength in propagation medium, with thickness of a half wavelength in transducer 

material, and with very small kerfs). Secondly, with high frequency excitation, the 

step of phase delay must be controlled in high resolution and a high sampling rate is 
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also necessary for reception signais. At present, these are very difficult (if not 

impossible) to be realized with high speed electronic deviees. Thirdly, the small 

transducer elements will cause electrical impedance mismatch. This will degrade the 

electroacoustic coupling efficiency and sensibility. 

The current progress in microelectronics and micro electromechanical system 

(MEMS) technology brings new possibilities in the development of high-frequency 

array transducer. For examples, the MEMS based capacitive micro-machined 

ultrasound transducers (cMUTs) [30l and piezoelectric micro-machined ultrasound 

transducers (pMUTs) [3ll have been realized at frequency in the order of MHz and tens 

MHz. These deviees have the advantage of being fabricated with integrated 

electronics, which will reduce the bulky and complex instrumentation and is 

economically inexpensive. There is a tendency that cMUTs would replace the 

traditional piezoelectric array transducer technique. But the working frequency of 

cMUTs hasn't reached to 100 MHz. Other new theories have been proposed such as 

"limited-diffraction beams" [321
, "image segmentation" [33

1, permitting new concepts 

for acoustic imaging system. 

In summary, high-frequency ultrasonic phased array transducers is a desired and 

novel candidate in real time and high resolution imaging despite of many difficulties 

in its development. This dissertation focuses on the development of MEMS based 

high frequency ultrasonic linear arrays and will present our efforts and investigations. 

1.3 Theory of ultrasonic phased array 

1.3.1 Principle of ultrasonic phased array 

As stated previously, ultrasonic phased arrays (UPA) benefit from fast electronic 

scanning. The UPA probe consists of many small elements, each of which can be 

pulsed separately. By varying the timing, a pattern of constructive interference is set 

up. That results in a bearn at a set angle. In other words, the bearn can be steered 

electronically. The bearn is swept like a search-light through the tissue or object being 
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examined, and the data from multiple bearns are put together to make a visual image 

showing a slice through the object. For example, in Fig.l.3.1, the element on the right 

is pulsed first, and emits a pressure wave that spreads out like a ripple on a pond 

(largest semicircle ). The second to right element is pulsed next, and emits a ripple that 

is slightly smaller than the first because it was started later. The process continues 

down the line until all the elements have been pulsed. The multiple waves add up to 

one single wave front travelling at a set angle. In other words, the bearn angle can be 

set just by programming the time dela ys . 

•••••• 

Figure 1.3 .1: Principle of ultrasonic phased array 

The small elements may be arranged in a strip (linear array), a ring (annular 

array), a circular matrix (circular array), or a more complex shape (2-D array or 3-D 

array). Because phasing technology permits acoustic bearn shaping and steering 

through dynamically programmed control, it is possible for a linear array to generate a 

vast number of different ultrasonic bearn profiles from a single probe assembly as 

shown in Fig.1.3.2. The detailed calculation method is attached inAnnex 1. 

Compared with conventional single element ultrasonic transducer, the benefits of 

phased array technology come from its ability to use multiple elements to steer and 

focus beams. 

Bearn steering, commonly referred to sectorial scannmg, can be used for 

mapping components at appropriate angles, which can greatly simplify the inspection 

of components with complex geometry. The ability of the transducer array to sweep 

the bearn without moving the probe also aids inspection of such components in 

situations where there is limited access for mechanical scanning. Sectorial scanning is 

also typically used for weld inspection. The ability to test welds with multiple angles 
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from a single probe greatly increases the probability of detection of anomalies. 
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Figure 1.3.2: Different bearn profiles in a linear ultrasonic phased array: (a} Focusing 

bearn is like a focal lens (b) Steering bearn is like a prism ( c) Steering and focusing 

bearn is like a group of a prism and a focal lens 

Electronic focusing optimizes the bearn shape and size at the expected defect 

location, which further optimizes the probability of detection. The ability to focus at 

multiple depths supports sizing critical defects for volumetrie inspections. Focusing 
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can significantly improve signal-to-noise ratio in challenging applications. Moreover, 

electronic focusing and scanning across many groups of elements allows for C-Scan 

images to be produced very rapidly. 

In general, UPA technology offers the following benefits. lt enables the 

generation of an ultrasonic bearn wh ose parameters such as angle, focal distance, and 

focal point size can be controlled through software. lt also enables scanning 

inspection by an electronic system instead of a mechanical system. The electronic 

scanning speed is much faster than a conventional mechanical system. A phased 

focusing bearn improves signal-to-noise ratio, and also expands the detection range 

regardless of the defect location. 

As shown in Fig.l.3.3, the principle ofUPA imaging is similar to that of radar. A 

group of elements are switched and excited by different phased electronic pulses. The 

generated acoustic pulses propagate through an object and reflect at various 

discontinuities throughout the path of the bearn. The echo signais are received by the 

transducers and superposed by the phased array unit. After superposition these echo 

signais are transferred into one signal. At last, this signal is acquired by the acquisition 

unit. 
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Figure 1.3.3: Overall principle ofultrasonic phased array (UPA) imaging system 
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A more detailed description about the imaging principle is illustrated in Fig.1.3.4. 

When the transmitted pulses arrive at the boundaries of the inspected object, they will 

be reflected by each interface. The first reflected pulse (such as A) arrives at the array 

elements firstly. The acoustic pulse is converted into electronic pulses by the 

transducer elements. After delayed and superposed into one signal (such as A') by the 

electronic phase delay control and superposition unit, the electronic pulse can be used 

to reconstruct images through signal processing system. Similarly, the latter pulse B' 

can be obtained from reflected pulse B. Because the delay time of each element and 

steering angle are set by the phased array unit, the image reconstruction can be 

realized using a symmetrical system. However, if there is a grating lobe, the undesired 

echoes will be acquired by the receiving unit from unexpected direction, resulting in 

false signais or superimposed images and degrading imaging resolution. 

B' ,---, ~A ' 
\ 

, ' 1 1 
1 1 

: ~ ,:4 ' , \ 
1 
1 

' 
\ : 
.. , 1 ' , ' , 

,-\ ' ... ï"-~ 
1 ' ,.., .... 
\ ' ............. ----, 
' \ 

Signal 

'-~--,, ) Array 
'~-' ~ 

Image reconstruction \r----,1 Electronic phase delay 

using echo amplitude control and superposition 

Figure 1.3.4: Schematic of acoustic imaging principle with ultrasonic phased array 

1.3.2 Sorne particularities of high frequency arrays 

1.3.2.1 Transducer material and manufacture 

Piezoelectric composites (such as polyvinylidene difluoride (PVDF)) or 

piezoelectric ceramics (such as lead zirconate titanate (PZT)) are always chosen as the 

active materials in conventional low frequency arrays due to their wide bandwidths. 

The bonding, lapping and dicing techniques are applied when these composites are 
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used. However, these techniques are not suitable to fabricate high frequency arrays. 

The small scale patteming in the piezoelectric arrays is required for high frequency 

deviees, while these techniques cannat be used to obtain such small scales. The 

maximum central frequency oftransducer elements is actually limited to 20~30 MHz. 

For high frequency transducer, piezoelectric crystals are chosen as the active 

materials using micro electromechanical system (MEMS) techniques to fabricate 

piezoelectric arrays. Two ideal candidate materials are Znü and LiNb03 which has, 

respectively, electromechanical coupling coefficient about kt= 0.27 and kt= 0.49. Znü 

thin film can be obtained using sputtering technique and the sputtering technique is 

relatively simple for thin film realization [34
'
351

, so we choose Znü thin film 

technology to fabricate high frequency array transducers. LiNb03 single crystal 

(36°/Y-cut) has the best electromechanical coupling coefficient kt = 0.49 for 

generating compression waves, but, hitherto, it can only be manufactured by bonding 

and thinning techniques. In our lab, the thickness of LiNb03 single crystal can be 

obtained to as small as tens of micrometers over a 6 mmx6 mm area. For its best 

electromechanical coupling efficiency and the manufacturing techniques we have 

proposed, LiNb03 single crystal is also considered for the development of our high 

frequency array transducer. Another important characteristic should be mentioned 

about Znü and LiNb03. It is about their electrical impedance which is critical for 

electrical matching. For the electrical impedance of Znü, the imaginary partis about 

7 times of the real part. For the electrical impedance of LiNb03, the imaginary part is 

almost the same as the real part. 

1.3.2.2 Mechanical matching problem 

To transmit a maximum of energy into the transmission medium (water in 

general), a mechanical matching layer should be deposited onto the surface of the 

transducer elements. This layer serves as, at the same time, the protection layer of the 

active elements. The existence of such a layer will produce the so-called "crosstalk" 

between neighboring elements which will degrade the spatial resolution [ 36 1. 

Theoretically, insertion of a mechanically "very soft" or "very hard" medium between 
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elements could be a solution to the problem. The material choice for mechanical 

matching and the insertion procedure by MEMS technology have to be studied. 

High frequency piezoelectric elements are very thin in thickness (in micro scale) 

and have to be adhered to a solid buffer. When excited, the wave in the buffer should 

be suppressed to eliminate parasitic echoes. Two techniques can be considered. One is 

the use of a backing material to absorb this wave. This technique is usually employed 

for low frequency transducers. Another is the use of an active charge with a second 

piezoelectric layer inserted between the buffer and the source layer. This second layer 

is excited in such a way that its own excitation will compensate or cancel the energy 

transmitted from the source layer to the buffer. This method is much interesting when 

the active electronic circuits can be integrated with the transducer as there will be less 

electrical perturbation caused by using transmission line in high frequency circuitry. 

1.3.2.3 Electrical matching problem 

In the design of ultrasonic transducers, in order to transfer as much energy as 

possible from the signal source to the active element, electrical matching is necessary. 

The term impedance is used for the resistance of a system to an energy source. 

For constant signais, this resistance can also be constant. For varying signais, it 

usually changes with frequency. Electrical impedance, like electrical resistance, is 

measured in ohms. In general, impedance has a complex value, which means that 

loads generally have a resistance to the source that is in phase with a sinusoidal source 

signal and reactance that is out of phase with a sinusoidal source signal. The total 

impedance (symbol: Z) is the vector sum of the resistance (symbol: R; a real number) 

and the reactance (symbol: X; an imaginary number). In simple cases, such as 

low-frequency or direct-current power transmission, the reactance is negligible or 

zero and the impedance can be considered a pure resistance, expressed as a real 

number. In our transducer design, we will consider the general case because the 

resistance and reactance are both significant. 

In electronic systems, electrical matching ( also called as impedance matching) is 

the practice of designing the input impedance of an electrical load or the output 
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impedance of its corresponding signal source in order to maximize the power transfer 

and minimize reflections from the load. In the case of a complex source impedance Zs 

and load impedance ZL, matching is obtained when: 

Zs= *ZL, 

where * indicates the complex conjugate. 

In high frequency, the radiation resistance of the piezoelectric transducer at the 

resonant frequency is usually much higher than the 50 n output impedance of RF 

signal generators, making impedance matching very difficult. Sorne researchers 

designed the input impedance of transducers to close to 50 n by using proper 

transducer size [37l. C. Lee's group developed an off-resonant frequency method to 

match the input impedance of acoustic transducers [38l.Instead of matching transducer 

to standard impedance, our idea is to design the drive electronics unit to have internai 

impedance matched to that of array elements. 

1.3.2.4 Numerical Simulation 

Simulation has played an important role in all engineering disciplines [39l. In 

electrical engineering SPICE has been used for accurate simulation of linear and 

non-linear electrical circuits. In mechanical engineering finite element and finite 

difference programs are standard tools for evaluating the performance and reliability 

of mechanical structures, materials, and buildings. Often very accurate results can be 

obtained, which can save many iterations in prototype development. 

Designing better array transducers is the critical issue for further improving 

quality ofultrasonic imaging. To obtain the optimized design ofhigh frequency arrays, 

numerical modeling and simulation are necessary, because conducting the 

experiments over a wide range of geometries and dimensions is qui te time consuming. 

The high cost of phased array transducer is also a factor that motivates the use of 

models for simulation of the experimental procedures. For this purpose, it is necessary 

to gain better fundamental understanding on the transducer operations. Many issues in 

array design-such as crosstalk, electrical impedance, and directivity pattern--cannet 

be accurately studied using analytical method due to the complexity of the Partial 
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Differentiai Equations (PDE) involved. In such cases, numerical methods such as 

Finite Difference Time Domain (FDTD) method can be suitably used to solve for the 

displacement and stress values in the solid domain of interest [401
• Finite Element 

Method (FEM) is also a very appropriate way to gain more detailed information [41
'
421

• 

In this thesis, the FEM modeling is applied and takes into account the following 

factors: piezoelectric material performance, electromechanical conversion, crosstalk, 

acoustic matching, electrical matching network, pulse-echo signal and bandwidth. Ail 

parameters will be optimized in a global system modeling. 

1.4 Different techniques for the fabrication of 

ultrasonic arrays 

Conventional ultrasonic imaging systems typically use frequencies from 2 to 15 

MHz. To improve spatial resolution, one obvious strategy would be to increase the 

frequency. High and ultrahigh frequency (severa! hundred MHz to GHz) ultrasonic 

microscope has been developed. However, it uses single element transducer and for 

the scanning it needs movements provided by a mechanical system. This results in a 

low efficiency. Multiple probe elements can produce a steerable, tightly focused, 

high-resolution bearn. Thus, array technology is widely used in ultrasonic applications 

due to its capability for electronically focusing and steering an ultrasound bearn at 

different depths and angles without moving the transducer mechanically. In 

developing high frequency ultrasonic transducer arrays, however, the patteming of 

small-scale features within the array is a great challenge. For example, with thickness 

resonance mode, a transducer operating at 1 00 MHz frequency has a thickness of 

about 30 ).!ID (Àpiezof2), while the pitch of array elements should be inferior to 10 ).!ID to 

avoid the bearn grating lobes when wave propagates in biological media (typically the 

pitch is 7.5 ).!ID equaling to half wavelength in water). This needs the realization of a 

very high depth!width aspect ratio (about 15) kerf in a piezo-active material, which is 

actually a great challenge. A number of techniques are summarized as follows for the 

fabrication ofultrasonic arrays. Generally, they are divided into four types. 
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1.4.1 Conventional arrays fabrication technologies 

Low frequency arrays typically use the "dice-and-fill" technique to separate 

array elements, whereby elements are mechanically eut from a plate of piezoelectric 

material and backfilled with polymer filler. Two research/industrial collaborative 

studies in France have applied this technique to build 20 MHz arrays l43
•
44

l. Their 

results were very promising. K. K. Shung's group has extended this method to 

develop a 35 MHz linear array using 2-2 composite elements l45l. The composite was 

fabricated using a 13 ~rn Asahi blade. The composite dicing pitch was 25 ~m. After 

dicing, the composite was lapped to a final thickness of 50~m. A scanning electron 

microscope (SEM) image of a composite cross-section is shown in Fig.1.4.1. 64 

elements were spaced at a 50 ~rn pitch and the kerf width was 14 ~rn on average. 

Figure 1.4.1: SEM image of a finished 2-2 composite l45l. The lighter portions of this 

image are the piezoceramic posts whereas the darker portions are the kerf filler. The 

marbleized section under the composite is a silver epoxy backing layer. 

Interdigital pair bonding (IPB) is a modification of the "dice-and-fill" process 

that allows one to use wider and more robust dicing saw blades l46l. It has the capacity 

to increase the ceramic volume fraction and decrease the kerf width of the epoxy 

phase for high-frequency composites. This idea firstly appeared in 1993 l47l. S. 

Foster's group prepared high-frequency 1-3 composites according to the IPB 

procedure of Fig.1.4.2 l47l. The first step [Fig. 1.4.2a] involves dicing identical parallel 
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grooves with Wc < Wp (Wc and Wp are defined in Fig. 1.4.2b ). Two pieces of ceramic 

sheets processed in Fig. 1.4.2a are then impregnated with epoxy and interdigitally 

inserted [Fig. 1.4.2b]. The top surface of this sandwich is 1apped away to reveal the 

2-2 composite as shown in Fig. 1.4.2c. At this point, the ceramic volume fraction has 

been doubled, and the kerf width of the epoxy is equal to (Wp - Wc)/2. The 2-2 

composite shown in Fig. 1.4.2c is subsequently processed into 1-3 composite by 

repeating the processes of Fig. 1.4.2a-c at right angles to the original 2-2 cutting 

direction. These steps are illustrated in Fig. 1.4.2d-f. A dicing saw blade with a 

thickness of 40 J.!m was used for the fabrication. The index distance perpendicular to 

the cutting grooves was set at 80 J..t.m. The resultant width of cutting grooves was 44 

J.!m, and the width of the ceramic strips was 36 J.!m. Therefore, the average epoxy kerf 

width was 4 J..t.m. The ceramic volume fraction for the composite was 81%. 

a 

b 

c 

Dark grey - Ceramic phase 
Light grey - Polymer phase 

e 

f 

Figure 1.4.2: Processing procedure for 1-3 composite by interdigital pair bonding [471 

To further reduce the size of composite structures, the interdigital phase bonding 

technique (IPhB) can be applied [481
• The IPhB is a 2-step IPB technique and involves 

the dicing of two original IPB composites. Published results [ 491 suggest that 
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composite structures fabricated by IPhB have the potential of being a candidate 

material for linear-array designs with center frequencies ofup to 85 MHz. 

1.4.2 High-frequency arrays based on MEMS technologies 

To achieve increased spatial resolution in diagnostic ultrasonic imaging, 

transducers that generate high frequency ultrasound are required. Since attenuation 

within tissue increases with frequency, the transducer must be placed very close to the 

tissue of interest. High frequency ultrasonic imaging (30-100 MHz) has been studied 

extensively because of its improved image resolution. It is gaining acceptance as a 

clinical tool for the eye, skin and intravascular imaging [50
•
511

• As the critical frequency 

of the designed array increases, the dimension of the array elements decreases. While, 

with traditional technologies of transducer fabrication, lapping and dicing bulk 

materials will become more difficult in the fabrication of high frequency deviees. 

Currently, PZT ultrasonic arrays up to 35 MHz have been reported using a precise 

dicing method [521
; however, fabrication of even higher frequency transducers (> 50 

MHz) is still a bottleneck due to dicing mechanicallimitation [531
• Recent research 

shows that micro electromechanical systems (MEMS) technology is a possible 

solution to such high-frequency applications although much improvement still needs 

to be made [54,55,56,57]. 

K. K. Shung's group has described the development and characterization of a 

high frequency (65 MHz) ultrasonic transducer array [581
. They used the fabrication 

procedure illustrated in Fig. 1.4.3 to build ali of the transducer arrays. A bulk PZT-5H 

(CTS, Bloomingdale, IL) wafer having a thickness of 500 llm was double-sided 

lapped and then polished on one side. A thin layer of nickel (Ni) was sputtered onto 

the polished side as a seed layer for subsequent electroplating. A 

photolithography-based method was then applied to transfer design patterns onto the 

PZT surface. First, a thick positive photoresist layer was spin-coated on the PZT. 

After baking on a hot plate, the photoresist was exposed directly by a laser writer. The 

wafer was dipped in photoresist developer for developing. The pattemed photoresist 

structures were then formed. Next, the Ni electroplating process was run to form a 
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6-J.lm-thick Ni hard mask through the openings of the photoresist pattern. After 

electroplating, the photoresist was stripped off using Acetone. Finally, the PZT wafer 

with Ni hard mask was etched using an inductively coupled plasma (!CP) reactive ion 

etching (RIE) system employing Ch/ Ar based chemistry, and the transducer array 

elements were formed as designed. The etching rate of bulk PZT was 8 J.lm /hr. Fig. 

1.4.4 shows an array pattern with an etching depth of 40 J.lm. The sidewall angle is 

about 83°. The array consists of 32 elements with an element width of 24 J.lm and a 

kerfwidth of 12 J.lm. The element length is 4 mm, and the thickness is in the range of 

25 J.lm to 36 J.lm. After the transducer was bonded using two flexible circuits, it was 

characterized. 
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Figure 1.4.3: Process flow for micromachining bulk PZT ultrasound transducer arrays 

[58] 

Figure 1.4.4: SEM pictures of etched bulk PZT array transducers (a) top view (b) 45° 

view with a cross-section view embedded [58l 
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The task is still a challenge to build arrays working at frequency higher than 100 

MHz, which has the potential to provide more detailed skin texture for early diagnosis 

of melanoma, to image small objects such as stem cells, to control the movement of 

biological cells, and for real-time tissue differentiation. The objective of our work is 

to develop an ultrasonic phased array of above 100 MHz. Sorne researchers have 

focused their efforts on the development of very-high-frequency (beyond 100 MHz) 

ultrasonic transducer arrays to obtain high-resolution ultrasonic imaging. For 

comparison, ali of the reported ultrasonic arrays beyond 100 MHz are concluded as 

follows. 

Yukio Ito's group has reported 100 MHz arrays using zinc oxide (ZnO) thin films 

[
59

•
60

•
61

•
62l. They fabricated a 32-element array on a sapphire focal lens. The ZnO array 

was constructed by photolithography with an appropriate etch. V-shaped grooves 

between adjacent elements were formed by using an anisotropie etchant (HCl and 

HN03-based). Typical array elements were 90 JliD wide, 3.2 mm long, 10 JliD thick 

and the pi teh of the array is 100 JliD. The structure of their deviee is illustrated in Fig. 

1.4.5. Nevertheless, the pi teh of 100 JliD results in a low resolution. 

Array elements 
90 11m 

•1 

~t~ ... ZnO 

Sapphire 
Cylindricallens 

Figure 1.4.5: Schematic drawing of thin-film ZnO transducer array and a 

cross-sectional view of individual array elements [62l. 

Sorne research groups around the world have developed kerfless high-frequency 

linear arrays as an alternative to kerfed arrays. Because dicing fme kerfs at present is 

still a very expensive endeavor. This issue has been addressed by C. Morton et al. [63l 

and C.E. M. Démoré et al. [64l. 

Xu Zhu and Eun Sok Kim presented a novel approach for producing microfluidic 

motion by loosely focused acoustic waves (generated by piezoelectric zinc oxide thin 

film) [ 65 l They fabricated an annular array of aluminum (Al) electrodes on 
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1 O-J..1111-thick ZnO the resonant frequency of which is above 100 MHz. Their 

self-focusing acoustic transducer is shown in Fig. 1.4.6. The ZnO array was kerfless. 

The results showed that the acoustic waves generated by radio frequency (RF) sources 

with frequencies corresponding to the thickness-mode resonances of the piezoelectric 

film were very effective in moving liquid around when the waves were loosely 

focused. The deviee operated without any significant temperature increase in the 

liquid, and would be very attractive for mixing or transporting temperature-sensitive 

fluids. 

Figure 1.4.6: Cross-sectional view (along with tupica11iquid-flow directions) of the 

liquid mixer microfabricated on a silicon wafer. Also shown on the left is the 

electrode pattern of the transducer to form the acoustic-wave sources for a 

constructive wave interference in the liquid [65l. 

T. Takayasu reported a 100 MHz 32-element array transducer using 

lithographically-made electrodes and vapour-deposited polyurea film [66l. They used 

two methods to fabricate kerfless array transducers as shown in Fig. 1.4.7. Typical 

values of the Al array electrodes on polyimide substrates were 1 O-J..1111-width, 

20-~m-pitch, 3-mm-length, and 0.5-~m-thickness. In their measurements, a resonant 

frequency of about 100 MHz was observed in the electrical admittance. Bearn steering 

experiments and pulse/echo test were carried out using the prototyped transducers. 
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Figure 1.4.7: Fabrication methods ofpolyurea array transducer [6SJ 

K . K. Shung's group has developed two 120 MHz kerfless arrays prepared from 

a 12-!.lm PZT thick film [67
•
681 and a piece of 15-!.lm PZT-5H bulk material [681

, 

respectively. The two transducers had an identical electrode pattern of 32-element 

linear array. Typical dimensions were 24-!.lm-width, 36-!.lm-pitch, and 4-mm-length. 

The PZT thick film was prepared by spin-coating of PZT-5H ceramic powder/sol-gel 

composite solution as described in [69
•
701

. Fig. 1.4.8 shows SEM images of their 

prepared PZT thick films. Fig. 1.4.9 shows fabrication flow of PZT thick film kerfless 

linear arrays. The thin PZT-5H sheet sample was prepared by lapping a PZT-5H 

ceramic with a precision lapping machine. The measured results of the two linear 

arrays were compared. 

(a) (b) 

Figure 1.4.8: SEM pictures (a) cross-section and (b) top view of 12-!.lm PZT thick 
film [681 
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Figure 1.4.9: Fabrication flow ofPZT thick film kerfless linear arrays [681 

However, the crosstalk in the kerfless array is very severe (in the order of 10 dB) 

resulting in significant ringing. As a result, these arrays have not had a significant 

amount of research effort and applications have been limited. 

1.4.3 eMUT pMUT and mMUT 

A summary of array fabrication would not be complete without mentioning the 

expanding field of micromachined ultrasonic transducers (MUTs). In recent years, 

MUTs have gained more and more attention in the development of ultrasonic phased 

arrays. It represents a new approach to ultrasound detection and generation. Two 

dimensional MUT arrays can be easily made with excellent reproducibility by using 

micromachining techniques. MUT offers advantages of improved bandwidth, easy 

fabrication of large arrays with compact designs, and integration with support 

electronics [?I,nJ. These advantages inherent in MUT enable revolutionary advances in 
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ultrasonic imagining, acoustic deviees [ 73 l, low cost phase arrays in distance 

measurement and simple object recognition in air [74
•
75l. According to the working 

principle, MUT can be divided into three categories: piezoelectric micromachined 

ultrasonic transducer (pMUT), capacitive micromachined ultrasonic transducer 

(eMUT) and magnetic micromachined ultrasonic transducer (rnMUT). 

Conventional ultrasonic transducers, as shown in Fig. 1.4.1 0, consist of PZT 

strips electroded and poled in the thickness direction to operate as extensional mode 

resonators. In this mode of operation, the frequency of the transducer is govemed by 

the thickness of the strip, with the fundamental resonant frequency occurring when 

the strip thickness is equal to half the wavelength at the speed of sound in PZT [76l. 

This direct dependence of the deviee operating frequency (resonant frequency) on the 

PZT thickness can be a limiting factor as geometrical and/or constructional 

restrictions on the thickness can conflict with the thickness requirement for a certain 

frequency. Furthermore, by nature of their operation as extensional resonators, 

conventional ultrasonic transducers are limited in their performance, particularly their 

bandwidth when operating in fluid media, due to the large acoustic impedance 

mismatch between the cerarnic (34 MRayls for PZT) and a fluid such as water or air 

(1.5 MRayls and 340 Rayls, respectively) [nJ. Although quarter wavelength ()J4) 

matching layers have been successfully used to overcome the impedance mismatch 

problem and to improve the bandwidth, nevertheless, this solution has its limitations. 

The right matching layer materials with the required properties are not readily 

available and the layers become too thin to mechanically handle as the application 

frequency of the transducer increases [78l. 

Top electrode 

PZT strip 

Bottom electrode 

Figure 1.4.1 0: Schematic of the basic design of conventional extensional ultrasonic 

transducers [78l 
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PMUT represent a new approach to ultrasound detection and generation that can 

overcome the shortcomings of conventional ultrasonic transducers. A pMUT uses a 

piezoelectric layer adhered to an inert membrane and operation in flexural mode (in 

other words, bending mode), exploiting the piezoelectric d31 coefficient to drive it. Fig. 

1.4.11 is the schematic structure of an individual element in the pMUT arrays with 

PZT thick film [79l. The sound-radiating element is a micromachined multi-layered 

membrane actuated by a thin piezoactive layer. Typical membrane dimensions are on 

the order of micrometers in thickness and tens of micrometers in the lateral direction. 

In this bending mode deviee, the PZT is poled in the thickness direction. By applying 

an electric field across the thickness, the lateral strain induces membrane bending; 

thus causing a pressure sound wave to propagate in the medium in contact. Upon the 

impinging of the back scattered sound waves on the membrane, the induced flexural 

motion causes a charge displacement in the electroded PZT, which can be detected by 

the receiving circuitry and further processed to extract useful information about 

features in the tested medium. In this scheme, the thickness of the PZT layer does not 

dictate the operating frequency (the membrane resonant frequency), as it is the case in 

conventional transducers. Instead, frequency is govemed by the dimensions and the 

layering materials of the membrane [80J and can thus be controlled independent of the 

PZT layer thickness, offering more design flexibility and control over the frequency. 

Other performance parameters, such as the deviee acoustic impedance and coupling 

coefficient, can also be controlled through the proper manipulation of the deviee 

geometry. Due to the low acoustic impedance of the membrane, the acoustic 

impedance of a pMUT can be made to match that of a fluid, which implies that 

pMUTs inherent! y have higher bandwidth [ 81 l. Although the electromechanical 

coupling in a flexural mode pMUT is significantly compromised by the presence of 

the inert membrane, pMUT can obtain large vibration amplitude, thus higher output 

acoustic power. Therefore, pMUT offers an advantage when it is used as a transmitter. 
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Figure 1.4.11: Schematic structure of a membrane-type pMUT fabricated on a silicon 

wafer [79l 

CMUT deviees operate on a capacitive principle of ultrasonic transducers via a 

large electric force applied to a thin membrane covering a very small cavity of 

microns in diameter. lt is basically a miniaturized parallel plate capacitor with a back 

plate fixed while the other one is flexing membrane. Fig. 1.4.12 shows a schematic 

structure of a single element eMUT [82l. The flexing membrane can be set into 

vibration under the effect of electrostatic attraction between the oppositely charged 

plates and the opposing restoring force provided by the stiffness of the flexing 

membrane. The eMUT deviees possess high coupling coefficient and can operate with 

bandwidths in ex cess of 1 00%, and eMUT working at frequencies as high as 60 MHz 

have been reported [83l. These deviees have the potential of extending the frequency 

range of transducers, as they will not be limited by the integrity of a ceramic grain 

structure. This technology, based on traditional and mature semiconductor 

microfabrication, offers the advantages of batch fabrication at the expense of setting 

up, or gaining access to, a full microfabrication facility [84l. Although eMUT generally 

provides a wider bandwidth than current piezoelectric transducers [8SJ, the deviee 

reliability is still a practical issue [86l. As shown in Fig. 1.4.12, a DC voltage bias is 

required in a eMUT. In order to achieve the theoretical coupling, this voltage bias 

needs to be near the collapse voltage of the eMUT [87l. With the current level of 

manufacturing control over the deviee dimensions and residual stresses, it seems 

difficult to secure an intended safety margin on the bias voltage, to avoid collapse, on 
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all the array elements. L. Ginzton lab bas investigated eMUT with isolation posts 

(Post-eMUT) to tackle this problem [88l. 

Vibrating membrane 

\ electrode 

Substrate Bottom electrode 

Figure 1.4.12: Schematic structure of a single element eMUT 

CMUT is based on electrostatic effect, and pMUT is based on piezoelectric 

effect. Unlike eMUT and pMUT, mMUT is based on magnetostrictive effect. 

Magnetostriction is a property of ferromagnetic materials that causes them to change 

their shape or dimensions during the process of magnetization. The variation of 

material's magnetization due to the applied magnetic field changes the 

magnetostrictive strain until reaching its saturation value. The effect was first 

identified in 1842 by James Joule when observing a sample of nickel [89l. Acoustic 

transducers featuring magnetostriction as the active means for transduction have been 

used since before the First World War. The princip le of magnetostrictive transducer is 

to place a magnetically oriented material within a coil, bias the material with a 

direct-current field ( either through a direct current or through placement in a magnetic 

field), and drive the coil with an altemating-current field directed into the coil. ln the 

1970s, the finding of rare-earth-iron compounds with strains approaching 1% resulted 

in the design of magnetostrictive projectors for high-power, low-frequency 

underwater applications. Research continues into improving manufacturing methods 

and material quality. A mMUT bas a similar structure to the eMUT cell except that the 

capacitor (the top and the bottom electrodes) are replaced by a magnetic layer on the 
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membrane as shown in Fig. 1.4.12. Unlike eMUT, the mMUT structure does not have 

electrodes to form a capacitor. Magnetic layers function as a transducing member or 

energy exchanger activating the top plate in response to the substantially vertical 

motion of the top plate layer. Despite the similarities in the overall structure, the 

material selection may be different for mMUT because the electric connections in the 

mMUT are different due to a different energy transformation method. Currently, the 

literatures on mMUT is not as many as those on eMUT and pMUT. Y. L. Huang et al. 

[
9

0J have developed sorne novel structures of mMUT. 

1.4.4 Laser technique 

Laser micromachining offers many advantages over other material removal and 

structuring methods. It is a fast, non-contact and abrasionless technique that 

eliminates tool wear, cutting forces and mechanical vibrations. Aspect ratio ( depth: 

width) of 4: 1 can be obtained in ceramic materials. Laser micromachining also 

minimizes the restrictions on the array geometry. Not only can laser ablate through 

ceramics, but they can pattern through quarter wave matching layers, backing 

materials and more. Mechanical techniques such as dicing saws cannot turn corners 

and ion etching is very slow. A chemical etch 20-50 J.lll1 deep into PZT cannot achieve 

high aspect ratio due to undercutting. S. Foster's group demonstrated the ability of 

lasers to micromachine desirable patterns for annular and linear arrays for frequencies 

in excess of 30 MHz [91l. A 5-element annular array was fabricated using pre-poled 

125 ~-tm thick Motorola PZT-5H substrate that was manually polished to 40 ~-tm for a 

thickness mode resonance of 45 MHz. They also fabricated a 16-element linear array 

using single crystal Y-eut lithium niobate (LiNb03) substrate from Valpey Fisher. The 

elements were 23 ~-tm wide, 90 ~-tm thick and 1 mm long. The pitches were one 

wavelength wide at 40 MHz. Both arrays were totally kerfed based on laser 

micromachining. 

In fabrication of 1-3 composite transducers, the current process involves the use 

of either a wire saw or a semiconductor dicing saw to eut a pattern of rectangular 

pillars in a monolithic piezoceramic plate. However, this technique has obvious 
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limitations in terms of pillar shape and size. Sorne researchers have devoted to 

investigate the feasibility of using laser technique to overcome this problem. In 

collaboration with Oxford Laser, R. Farlow et al. [92l used copper vapour laser (CVL) 

to dice a small region of a 30 mm diameter, 0.5 mm thick PZT5A plate to produce a 

2-D array ofpillars with 65 JliD pitch. The kerfwidth was 13 JliD and the material was 

eut to a depth of 250 JliD. Fig. 1.4.13 shows the SEM images of laser eut ceramic plate. 

This method could be extended to the fabrication of ultrasonic phased arrays. 

Figure 1.4.13: SEM images oflaser eut ceramic plate [92l 

1.5 Summary and outline of the thesis 

Ultrasonic arrays, benefiting from fast electronic scanning, are used in different 

domains including medical imaging, sonar and material non-destructive evaluation. 

Traditional phased array transducer has usually a working frequency of severa! MHz 

which is convenient for human organs imaging. In recent years, high-frequency 

(30-100 MHz) ultrasonic array transducers are being developed for high-resolution 

ultrasonic imaging, for applications to skin, eye and vessel imaging [ 93 l. 

Higher-frequency array (> 100 MHz) has been found potential applications in 

microfluidics for biological cell control [94l and in real-time tissue differentiation [95l. 

In ultrasonic phased array imaging systems, ultrasonic transducers play a critical 

role. Our research project aims at the development of linear phased array transducers 

of 100 MHz and upwards. Two main applications are expected for biological cell 

testing and layered material non-destructive evaluation. The first application is to 
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integrate ultrasonic sensor in micro-fluidics for single cell elasticity testing. The 

second is to use phased array system to replace the mechanical scanning in acoustic 

microscopes for high resolution real-time ultrasonic imaging of material subsurface 

and for characterization of layered media (thin film, coating and bonding) using 

acoustic material signature. 

As stated previously, the MEMS technology has offered opportunities to 

fabricate miniaturized deviees. In order to design deviees as well-performed as 

possible, we need to optimize the geometrical parameters within the limit of the 

MEMS processes and the properties of the piezoelectric materials. This dissertation 

reports the finite element simulations for optimization and experimental fabrications 

of high-frequency ultrasonic transducer arrays. According to the special requirements 

of high frequency transducer arrays, three different types of transducers are 

investigated based on MEMS technology and the latest developments of piezoelectric 

materials. 

In Chapter 1, the background and princip le of ultrasound imaging have been 

reviewed, especially the fabrication techniques in ultrasonic array transducers. Then 

the objective and outline of this thesis are introduced. 

Chapter 2 introduces the theoretical study of high-frequency ultrasonic linear 

phased arrays. 1 demonstrate the formalisms of wave motion in fluidic materials and 

in solid (including non-piezoelectric and piezoelectric) materials. Mason model, KLM 

model and sorne key parameters are introduced, such as longitudinal wave, shear 

wave, phase velocity, slowness, group velocity, electromechanical coupling 

coefficient, piezoelectric coupling coefficient, crosstalk, electrical impedance, 

electrical matching, acoustic impedance, acoustic matching, and transducer bandwidth, 

etc. 

Chapter 3 emphasizes on the numerical simulation and optimization by finite 

element method. It includes three parts. In the first part, the formulism and theoretical 

settings in COMSOL is summarized, including partial differentiai equation (PDE) and 

COMSOL formulism, sources of excitation, and boundary conditions. Several 

simulation cases are presented based on COMSOL numerical method, including wave 
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propagation in solids and in fluids, wave steering of a linear phased array and wave 

scattering of a rough boundary. In the second part, a buffered transducer array with a 

focal lens is designed and simulated in 2-D models. The simulation includes 

calculation of acoustic field, electrical impedance, and crosstalk. In the third part, a 

short summary is presented. 

Chapter 4 presents the simulation, fabrication and characterisation of a 

LiNb03-based array. Chapter 5 presents the fabrication and characterisation of two 

ZnO-based arrays. Based on LiNb03 arrays, several important characteristics for a 

piezoelectric backing transducer are investigated, including effect of pitch size on 

grating lobes, effect of kerf tiller, and effect of kerf depth. Etching technique is 

studied and the LiNb03-based array is made by dry etching single crystal LiNb03. 

The ZnO-based arrays are fabricated using two different methods. One is wet etching 

ZnO films, and the other is dry etching Si and then depositing ZnO films. All of the 

fabricated arrays are characterised by Network Analyzer. The measured results, 

including electrical impedance and crosstalk, are consistent to the theoretical 

predictions. This proves the validity of 2-D simulation of COMSOL and the 

possibility of fabrication of high-frequency ultrasonic transducer arrays. 

Finally, a conclusion of this thesis is presented including main contributions and 

problems, as well as suggested future work. 
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Chapter 2: Acoustic Waves in Elastic Media 
and Fundamentals of Piezoelectric 
Ultrasonic Transducers 

The first objective of this chapter is to present the mathematics of acoustic wave 

propagation in different media (including fluids, solids and piezoelectric materials). 

Numerical solution of Christoffel equation is obtained for analysis of material 

elasticity and piezoelectricity. The theoretical fundamental is necessary either for the 

understanding of wave phenomena and behaviours relating to ultrasonic transducers 

or for the establishment of theoretical models for simulation and optimization of the 

piezoelectric ultrasonic transducers. It will be also helpful for further employment of 

numerical approaches such as the finite element method (FEM). Particular attention 

will be paid to the material anisotropy, piezoelectricity, and the electromechanical 

coupling coefficient. 

The second part of this chapter concems the development of modelling 

techniques for ultrasonic transducers in order to study their characteristics and 

performances. One dimensional KLM model is introduced and used in the simulation 

of the single element transducers. Numerical examples are given for different 

piezo-active materials such as ZnO, LiNb03 and PZT -4, each of which has their 

particular piezoelectric characteristic. Transducer performances in terms of the 

sensitivity (insertion loss), the bandwidth (retum transfer function) and the impulsion 

response will be calculated and compared. The performance improvement by 

electrical matching and acoustical matching are discussed in details. 

2.1 Waves propagation in fluid, solid and piezoelectric 
materials 
2.1.1 Waves equation in fluids 

According to Newton's Law, the equation of motion in a fluid is given by 
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(2.1.1) 

where p is the pressure and V is the gradient operator, u the displacement vector, 

f the body force vector, p the fluid mass density that is assumed undisturbed with 

very small displacements and velocities of motion. 

Another part, in an ideal compressible fluid, the pressure is proportional to the 

divergence of the displacement vector, known as the dilatation of the fluid 

p=-ÀV·u (2.1.2) 

where V· is the divergence operator and the proportionality constant À is the bulk 

modulus of the fluid. 

To tum the differentiai equation of motion Eq. (2.1.1) into an equation only 

with a single variable, such as pressure, taking the divergence of both sides of Eq. 

(2.1.1) and using Eq. (2.1.2), it can be obtained 

V2p+ f= p azp 
À 8t2 

(2.1.3) 

where V 2 =V· V is the Laplacian operator and f =-V· f is a scalar body force 

term. Eq. (2.1.3) can also be written as 

2 1 a2p 
V p----+ f=O 

v2 Bt2 

f 

where the quantity v 1 =(À/ p)u2 is the speed of sound in the fluid. 

2.1.2 Waves equation in solid materials 

(2.1.4) 

In a continuous linear elastic body, the Newton's motion equation is 

(2.1.5) 

where TiJ is the second order stress tensor, /; the applied body force, p the mass 

density, u, the displacement vector and x 
1 

the position vector and i, j = 1,2,3 

representing the direction components of x,y,z under Cartesian coordinates. 
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The Hooke's Law states that the stress is linearly proportional to the strain 

(2.1.6) 

where c!ikl is the elasticity or the stiffness tensor and S k1 is the strain tensor which 

is expressed in the deformation by 

(2.1.7) 

The strain and the stress tensor being symmetric, Eq. (2.1.6) can be is written as 

(2.1.8) 

Replacing Eq. (2.1.8) into Eq. (2.1.5), the general form of the elasto-dynamic 

equation in free body force elastic solids is 

(2.1.9) 

For homogeneous materials in which elastic constants c!Jkl and density are 

constant, Eq. (2.1.9) becomes 

(2.1.10) 

Now, consider harmonie plane waves moving through a homogeneous and 

anisotropie (including isotropie) medium, the solution can be supposed in the form 

(2.1.11) 

where U; is the displacement amplitude vector component, k j is the wave number 

vector component and k is its modulus, n j is the unit vector (or director eosines) in 

the wave number direction. 

Replacing Eq. (2.1.11) into the elasto-dynamic equation of Eq. (2.1.1 0), we get 

(J) 

where v P = - corresponds to the phase velocity of the plane waves. 
k 

(2.1.12) 

Let I'z~ =ciiklnjnk, known as the Christoffel matrix, Eq. (2.1.12) can be written 
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in a matrix form 

(2.1.13) 

In the derivation of Eq. (2.1.13), the tensor subscripts of Cijkl need to be expressed in 

terms of the equivalent matrix subscripts cu by 1 ~ij, J ~ki using Voigt notation 

1~11, 2~22, 3~33, 4~23,32 5~31,13 6~12,21 

and the Christoffel matrix components ru are obtained as 

rll =c,,n~ +c66n~ +c55n; +2c56n2n3 +2c,5n3ni +2c,6nin2 

r 22 = c66n~ + Cz2n~ + c44n; + 2c24nzn3 + 2c46n3ni + 2c26nin2 

r33 = C55n~ + C44n~ + C33n; + 2c34n2n3 + 2c35n3ni + 2c45nin2 (2.1.14) 

r23 = r21 = Cs6n~ +Cz4n~ +c34n; +(c23 +c44)nzn3 +(c36 +C45)n3ni +(Czs +C46)n,nz 

r 13 = r 31 = c15n~ + C46n~ +c35n; + (c36 +c45)nzn3 + (c13 +C5s)n3n1 + (c, 4 + C56)n1nz 

rl2 = r32 = Ci6n~ + Cz6n~ + C45n; + (c25 + C46)nzn3 + (cl4 + C56)n3ni + (cl2 + C66)n,nz 

Eq. (2.1.13) signifies that the eigenvalues and the associated eigenvectors of the 

Christoffel matrix r 11 are pv~ and U k , which correspond to respective! y the 

solutions for the phase velocity Vp and the polarization of the plane waves. As the 

Christoffel equation has an order of 3, three solutions of plane wave are admitted. 

Their polarization vectors are mutually orthogonal. If the wave propagation direction 

is parallel to the polarization direction, such type of waves is called compression 

waves or longitudinal waves. If the wave propagation direction is perpendicular to the 

polarization direction, they are called shear waves or transversal waves. In a general 

anisotropie solid, the waves are not purely longitudinal or transversal. There are 

usually one quasi-longitudinal wave and two quasi-transversal waves. Varying all the 

direction of n j in the Cartesian space coordinates, three phase velocity surfaces Vp or 

slowness surfaces llvp can be constituted. 

2.1.3 Waves equation in piezoelectric materials 

In a piezoelectric solid, when strained, the material will be electrically polarized 

and manifests itself by the appearance of bound electrical charges at the surfaces. This 

direct piezoelectric effect is always accompanied by its converse effect: the solid 
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becomes strained when placed in an electric field. The piezoelectricity is a linear 

phenomenon and the polarization changes sign when the sign of the strain is reversed. 

In the case of piezoelectric solid, the Hooke's Law relation for non-piezoelectric 

solid TiJ = ciJkls ki will be coup led with a stress term induced by electric field 

(converse piezoelectric effect) such that 

(2.1.15) 

where c~1 is the elastic constant tensor superscripted with E which means that these 

constants describe elastic properties measured under conditions of constant electric 

field, Ek is the electric field and eki
1 

is the proportionality piezoelectric constant 

tensor. 

Conversely, the constitutive relation of the electric displacement of Dj = ejkEk 

will be added by in a strain induced term (direct piezoelectric effect) 

(2.1.16) 

where eJk are the permittivity constants superscripted with S corresponding to those 

describe dielectric properties obtained under conditions of constant stress. 

As derived for wave propagation in non-piezoelectric media, the motion 

equation in piezoelectric solid can be obtained using Eqs. (2.1.5), (2.1. 7) and (2.1.15) 

(2.1.17) 

The resolution of this motion equation should be undertaken by coup ling it with 

the Maxwell 's electromagnetic wave equation, permitting to get either the acoustic 

waves or electromagnetic waves. But it's assumed that for plane wave solutions in 

unbounded media, the associated electromagnetic wave propagations can be 

negligible compared to the influence of the quasi-static electric field [961. So in the 

following, the wave motion resolution will be based on quasi-static approximation. 

The quasi-static electric field Ek is related to the scalar electric potential rjJ 

by 
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(2.1.18) 

The electric displacement satisfies the Poisson equation in a free electrically charged 

isolate medium 

aD. 
__ J =0 
oxj 

(2.1.19) 

Substituting respectively Eq. (2.1.18) into Eq. (2.1.16) and Eq. (2.1.16) into Eq. 

(2.1.19), one can get the following equation group 

(2.1.20) 

from which the acoustic wave displacement u, and the electric potential rjJ may be 

obtained. 

Again supposing the plane wave propagation along a given direction such that 

Replacing these plane wave solutions into Eq. (2.1.20), there are 

{c~klenJnkUz +e~a1k
2n1 nkcf> =palU; 

eJklenJnkUI +eJkenJnkcf> = 0 

(2.1.21) 

(2.1.22) 

Then, eliminating cp in Eq. (2.1.20), and let vP = m, the equation giving the wave 
k 

amplitude ui is 

(2.1.23) 

(2.1.24) 

This has exactly the same form as the Christofell equation (2.1.13) for 

non-piezoelectric media but with ri1 replaced by riz+ Y;~z which is called a 
8 
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piezoelectrically stiffened elastic constant. In the matrix coefficient subscripts, the 

equivalent Christoffel matrix components f'u and can be calculated 

respectively by Eqs. (2.1.14) and by 

Y1 = e11nf + e26nÎ + e3sni + (e2s + e36)n2n3 + (eis + e31)n3n1 + (e16 + e21)n1n2 

Y2 =e16nf +e22nÎ +e34ni +(e24 +e32)n2n3 +(e14 +e36)n3nl +(e12 +e26)nin2 (2.1.25) 

Y3 = eisnf + e24nÎ + e33ni + (e23 + e24)n2n3 + (e13 + e35)n3n1 + (e14 + e2s)nln2 

Eq. (2.1.24) shows that the influence of the piezoelectricity on the phase velocity may 

be attributed to a modification of the stiffness of the medium. The equivalent 

Christofell tensor may be written as 

f,- -2 lTT Lla -OufYVp]-lk =0 (2.1.26) 

with and 1s the "stiffened" elastic 

constants. 

The change of the stiffness due to the piezoelectric effect can also be expressed 

in a relative variation form 

(2.1.27) 

(

tl.c'!kl )I/2 ( eki nke .kin. )I/2 
where K = -f- = ; s 1 1 is a parameter describing the piezoelectricity 

cijkl cijkl& jkn jnk 

effect and is dependent on the wave propagation direction n; . Thus, for a given 

direction, the wave phase velocity of a piezoelectric material (the stiffened phase 

velocity vP) is solved from the Christofell equation of (2.1.24) in the form 

,_c_E_+_:-2 _1 _s_s = ~ c; (t + K2) (2.1.28) 

where (2.1.29) 
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and the constants cE, e and &
8 without subscript signify the equivalent constants 

in the given direction resulting from the algebraic combination of their respective 

tensor elements. A virtual phase velocity v P without accounting for the 

piezoelectricity effect (the non-stiffened or piezoelectricity inactive phase velocity) in 

the form 

v = p g (2.1.30) 

With the above equations, we obtain an important relation 

(2.1.31) 

from which 

(2.1.32) 

K is called the piezoelectric coupling constant [97
]. Like the piezoelectric constant e klj , 

this parameter characterizes also the piezoelectricity of a material in a different 

manner. But it should not be confused with the electromechanical coupling constant 

(or coefficient, or factor) kt which is defined by 

(2.1.33) 

By the relation of Eq. (2.1.32), kt can be calculated by using the formula 

(2.1.34) 

With small difference between vP and vP or small K 2 value, kt can be 

estimated approximately by 

2 v~ -v! (v-p -vpXl+vp 1v-p) 2(v-p -vp) 2IL1vl 
kt = -? = - ~ - =-_- (2.1.35) 

v; vP vP vP 

Another part 

This shows that numerically there will be no significant difference between K and 
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k1 in condition that the material piezoelectric effect is small (for most piezoelectric 

materials K 2 < 0.3). 

2.1.4 Numerical solution of Christoffel equation for analysis of material 

elasticity and piezoelectricity 

To calculate the plane wave phase velocity or slowness, the wave polarization, 

the group velocity and the electromechanical coupling coefficient using the formalism 

given in the above sections, a computer software developed in Matlab codes with GUI 

interface [981 by the labo ra tory is available (Fig.2.1.1 ). The materials constants data (p, 

cZ , ekij, cfk ) can be stored in a Matlab data file document or be input directly by the 

graphie interface window as shown in Fig. 2.1.1. 

Figure 2.1 .1: Software in Matlab codes with GUI interface for the calculation and 

displaying of plane wave phase velocity or slowness, wave polarization, group 

velocity and electromechanical coupling coefficient. 

Table A.2 .1.1 in Annex 2.1 cites the elastic constants cu and the mass density p 

of sorne solid materials that may eventually be concemed in this works. Table A.2.1.2 

in Annex 2.1 gives the stiffness piezoelectric constants and the permittivity for sorne 

typical piezoelectric materials. 

In the calculation the velocity or the slowness surfaces can be eut in any plane 
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section by rotating three Euler angles of [Alpha, Beta and Gamma]. The displaying is 

always carried out in a reference plane of xOz [010]. The material constants data 

( cZ , ekij, cJk) needs also to be transformed in the displaying coordinates. The method 

and procedure of axis transformations are explained in Annex 2.2. 

Fig. 2.1.2 illustrates an example of the velocity surfaces for a non piezoelectric 

material as silicon that may be used as the backing material of the array transducer to 

be developed. Silicon single crystal has a cubic (m3m) symmetry that has the same 

velocity sections in the planes xüy [001], xüz [010] and yOz [100]. 

Z,Z,Y Z,Z,Y 

10000 
90° 

10000 
90" 

5000 5000 

x,v,x X,Y,X 

5000 -5000 

-10000 -10000 
270° 270° 

-10000 -5000 0 5000 10000 -10000 -5000 0 5000 10000 
Phase Velocity [m/s) Group Velocity [m/s) 

Figure 2.1.2: Sections of the phase velocity and the group velocity surfaces for silicon 

(class: cubic m3m) in [010], [100] and [001] planes (line in red for quasi-longitudinal 

wave; lines in blue and green for two quasi-transversal waves ). 

For the development of piezoelectric transducers, the choice of the piezo-active 

materials depends essentially on their piezoelectric property (the electromechanical 

coup ling coefficient kt), the acoustical (impedance) and the electrical ( dielectric) 

properties and the complexity of the technologies to fabricate the transducers. To get 

better understanding and have a global view on kt value evolution as a function of 

wave direction, it's necessary to observe the surfaces of kt in 3-D coordinate system, 

as is usually processed for the phase or the group velocity of the materials. Among a 

variety of disposai piezoelectric materials, the traditionally most common used ones 
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for high frequency applications, include a-quartz ( crystal-Si02), lithium niobate 

(LiNb03, LN), lithium tantalite (LiTa03, LT), zinc oxide (ZnO) and lead zirconate 

titanate ceramics (PZT-4, for example ). 

LiNb03 [
99

] and LiTa03 are two important and extensively used piezoelectric 

materials for applications of surface acoutic wave (SA W) and bulk acoutic wave 

(BA W) deviees, piezoelectric transducers and sensors, optical waveguides, 

electro-optical modulators and various other optical applications. These two crystal 

materials belong to the same space class (3m) and have very similar piezoelectric 

property. Fig. 2.1.3 illustrates the three sections (planes [010], [100] and [001]) of 

slowness (1/ v P) surfaces for LiNb03. 

Here, the dashed lines correspond to the inactive piezoelectric-effect slowness 

curves, line in red for quasi-longitudinal wave, and lines in blue and green for two 

quasi-transversal waves. The wave modes in LiNb03 having piezoelectric effect are 

the quasi-longitudinal wave (in red) and the fast quasi-transversal waves (in blue). 

The slow quasi-transversal mode (in green) presents no piezoelectricity as its 

piezoelectric stiffened velocities are equal or inferior to the un-stiffened ones. 

For longitudinal mode, it can be found that its electromechanical coupling 

coefficient k,L attains the maximum value of 0.494 in the [ 1 00] plane at an angle of 

() = 30° with respect to the y axis, while the transversal mode electromechanical 

coupling coefficient kr is about 0.122. To avoid coupling between the longitudinal 

and transversal modes, this angle must be shifted to 36 o with the k,L value slightly 

reduced to 0.485, where kr = O. This is the so called Y-cut/36 o rotation for 

obtaining pure longitudinal thickness mode generation. 
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Figure 2.1.3: Sections of the slowness and the electromechanical coupling coefficient 

k1 surfaces for LiNb03 (class: trigonal3m) in: (a) [010] plane (b) [100] plane (c) [001] 

plane. 
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In this same plane, the transversal mode has the maximum value of k{' = 0.633 

at the angle of () = 171 o with a kf = 0.131. Similarly, to vanish k1L for efficient 

transversal mode generation, the angle () will be orientated to 163 o where k{' = 

0.610 and k1L =O. In the plane [010], only in one direction (along the z axis) single 

longitudinal mode exists ( k{' = 0 and kf = 0.162) and in another one direction 

(along the x axis) single transversal mode occurs (kf = 0 and k{' = 0.696). In the 

[001] plane, there is no direction in which only one piezoactive mode exists. 

For high frequency ultrasonic transducer development, zinc oxide (ZnO - an 

inorganic compound or crystal) is also a popular piezoelectric material. It has been 

widely used in different traditional industries and a lot of new and attractive 

properties are being found in advanced technologies for applications from thin-film 

and semiconductor deviees, to photovoltaics, gas and nano-rod sensor [100
]. 

Figure 2.1.4 presents the elasticity and piezoelectricity of Znü crystal that has 

space symmetry of hexagonal ( class 6mm). It has a rotation invariance property 

around the z axis and is transversal isotropie in [001] plane. The maximum kf value 

of 0.27 for longitudinal mode without mode coupling takes place in the direction of z 

axis. The maximum value of k{' = 0.373 for transversal mode is found in a direction 

of () = 30.5° with respect to the z axis with k1L = 0.08. The pure transversal mode 

( k1L = 0) locates at () = 39° with k{' = 0.348. 

Another famous piezoelectric material for ultrasonic transducer use is the lead 

zirconate titanate (PZT in abbreviation), a ceramic composed of the elements lead 

(Pb), zirconium (Zr) and the compound titanate (Pb[ZrxTh-x]03 0~1) [
101

•
102

]. The 

material symmetry is classified as hexagonal group of 6mm-transversal isotropy. The 

elasticity and piezoelectricity represented by slowness and electromechanical 

coupling coefficient k1 may be consulted in Fig. 2.1.5. The particular features of 

PZT are its high electromechanical coupling coefficient and extremely large dielectric 
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constant. 
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Figure 2.1.4: Sections of the slowness and the electromechanical coup ling coefficient 

kt surfaces for Znü (class: hexagonal 6mm) in: (a) [010] and [100] planes (c) [001] 

plane. ( dashed lin es correspond to the inactive piezoelectric-effect slowness curves; 

line in red for quasi-longitudinal wave; lines in blue and green for two fast and slow 

quasi-transversal waves). 

In conclusion, three piezoelectric materials as LiNb03, Znü and PZT may be the 

suitable candidates for high frequency (> 100 MHz) ultrasonic transducer with their 

own advantages and shortcornings. Generally speaking, a high performance ultrasonic 

transducer bas a high transmission and receiving sensibility that requires the use of a 

high electromechanical coupling coefficient piezoelectric material. Both LiNb03 

crystal ( k, = 0.49) and PZT ( k, = 0.51 for PZT-4) bas a coup ling coefficient superior 

to that of Znü ( k, = 0.27). Secondly, to get efficient energy transmission ability and 
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large frequency bandwidth, the acoustic impedance of the transducer needs to be 

matched to that of ultrasonic wave radiating medium (usually a liquid of small 

impedance) and the electrical impedance be matched to that of the electronic pulser 

source. 
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Figure 2.1.5: Sections of the slowness surfaces and the electromechanical coupling 

coefficient k1 for lead zirconate titanate (PZT-4) ( class: hexagonal 6mm-trans.isotropic) 

in: (a) [010] and [100] planes (b) [001] plane. (dashed lines correspond to the inactive 

piezoelectric-effect slowness curves; line in red for quasi-longitudinal wave; lines in 

blue and green for two quasi-transversal waves) 

The three materials have almost the same characteristic in term of the acoustic 

impedance (between 34 and 36 MRayls). For electrical properties, the electroded 

transducer will have a clamped capacitance whose value is proportional to the 

transducer surface area and the dielectric constant. At high frequency, the transducer 
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size is reduced (especially for array transducer) and the capacitive impedance will 

become very high. The PZT ceramic that has a large dielectric constant can 

compensate this high capacitive impedance and makes the electrical impedance 

matching easier. Thirdly, the cost and the technology complexity for the transducer 

fabrication will be the other important factors to be considered in the material choice. 

This will be the main topics in the following chapters. 

2.2 Modelling and characteristics of piezoelectric 

transducers 

A piezoelectric ultrasonic transducer exploits the piezoelectricity of materials to 

couvert electrical energy to acoustical one and vice versa. To obtain a high energy 

conversion rate, one needs to choose a piezoelectric material of high 

electromechanical coupling coefficient kt and cuts it into a layer at a suitable direction 

where only one particular wave mode (polarization) with a maximum kt can be 

effectively excited. The eut layer is then electroded in its thickness d to form a 

"resonator". When the resonator is excited, the fundamental resonance takes place 

near the frequency where the layer thickness is a half wave-length / 0 = vp = vp 
Â 2d 

with Vp the wave phase velocity. If the resonator is mechanically charged with a 

radiation medium, it transforms the electrical energy into the acoustic one and emits 

an acoustic wave into the medium. Such resonator becomes a transducer. 

The optimum design of transducers in terms of their energy conversion 

efficiency, sensitivity, transmitting bandwidth, and matching, necessities efficient 

modelling approaches. The electric network or transmission line theory, proposed by 

Mason [103
•
104

•
105 l, KLM (Krimholtz, Leedom and Matthae) [106

'
107

] and other 

researchers [108
], were developed, among which the KLM models [109

•
110

'
111

'
112

] is the 

most commonly used. 

2.2.1 KLM model 

In KLM model, the three port equivalent network for piezo-active layer is 

described in Fig. 2.2.1. To represent electromechanical coupling, the transducer layer 
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is divided into two equal half thickness non piezo-active layers (left and right 

acoustical ports), and an electromechanical transformer is connected in the middle by 

injecting an "acoustic current" of .'lv . The electromechanical transformer has a turn 

ratio of fjJ with an electrical impedance element Z' e in the electrical port. Based on 

the network theory, it can be written 

(2.2.1) 

Wh er 

A _ A _ [ c o '.k~d 1 2) - jZ P s i rk~d 1 2)] 
1

-
2

- - jsi rk~d/2)/Zp co '.k~d/2) 
(2.2.2) 

are the A parameter matrices for the two half thickness layers, v' 2 and v\ are 

respectively the output current of the left acoustical port and the input current of the 

right acoustical port. 

z -z (ZL,R +jZptan(9 /2)) 
r1.,R- P Zp+i~Rtan(9/2) 

;: 1 

Z -v- 1 Z' "'2( ZTLZTR ) E -----+ +'f' 
1 jc.> C0 e ZTL + ZTR 

9=c.>d 
Vp 

t/J = 2h sin(9 /2) 
wZ., 

"h2 
Z' =-1-sin9 

e w2zp 

Figure 2.2.1: Schema of KLM equivalent circuit model of a piezoelectric layer 

working in thickness mode (here, 9 = kpd = rod /vp). 
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Using KLM model (1-D model), we can calculate the transmitting bandwidth 

and electrical impedance of the single element transducer ( which can be seen as 

one-dimensional model). In the following part, the electrical impedance and acoustic 

impedance will be introduced and the importance of electrical matching and acoustic 

matching will be demonstrated by KLM calculation. 

2.2.2 Structure and characteristics of high frequency piezoelectric transducers 

There are essentially two kinds of structure configuration (Figure 2.2.2) to be 

studied for piezoelectric transducers of frequency superior to 1 OOMHz (half 

wavelength layer thickness in the order of severa! to severa! tenths of micrometers ). 

One is the backing structure (Figure 2.2.2 (a)) and the other is the buffered structure 

(Figure 2.2.2 (b)). Both have a multi-layered structure. Their characteristics and 

performances in terms of the electrical impedance, frequency transfer function and 

impulse response, insertion loss, can be simulated by Mason or KLM modelling. 

Transducers made of commonly used piezoelectric materials such as ZnO, LiNb03 

and PZT-4 are considered here and their performances will be compared and analyzed. 

The material constants employed in simulation are resumed in Table A.2.1.3 in Annex 

2.1. 

Before simulation, sorne well-known criteria and basic phenomena in the design 

of piezoelectric transducers need to be recalled. An optimized transducer is desired to 

have a large bandwidth and consequently short impulsion duration in transmission 

ultrasonic bearn because it determines the axial resolution of imaging; a high 

sensibility (small insertion loss) to have high signal-to-noise ratio in ultrasonic testing 

and imaging; matched input electrical impedance and matched transmission 

mechanical impedance that condition the electromechanical conversion e:fficiency of 

the transducer. Simultaneous improvement of all these characteristics is usually 

di:fficult to be fulfilled and trade-offs must be taken, among which an optimization 

procedure is necessarily employed. 

In ali the following simulation, if not specifically indicated, the internai 
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impedance of the excitation source is considered to be 50 Q and the input impedance 

of the reception circuit is supposed to be a real resistance of 1 MQ. The frequency 

functions are calculated in a range of frequency from zero to two times of resonant 

frequency and their impulsion response corresponds to that with limited band source 

excitation. All the transducers have a section area of A= wide*length = 40 Jlm*2 mm 

and the normalized frequency f 0 is referred to as 100 MHz. 

Acoustic 
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1 .:..:.:.;.: - - - -i,- ---------------------
S 1 e ;: 1 

Transducer 

1 
1 
1 --------------------------------

(c) 

Figure 2.2.2: Piezoelectric transducer description: (a) Backing structure configuration; 

(b) Buffered structure configuration; ( c) KLM mo del description of the transducer (b). 

Figure 2.2.3 presents an example of the simulation results for three transducers 

of ZnO, LiNb03 and PZT-4, each with silicon baking and water front loading. The 

electrode, bonding and matching layers are not taken into consideration here. In 

Figure 2.2.3, are plotted the input electrical impedance Ze in its magnitude, real and 

imaginary parts; the retum ( called also two ways or round trip) frequency trans fer 

fu . ji' . . 1" d . d IHr(flfo)l d h nctwn H r (f J 0 ) m Its norma Ize magn1tu e A l ; an t e 
max~Hr(f 1 / 0 ) 

corresponding insertion loss - 20 lo~H, (/ 1 fo )1 . The frequency axis is normalized in 

its half wavelength thickness resonant frequency f 0 • As the transfer function is given 

in its normalized form, the transducer sensibility can be deduced and compared by the 

insertion loss function. The time impulsion response is obtained by the inverse 

Fourier transform of H, (/ 1 / 0 ) , supposing that the frequency band of H r (f 1 / 0 ) or 

the exciting source signal frequency band is limited in a fixed range to avoid high 

order harmonie component excitation. 
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Figure 2.2.3: Electrical impedance, return transfer function and its impulse response 

for silicon backing and water front charged piezoelectric transducers of Znü, LiNb03 

and PZT-4. 
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Figure 2.2.4: Electrical impedance, transfer function and impulse response for silicon 

buffered (0.5mrn length) and water front charged piezoelectric transducers of Znü, 

LiNb03 and PZT-4 atfo = 100 MHz. 

It can be stated that the baking or front charge of a piezo-transducer as resonator 

will enlarge its bandwidth and reduce its resonant frequency (this can be characterized 

by the Q factor that is defined as the ratio of resonant frequency to the bandwidth). If 

the material dissipation is not considered, the real part of the electrical impedance 

corresponds to the energy radiation in the backing and transmission media. 

Conceming the material 's piezoelectric characteristics, the PZT-4 bas the most high 
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electromechanical coupling coefficient and dielectric constant. This permits the PZT-4 

transducer to have an electrical impedance near 50 n (about 43 !l) at its resonant 

frequency (100 MHz) with the given transducer dimension. The insertion loss 

(sensibility) at the resonant frequency is about 55 dB for LiNb03, 60 dB for PZT-4 

and 75 dB for ZnO respectively. 
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Figure 2.2.5: Comparison in electrical impedance, frequency transfer function and 

impulse response for silicon baked and water front charged piezoelectric transducers 

of ZnO, LiNb03 and PZT-4 atfo = 100 MHz with (solid line) and without (dash-point 

line) the presence of two electrodes (in gold of 0.5 J.lm thickness) and one bonding 

layer (in indium of 1.5 J.lm thickness ). 
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Figure 2.2.4 is the simulation results for silicon buffered (0.5 mm in length) and 

water front charged piezoelectric transducers (without backing) of Znü, LiNb03 and 

PZT-4. In such transducer configuration, comb like frequency functions are observed 

due to the high thickness of the silicon buffer forming the standing waves in the buffer. 

In the time impulsion response, multiple reflections between the transducer and the 

silicon-water interface occur. As can be observed, in the high order reflections, there 

is the dispersion of impulsions that is originated from the double-reflections by the 

two faces of the transducer layer at the one si de of the buffer. 

The influence of other parameters such as electrode, bonding layer, on the 

transducer performances, usually neglected with low frequency transducer, become 

important at high frequencies. Figure 2.2.5 gives the simulation by taking into account 

these layers with a silicon baking transducer of the structure: silicon (substrate) 

/gold-electrode (0.5 J..Lm) /indium-bonding (1.5 J..Lm) /piezo-layer/gold-electrode (0.5 

J.tm) /water. Compared the results (solid lines) to those obtained without (dash-point 

lines) the integration of these layers: the main difference is a reduction in their 

resonant frequency and a slight increment in their electrical impedance. It should be 

noted that for high frequency transducers (> 100 MHz), the material dissipation factor 

needs usually to be taken into consideration. 

2.2.3 Electrical impedance and electrical matching 

For a piezoelectric transducer, its sensibility or the capacity to transform 

electrical energy to acoustic one (or inverse! y) depends one part on the 

electromechanical coup ling coefficient of the piezoelectric material used, and another 

part on how the electrical impedance is matched between the transducer and the 

externat driving source (generator or pulser). 

The electrical impedance of an ultrasonic transducer consists of a capacitance 

-. -
1

- due to the two metallic electrode layers ( clamped capacity) in series (KLM) or 
]t»Co 

in parallel (Mason) with another equivalent complex impedance coupled from the 

acoustic load. The energy dissipation on the real part of this latter impedance 
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corresponds to the acoustic energy transmission into the radiation medium and the 

beat dissipation in the material itself if it is considered. For an ideal electrical 

matching, the internai impedance of the generator should equal to the transducer input 

impedance. But in practice this is not feasible for a source generator to have its 

internai impedance adapted identically to a complex impedance of charged transducer. 

Usually a standard source generator possesses an internai impedance of 50 O. In this 

case, one approach for the electrical matching is to neutralize the capacitance 
JmCo 

1 

by adjusting in series an inductance L -
1 

(called shunt inductance), where 
o - (27ifoz )Co 

fo is the transducer fundamental free resonant frequency. 

Fig. 2.2.6 and Fig. 2.2. 7 are respectively the simulation results obtained for 

three transducers of ZnO, LiNb03 and PZT-4 at fo = 100 MHz with and without such 

inductance impedance compensation. Compared Figures 2.2.6 with 2.2.7, it can be 

observed that the real part of the electrical impedance remains strictly unchanged. The 

transducer electrical impedance becomes real near the resonance. For ZnO transducer, 

the return insertion loss is significantly reduced near the resonant frequency which 

means an increment in the sensitivity, but with also a reduction in its bandwidth 

leading the impulsion response less damped. For LiNb03 transducer, the return 

insertion loss is improved and the bandwidth also enlarged, but few changes in 

damping. For PZT-4 one, there is no gain in the insertion loss with slight 

improvement in the bandwidth, keeping the best impulsion response damping. So the 

conclusion is that for sensitivity improvement the inductance compensation has the 

most significant effect on the ZnO transducer which has worst performance in term of 

the sensitivity. 

Another advantage of inductance compensation is the suppression of high order 

harmonie generations. 
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Figure 2.2.6: Electrical impedance, frequency transfer function and impulsion 

response for silicon backing and water front charged piezoelectric transducers of Znü, 

LiNb03 and PZT-4 at Jo = 100 MHz with the presence of electrodes (0.5 Jlm gold 

layers)and bonding layer (1.5 Jlm indium layer) and with the inductance 

compensation in series of L0 = 1 /(21(0 ) 
2 C0 . 

In the simulation results given in Figs. 2.2.6 and 2.2.7, the frequency functions 

are calculated up to four times of the free resonant frequency 4f0 instead of 2fo. It 

shows that there is an important third order harmonie resonance (Fig. 2.2. 7) in the 

frequency responses, (much higher order resonances exist if we extend the frequency 

rang), and these peaks almost disappear for the compensated transducers (Fig. 2.2.6). 

In the Fourier inverse impulsion time responses, corresponding to those obtained with 
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an exciting source of at least 4fo bandwidth, high frequency component will be 

superposed in the case without the inductance insertion (Fig. 2.2. 7) . 
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Figure 2.2.7: Electrical impedance, frequency transfer function and impulsion 

response for silicon backing and water front charged piezoelectric transducers of ZnO, 

LiNb03 and PZT-4 at Jo = 100 MHz with the presence of electrodes (0.5 J.lm gold 

layers)and bonding layer (1.5 J.lm indium layer) with large band excitation. 

2.2.4 Acoustic impedance and mechanical matching 

Similar to electromagnetic waves in transmission line [ ll3J, a propagating 

acoustic wave will be partly reflected at the interface of two media having different 

acoustic impedance [114l The reflectivity depends on the level of the impedance 
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rupture. Insertion of a quarter-wavelength layer between the two media permits a 

maximum energy transmission of the wave, conducting an "acoustic impedance 

matching". For a piezoelectric ultrasonic transducer, to increase the energy 

transmission ability and enlarge the frequency bandwidth, it's necessary to carry out 

the acoustic impedance matching between the transducer made of piezo-active 

material (such as crystal, ceramics, polymer or composite) having high acoustic 

impedance (34---36 MRayls for ZnO, LiNb03, PZT) and the transmission or load 

medium (usually a liquid or viscous-elastic tissue) oflow impedance (1.5 MRayls for 

water). 

A free piezo-layer resonator with no energy radiation has very sharp resonant 

peak. However, a mechanically charged piezo-transducer, either by backing or by 

buffer, expands significantly its frequency bandwidth [llSJ. For buffered structure 

transducers, ali the excited wave energy is frrst transmitted into the buffer. The 

matching is hence performed between the buffer and its front load (both non active 

media) to favourite the through transmission of the wave from the buffer to the load 

or vice versa. While for backing structure transducers, one part of energy is absorbed 

in the backing side of the transducer and the matching needs to be realized between 

the transducer layer and the front load in the aim to transmit more useful energy 

towards the loading side. In this latter case, the matching layer is either mechanically 

or electrically coupled to the source layer, modifying the transducer's vibration 

behavior when it's excited. 

Consider a matching layer of impedance Z M and thickness d , inserted 

between two media having different acoustic impedance: Z 1 for the incident 

medium and Zr for the transmission one. From KLM model, the acoustic 

impedance as seen by the incident medium and looking into the matching layer is 

z. =ZM Zr+ jZM tan(kMd) 
m ZM + jZr tan(kMd) 

(2.2.3) 

The pressure reflection and transmission coefficients by and through the layer can be 

calculated from 
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(2.2.4) 

and the transmission coefficient in power density 

re (f) = 1-R(f)R* (f) = T(f)T* (f)Z 1 1 Zr (2.2.5) 

wave 

phase velocity in the matching layer. 

A 
When d = (2n + 1) ~ , there is Z;n = Z1 1 Zr . So the matching condition is 

4 

or (2.2.6) 

with R(f) = o and re (f) = 1 . 

To better understand the improvement in the transducer sensibility and the 

bandwidth by acoustic matching, the above developed KLM model can be used to 

simulate the transducer's behavior. For the transducers of the three piezo-materials 

such as ZnO, LiNb03 and PZT-4 considered, their acoustic impedance is 

respectively35.93.MPa, 34.50.MPaand 34.18.MPa (Table A.2.1.3 in Annex 2.1). To 

get these materials matched to water ( Zr = 1.5.MPa ), the impedance of 

quarter-wavelength matching layer has to be 7.431.MPa, 7.194.MPa and 7.160.MPa 

respectively. As these impedance values are very close, only the results for silicon 

backing LiNb03 transducer will be presented. 

Fig. 2.2.8 and Fig. 2.2.9 display the simulation results for the LiNb03 transducer 

on the transfer functions by varying respectively the matching layer impedance and its 

thickness. A fictive matching material of phase velocity 2886 m/s, giving 

AM 14 = 7.215,um at 100 MHz, was used in calculation. Fig. 2.2.8a and Fig. 2.2.9a 

represent respectively the wave energy transmission coefficient through the matching 

layer from the LiNb03 to the water for different values of the impedance Z M and the 

thickness d of the matching layer. The transmission coefficients behave just like the 
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wave transmission on a segment of transmission line: having a maximum unity 

coefficient at the matching condition ( Z M =JZ1Zr and d=l.M 14 ) and the 

mismatch by the impedance will reduce the peak amplitude while the variation in the 

thickness shifts the peak' s frequency position (decreased for d > .?.M 14 and 

increased for d < .?.M 14 ). 
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Figure 2.2.8: Insertion of single quarter-wavelength matching layer 

d = .?.M 14 = 7 .2JUn in different acoustic impedance Z M for LiNb03 transducer 

( Z P = 34.5MPa ) of 100 MHz free resonant frequency with water front load 

( Zr = 1.5MPa ) , (a) Energy transmission coefficient 1- R(f)R• (f) from 

piezo-material to water load; (b) Real part of the transducer electrical impedance 

Re(Ze) ; (c) Forward transfer function Hr(f) (d) Return transfer function H,(f). 
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Figure 2.2.9: Insertion of single matching layer Z M =.JZpZr =7.194MPa in different 

thickness for LiNb03 transducer ( Z P = 34.5.MPa) of 100 MHz free resonant frequency 

with water front load ( Zr = 1.5MPa ), (a) Energy transmission coefficient 

1- R(f)R• (f) from piezo-material to water load; (b) Real part of the transducer 

electrical impedance Re( Z e) ; ( c) F orward trans fer function H r (f) ( d) Return 

transfer function H, (f). 

Fig. 2.2.8b and Fig. 2.2.9b show the influences of the matching layer on the 

transducer equivalent electrical impedance. Figures (c) and (d) of (2.2.8) and (2.2.9) 

are respectively the frequency forward trans fer function H r (f) and return trans fer 

function H, (f) from which the gain H max (sensitivity) and the bandwidth BW of 

the transducer can be determined. It can be concluded that at d = ÂM 14 the 

mismatch in impedance will reduce the transducer sensitivity H max and BW 

decreases for Z M <.JZ1 Zr and increase for ZM >.JZ1Z r ; at Z M =.JZ1Zr the 
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reduction (increase) in matching layer thickness d <À M 14 ( d >À M 14 ) will enlarge 

(reduce) BW and reduce (increase) Hmax. Compared to the results obtained for no 

matching case (the curves plotted in black), the gain in H max and BW is significant, 

which confirms the importance and the necessity of the acoustical matching in the 

transducer performance improvement. 

As shown above, the ideal matching takes place only at a single frequency 

for f =v M 1 ÀM, or in other words, the transducer sensibility reaches its maximum at 

its matching frequency. There is usually a trade-off between the transducer sensitivity 

and the frequency bandwidth. To break such limitation, the possible solution is the 

utilization of multiple quarter wavelength matching layers with progressive 

impedance variation, which permits to keep the maximum through transmission and 

to further widen the bandwidth. In the literatures, many studies in this domain have 

been reported and different formalism based on different optimization criteria have 

been established [116
'
117

'
118

'
119

]. The widely used is the double quarter matching layer 

[1
20

'
121

'
122l. The multilayer (number > 2) or graded matching scheme [1

23
•
124

•
125

•
126l, 

though much interesting, will increase significantly the cost and the complexity in its 

fabrication process. More information of multiple quarter wavelength matching could 

be found in Annex 2.3. 

Technically, there is a large choice of materials available for use of acoustic 

matching layers [127l. Epoxy resin, parylene, and composite have been the commonly 

used materials for traditional matching layers in the transducers development [128l. 

Advanced material technologies permit to elaborate the material whose acoustic 

impedance could be arbitrarily adjusted to meet the required value. However for 

transducers working at the frequencies up to or more than 100 MHz, realizing such 

layers requires specifie material fabrication technology with high precision 

[129,130,131,132] 

2.3 Summary 

This chapter presents the theoretical fundamentals of piezoelectric ultrasonic 
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transducers. Waves equations in fluids, solid materials and piezoelectric materials are 

given and phase velocity, slowness, group velocity and electromechanical coupling 

coefficient are presented by numerical solution of Christoffel equation. 

KLM model is introduced and used to simulate the properties of different 

transducers based on three commonly used piezoelectric materials - ZnO, LiNb03 

and PZT-4. The three materials have almost the same characteristic in term of the 

acoustic impedance which results in little difference in mechanical matching. LiNb03 

and PZT-4 possess higher electromechanical coupling coefficient than ZnO. Although 

the PZT ceramic that has a large dielectric constant can compensate high capacitive 

impedance at high frequency and makes the electrical impedance matching easier, 

ZnO thin films have more flexibility in the fabrication due to the integration with 

microfabrication technology such as sputtering. In this thesis, ZnO and LiNb03 are 

chosen to be active materials considering the technology complexity and the 

foundation of our lab in LiNb03 high frequency transducers. The realized arrays will 

be presented in Chapter 4 and Chapter 5 in detail. 

KLM model is also used to calculate the transmitting bandwidth and the 

electrical impedance in a single element transducer. The electrical matching and 

mechanical matching is demonstrated to be critical in improvement of the 

transducer's performances. In the following chapters, the one-layer acoustic matching 

will be included in the array transducer design and FEM simulation. 
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Chapter 3: Finite Element Modeling of 

Piezoelectric Ultrasonic Array Transducers 

Designing array transducers is a critical issue for fi1rther improving the quality 

of ultrasonic imaging. For this purpose, it is necessary to gain fundamental 

understanding on the transducer operations in order to design new and novel arrays. 

Many issues in array design-such as acoustic field, crosstalk, and electrical 

impedance-cannat be accurately studied using analytic method [l33J due to mainly the 

complexity of geometrie structure. Finite element method (FEM) is an efficient 

appropriate way to obtain the exact solution [1341. 

The establishment of the modelling procedure is very important for improving 

transducer designs and exploring new designs. Using FEM simulation, we can 

optimize the element geometry, pi teh size, kerf width, kerf depth, kerf tiller and all the 

active and passive materials used in the transducer. In other words, it can help us find 

the best combination to produce a desired transducer. 

COMSOL, a finite element software, becomes more and more popular in 

numerical simulations because of its perfect performances in coup ling of multiphysics 

modules and the simplicity in postprocessing. In this chapter, the appropriate model is 

established in COMSOL and compared to the results from the analytic model (such as 

KLM model). The wave propagations in solid (including isotropie and anisotropie 

solids) and in fluid (with Partial Differentiai Equation (PDE) module) are studied at 

first. Then piezoelectric transducer is coupled with non piezoelectric materials. Sorne 

special simulations are carried out in piston mode, including wave steering excited by 

linear phased array sources and wave scattering of coarse boundary (rough surface). 

Most of the results were obtained using the COMSOL fini te element models, and the 

general meshing scheme is to maintain at least 8 elements per wavelength. Optimized 

meshing size was obtained by continuously reducing the element size until the relative 

error for a calculated target quantity between consecutive runs is less than 1%. 

Based on these models, we propose a buffered array structure and sorne 
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important characteristics are investigated for this piezoelectric array, such as acoustic 

field, crosstalk, electrical impedance, and etc. 

3.1 Finite element formalism using COMSOL 

A flow diagram is illustrated in Figure 3.1 for modelling and simulation using 

COMSOL3.5a. Attention needs to be paid on three points: goveming equations, 

boundary conditions and source of excitation. The following parts will emphasize on 

these points. 

Open COMSOL 3.5a 

{ 

PDE Coefficient Form Model (for water domain) 

Select appropriate models 
'------;--------' ,.......------------, 

Piezoelectric Effect Model (for solid domain) 

Subdomain setting 

Solve 

{ 1 Define vm-iables and porametcrs 

{ 

{ 

Governing equations setting, materials setting, 

crystal orientation setting and absorbing region 

setting 

Coupling boundary, free boundary, continuous 

boundary, electrical boundary 
~--------------------------------~ 

{ 
Choose/Change simulation modes: transient 

analysis, frequency response analysis ._____ __ 
{ 1 See ali of 1he results 

Figure 3.1: Flow diagram ofmodelling and simulation using COMSOL 3.5a 
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3.1.1 PDE and COMSOL formalism 

For solid medium: in time domain and in frequency domain 

The general form of force-free if= 0) dynamic equilibrium equation for a solid 

medium with density p and elastic stiffness tensor Cijkl is given as: 

(3.1.1) 

Simulation of wave propagation in time domain is hard to be realized due to the 

limit from number of degrees of freedom and numerous time steps. Normally, 

modeling needs to be carried out in frequency domain (using a resonant frequency) to 

avoid these shortages and give sorne information such as directivity patterns. Since 

the wave motion concemed here is harmonie, Eq. (3.1.1) should be converted to that 

in frequency domain by using the Fourier transformas below: 

(3.1.2) 

where, m = 27ifis the angular frequency. 

The "Plain Strain Module" in "Structural Mechanics Module" of COMSOL 

3.5a is selected to simulate wave propagation in non-piezoelectric solid materials. The 

piezoelectric materials need "Piezo Plane Strain Module" in Piezoelectric Effects. 

Using these modules, we only need to give values to Cijkl and p for a particular solid 

(non-piezo) material or Cijkb ejkb G'ïj and p for a piezoelectric medium, no matter in 

transient analysis or in frequency analysis. 

For fluid medium: in time domain and in frequency domain 

In our simulation, no external force is applied to the fluidic domain, so f = 0, and 

Eq. (2.1.4) becomes: 

(3.1.3) 

Using the Fourier transform this equation can be converted to: 

V
2 
p + ~~ oi p = 0 (3.1.4) 
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"PDE Coefficient Form" in "Multiphysics" is selected to model wave motion 

in fluid medium. A variable p, pressure, is defined here. Since COMSOL has special 

required formalism for PDE in time domain as below: 

à2 a 
e ____p_+d ..!!!..+V ·(-cVp-ap+ r)+ap+ /3· Vp = f 

a of2 a Of 
(3.1.5) 

According to Eq. (3.1.3), we can set ea as density p (e.g., ea = 1000 kg/m3 for 

water), c as bulk modulus /t' (e.g., c = 2.2*109 N/m2 for water) and ali the other 

coefficients including da, a, a, fJ, y andfas zero, and then Eq. (3.1.5) is converted to 

Eq. (3.1.3). 

In frequency domain, the formalism in COMSOL is as follows: 

V·(-cVp-ap+r)+ap+ f3·Vp = f (3.1.6) 

According to Eq. (3.1.4), we can set a as p*w*w (e.g., a= lOOO*ro*ro for water), 

cas bulk modulus /t' (e.g., c = 2.2*109 N/m2 for water) and ail the other coefficients 

including a, fJ, y and[ as zero, and then Eq. (3.1.6) is converted to Eq. (3.1.4). 

3.1.2 Sources of excitation 

For piezoelectric medium: in time domain and in frequency domain 

To generate ultrasonic waves with piezoelectric materials, a dynamic electric 

potential is applied to this active material. In transient analysis, a sine pulse is first 

defined in global expressions in COMSOL, with source= sin(2*n*.f*t)*(t<1ij) and[= 

100 MHz (here t is time in COMSOL, and its default unit is second). Then give 

'source' to piezoelectric material as electric potential in electric boundary conditions. 

In stationary analysis, the amplitude and the phase of the sine pulse are directly 

applied to the piezoelectric material as electric potential in electric boundary 

conditions. And its frequency is defined in the setting of sol ver. 

For solid medium: in time domain and in frequency domain 

To generate ultrasonic waves with a solid (non-piezoelectric material), the 

sources can be loaded either as volume forces in the medium or surface forces (or 

displacements) on the boundaries, which correspond to load in domain settings or 
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load in boundary settings in the solid plain strain module. 

For fluid medium: in time domain and in frequency domain 

To generate ultrasonic waves in fluidic medium, the sources can be loaded either 

as volume forces in the medium or surface forces (or displacements) on the 

boundaries, which correspond to fin domain settings or g in Neumann boundary 

conditions in PDE module (or r in Dirichlet boundary condition) according to 

COMSOL formalism, respectively. 

3.1.3 Boundary conditions 

3.1.3.1 Coupling boundary conditions 

For solid/fluid coupling boundary condition 

As mentioned above, PDE Coefficient Form is used to simulate wave motion in 

fluids. In PDE module, the formalism in COMSOL is as follows (for convenience, the 

formalisms in COMSOL are displayed here again as shown in Eq. 3.1.7 and Eq. 

3.1.8): 

ea az f +da ap +v·( -cVp-ap+r)+ap+ P· Vp = f' inn, (intime domain) (3.1.7) at at 

or 

V·(-cVp-ap+r)+ap+fJ·Vp=f, inn, (infrequencydomain) (3.1.8) 

n·(cVp) = g, on an, (Neumann conditions) (3.1.9) 

or 

hp = r , on an, (Dirichlet conditions) (3.1.10) 

where, n is the computational domain; for the situation including severa! subdomains, 

it is the union of ali subdomains; an is the domain boundary; and n is the outward 

unit normal vector on an. 

Eq. (3.1.7) and Eq. (3.1.8) are the PDEs, which must be satisfied in n. Eq. 

(3.1.9), a generalized Neumann boundary condition, and Eq. (3.1.10), a Dirichlet 

boundary condition, are the boundary conditions that must be held on an. 
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Asto set boundary conditions, choose for each boundary Neumann condition or 

Dirichlet condition according to the actual situation. 

Since the relation between the pressure and the displacement field in fluid is 

given by grad{p) = p*co2*U = -p*(f1-ulat2) [l35l, the mechanical boundary conditions 

at the solidlfluid interface can be expressed as 

{
n·T=-p 

n·(cVp) = c· p·an 

at the solid side 

at the fluid side 
(3.1.11) 

where T is stress tensor and n is the interface outward unit normal vector on an 

which is illustrated in Fig. 3 .1.1. Moreover, p is the pressure at the fluid si de and an is 

the normal particle acceleration at the solid side. For example, intime domain, -an= 

utt*nx_solid+vtt*ny_solid (u, v are defined variables in solid module, which mean x 

displacement and y displacement, respectively; utt stands for &-u!at2 and vtt for 82v/8t2 

in COMSOL). Thus, Neumann conditions is used to couple fluid and solid, and set g 

as -c*p*(utt*nx _ solid+vtt*ny _ solid) ( e.g., g = -2.2* 1 012*(utt*nx _ solid+vtt*ny _solid) 

for water). In frequency domain, the condition should be: 

g = c*p*co2*(u*nx_solid+v*ny_solid). 

At the solid side, set boundary force load as below (the formalisms are the same 

intime domain and in frequency domain): 

Fx=-p* nx_solid, 

Fy=-p* ny_solid. 

For solid/solid coupling boundary condition 

Furthermore, the mechanical boundary conditions should be continuous at the 

solidlsolid interface. In fact, in COMSOL, if the variables of displacement, u, v, have 

the same formalism to stand for the same meaning in different subdomains, 

continuous condition is default at their interface. We do not need to change anything 

at the solidlsolid interface. 
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Fig. 3.1.1 Outward unit normal vector on an: (a) 2-D model; (b) 3-D model. 

3.1.3.2 Symmetrical boundary conditions 

The FEM calculation always takes a huge memory in COMSOL. To avoid out of 

memory problem and to reduce calculation time, symmetrical boundary conditions are 

sometimes applied. The calculated domain should be half (one axial symmetry) or 

quarter (two orthogonal axes symmetry) of the whole domain using this method. In 

solid modules, symmetrical boundary condition has already existed. However, for a 

fluid medium in PDE module, there is no existed symmetrical boundary condition. In 

fact, according to the indication of Neumann conditions, we can set g = 0 on the 

desired boundary to obtain a symmetrical boundary condition. At this time, it 

manifests n · ( cVp) = 0. It means the gradient of the pressure is zero along normal 

direction of this si de. 

3.1.3.3 Absorbing boundary condition 

Different from simulations in time domain, what is modeled in frequency domain 

is the continuous (or sine) wave distribution of the acoustic field. For this reason, it is 

not convenient to have snapshots of the acoustic field at any time point for the 

propagation process, and the total field hence appears as a summation of the incident 

wave and multiple reflections from all the boundaries before the fully attenuation of 

the waves, which will make the simulation results really complicated for analysis and 

even nonsense. So it is necessary to remove all the reflections from bulk boundaries. 

The most convenient solution is to add Absorbing Region (AR) all around the edges 

of the model to suppress any unwanted reflection. This will provide constructive 

results in frequency domain. Essentially, there are typically two kinds of AR, one is 
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Viscoelastic Absorbing Region (VAR) and the other is called Perfectly Matched Layer 

(PML). 

A. Viscoelastic Absorbing Region 

y 
Source 

Propagation Domain 

Yo _ 

x 

Figure 3.1.2: Settings of2-D VAR 

The visco-elasticity of materials is usually described by complex stiffness 

modulus, where the real and imaginary parts are related to the elastic and darnping 

properties, respectively. The imaginary parts, which will subsequently appear in the 

damping term of displacement solutions, is directly linked to attenuations in the 

amplitudes ofwaves, so VAR is set by continuously increasing the imaginary parts of 

the complex modulus, in order to accelerative absorb the waves without causing 

reflections because of the discontinuity in material properties (acoustic impedance). 

In this case, as shown in Fig. 3.1.2, for a 2-D model, ifthe length of VAR is set 

to be La, the AR willlocate in the area x<xo, x>x1 and y<yo, outside the Propagation 

Domain (PD). To attain the aim of minimizing the amplitudes of reflections to 0.1% 

of that of incident waves, the length of VAR can ultimately be reduced to 3 times of 

the maximum wavelength (La >= 3Àmax) of ali the propagating modes after 

optimization [1361
• 

For a solid material with stiffness constants Cij (cij is real), the c~R in VAR is 
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defined in COMSOL as follows: 

A,=( x~~ x J *(x< x0), A,=( x~.•, J *(x,< x), A,=( y~~ y J *(y< y,) (3.1.12) 

where, x is a variable, denoting the distance from a point in VAR to the interface 

between VAR and PD; andA0, x0, x1,y0, n are constants to be optimized. 

In the same way, for a viscoelastic material with complex ciJ = c~ + ic~, the cr 

in VAR is defined as: 

AR - "* ' * LI *(A A, A ) ciJ - cif +1 cif '"'0 1 + _ + 3 (3.1.13) 

Here, Ao, A1, Az, A3 are the same as in Eq. 3.1.12. 

B. Perfectly Matched Layer 

Similar to VAR, PML is also set all around the PD, and as indicated by its name, 

the main principle to set a PML is to keep the acoustic impedance in the AR always 

match with that of the PD at the aim of absorbing waves. To reveal the nature of the 

performance of PML, a simple example is cited. 

For linear acoustics in fluid with mean density p0 and speed of sound v0, the 

linear wave equation for acoustical pressure p with angular frequency w is: 

2 2 .! V p-k p=O,k=w1v0 

And the corresponding plane wave solution is 

z(mt-k~) 
p=poe 

(3.1.13) 

(3.1.14) 

where r is the position vector along the direction of propagation. 

For this medium, the acoustic impedance, also called as characteristic 

impedance is 

(3.1.15) 

For the simplest case, when a sound wave incident perpendicularly from PD 

medium 1 into AR medium 2, the reflection coefficient R, which is related to the 

acoustical impedances of the adjacent media, is defined as: 
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(3.1.16) 

If Za1 is matched to Za2, R = 0 , which means non-reflection. 

On the other hand, we can set the density pAR and wave velocity vAR in AR to 

make the wave from the fluid fully attenuated by: 

AR ( 1 · ) AR V0 
P =Po -IO"o ' v = ( . ) 1-zo-0 

Rewrite the motion equation for a harmonie wave as: 

(3.1.17) 

(3.1.18) 

0'0, which can also be a function, is a constant here, related to damping ratio. 

And the corresponding solution is 

(3.1.19) 

-
Here, a= o-

0
k is the damping coefficient, and the term e-ur leads to 

attenuation of wave during propagation. 

In this way, the wave is "absorbed" in the AR and no reflection cornes back to 

the PD. 

C. Improved Absorbing Boundary Condition 

A deeper insight indicates that in the aspects of absorbing, the nature of 

performance by changing material properties in VAR is quite similar to that of PML. 

VAR and PML have basic principles in common: one is "absorbing", the other one is 

avoiding reflection, no matter by continuously changing the material properties or 

keeping the acoustic impedance matched. In V AR, an increasing imaginary part 

(standing for attenuation) is only added to each term of Cij (however, the acoustic 

impedance changes in VAR, which will induce a small reflection to degrade the 

accuracy ofresults), and in PML, a constant imaginary partis only added to density p 

(in this case, instabilities are sometimes present in long simulations). Combining VAR 

and PML, an improved Absorbing Boundary Condition (ABS) is proposed in this 

thesis for both fluids and solids. 
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For isotropie materials (C11 = 4*C66), the phase velocities of longitudinal wave 

and transversal wave are defined as: 

As stated in Eq.3-1, we can define inAbsorbing Region (AR): 

A3 are the same as in Eq. (3.1.12). 

Then vAR= v0 1 (1 +ia), so the acoustic impedance in AR is matched to that in 

is attenuated increasingly in AR. 

In the same way, in fluid there is only longitudinal wave defined as: 

v = p E 
As stated in section 3.1.1, after replacing the variables in Eq. 3.1.6, it would be: 

V·(-Xvp)+paip=O (3.1.20) 

Here, in AR we define pAR= p 0 (1-ia) and ).,'AR=~ 1 (l-ia) , then the 

acoustic impedance in AR is matched to that in PD and the corresponding solution 

is p = p0e1(wt~k;)e-a;, the wave is attenuated increasingly in AR. 

3.1.4 Simulation examples 

Before we simulate the properties of high-frequency transducer arrays, the 

properties of transient wave propagation in different kinds of media are investigated at 

first. 

3.1.4.1 Wave propagation in solids 

Fig. 3.1.3 illustrates the model's geometry and dimensions. The propagation 

domain has a length of 4 mm and a height of 2 mm. A piston pressure source is 

applied to a part of the upside boundary. The source is a sine pulse, and it is expressed 

as source= sin(2*n*f)*(t<llf), f= 100e6 in COMSOL 3.5a. In COMSOL, sis a curve 

parameter standing for a proportional factor. It is zero at the starting point of a curve 
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and is one at the end. In Fig. 3.1.3, the defined source is only applied in the centre part 

(with a length of 1 mm) of the top side ofPD. So by calculation it can be expressed as 

source*(3/8<s)*(s<5/8) which means the source is located from 3/8 of the top side to 

its 5/8. At t = 15e-8 (unit in second), that is 15 wave periods, the acoustic fields in 

Si02 (isotropie solid) and in Si (anisotropie solid) are displayed in Fig. 3.1.4. Fig. 

3.1.4a shows the acoustic field (expressed as total displacement) in isotropie Si02, in 

which the compression wave, compression boundary wave, shear boundary wave, 

head wave and surface wave can be observed. Fig. 3.1.4b is the acoustic field in 

anisotropie Si, in which the Quasi (Q)-compression wave, Q-compression boundary 

wave, Q 1-shear boundary wave, Q 1-shear wave cusp, head wave and surface wave 

can be observed. It demonstrates the finite element method with COMSOL is 

reasonable. 

tY L=4000 ~un 

1 
i 1000 J.Ull . 
1 

H'-2000 ~un 
1 

PropagatJon Domain 
1 

x (0,0) ,___,...__ ______ ___._ ________ _....- .. 

Figure 3.1.3: Geometry of the model (the dash-dot line can be used as a symmetrical 

boundary to save simulation time and memory) 
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Figure 3.1.4: Wave propagation in piston pulse mode in (a) Isotropie solid (Si02) (b) 

Anisotropie solid (Si) 

3.1.4.2 Simulation of wave propagation in fluids 

For simulation of wave propagation in a fluid, sueh as water, PDE 

Coefficient Module is used in COMSOL. Similar to that in section 3.1.4.1, a sine 

pulse pressure is applied to a part of the top side in piston mode. As shown in Fig. 

3.1.5, the transient acoustic field (expressed as pressure) shows there is no shear wave 

in water. The compression wave and compression boundary wave can be observed. 
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water 

Compression wave 

Figure 3.1.5: Transient wave propagation in water 

Compression 
boundary wave 

3.1.4.3 Simulation ofwave excitaion with piezoelectric transducers 

-..ul!lt-11 

Piezoelectric materials are often used to generate ultrasound. The attention 

needs to be paid on the coupling between piezoelectric material and wave propagation 

domain. The displacement should be continuous at the interface of 

piezoelectric/non-piezoelectric solids. Fortunately, it is convenient to set this coupling 

boundary condition in COMSOL. Transient simulations always consume a lot of time 

and memory due to many time steps. Using symmetrical boundary condition is 

sometimes an efficient way to solve this problem for a symmetrical plane. For a 

symmetrical plane, we can choose 1/2 or 1/4 even 1/8 (in 3-D models) of the whole 

domain for modeling. The requirement for memory is increased exponentially other 

than linearly with the number of degrees of freedom (A *n/\k, here Ais a constant, n is 

the number of degrees of freedom and k > 1 ). lt means if we use half part of the 

domain to model, the required memory would be decreased to less than half of the 

previous requirement. Use the same signs to stand for the same variable in different 

domains (for example, u and v stand for x- and y-displacement, respectively, in all 

piezo and non-piezo solid domains ), and it is considered to be continuous by default 

at the ir interface. Excited by one period of sine pulse voltage (wh ose frequency is 100 
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MHz), LiNb03 36°N-cut emits ultrasound, and the transient wave motion rn 

anisotropie Si is displayed in Fig. 3.1.6. We can observe the compression wave, 

compression boundary wave, shear boundary wave, shear wave cusp, head wave and 

surface wave after 15 wave periods (15T, T = 0.01 ~s) propagation. Here, Piezo Plane 

Strain Module of Piezoelectric Effects is employed for both LiNb03 and Si domains. 

For Si domain, "decoupled" is selected in physics sub-domain setting (in fact, the 

decoupled Piezo Plane Strain Module has the same effect as Plane Strain Module in 

Structural Mechanics Module). Symmetrical boundary conditions can be selected 

directly from these solid modules. 

Symmetrica1boundary 
r-1.5•·1 ~-tlll'(vl"l•u1"'1J [ftll ~l.6at-U 

·•" 

Figure 3.1.6: Wave propagation in anisotropie Si coupled with LiNb03 36°N-cut 

transducer excited by a sine pulse voltage 

3.1.4.4 Wave steering excited by linear phased array sources 

An ultrasonic phased array transducer is composed of a number of individual 

piezoelectric elements. Bach element is driven by an electric pulse in the way to steer 

and focus a transmitting ultrasonic bearn in an inspection medium. An image of the 

medium can be reconstructed from the received signal of the elements working in 

reflection mode. 
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Figure 3.1.7: Steering of phased arrays in anisotropie Si (a) Nine excitation array 

sources in sine pulse mode and (b) Acoustic field steering by 45 degrees 

The simulation procedure can also be used to study linear phased array by 

applying phase delayed electrical signais to consecutive elements. One can study the 

angular dependence of the bearn pattern by steering the bearn using simulation with 

phase-delayed excitation. To investigate the steering property of phased arrays in 

ideal conditions (in piston mode), nine sine sources in pulse mode are applied to the 

top side of anisotropie Si, and each pulse source (100 MHz) is illustrated in detail in 

Fig. 3.1.7a. About the calculation of phase delay, more information is given in Annex 

1. Fig. 3.1.7b is the acoustic field after wave propagation for seven periods of time 
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(7T, T = 0.01 IlS). It is a typical steered bearn pattern with a steering angle of 45°. The 

width of the main bearn, the side lobe, and the focal distance ali changed slightly as a 

function of the steering angle because the array bas a fini te size. In the defmed array, 

steering angle is a= 45°, width of the element is w = 38 !lffi, kerf size is 4 !lm, and 

pitch is p = 40 !lffi, which is almost equalling to one-half of the wavelength in Si, so 

there is no grating lobes [B?J. Group velocity and phase velocity can be distinguished 

from it. The bearn pattern in Fig. 3.1.7b was calculated by using transient analysis in 

COMSOL at 100 MHz. 

3.1.4.5 Scattering of coarse boundary (rough surface) 

The transient analysis by FEM computation is adopted in real applications. To 

decrease the influence of reflection, the rough surface is applied in this work to scatter 

the waves propagating into the backing materials. However, the question is what 

degree of the roughness could efficient! y scatter the waves. We investi gate the roles of 

different rough degree at the surrounding coarse boundaries. Fig. 3.1.8 is the 

geometry of this model. Six dimensions ( d = OJ.., O.lÀ, 0.2J.., 0.25À, 0.5À, 1.0À, À = 

84!lm in Si at 100 MHz) of roughness are selected and compared in transient 

simulation in piston mode, where the acoustic field performances with rough 

dimensions d = O.lÀ and d = l.OÀ are displayed in Fig. 3.1.9. The source is the same 

as stated in section 3.1.4.1. Fig. 3.1.9a-d are obtained at t = 4T (T = 0.01 IlS at 100 

MHz), t = 5T, t = 6T, t = 8T, respectively. They show that the reflection wave keeps a 

regular wave front and the rough boundaries do not efficiently scatter the incident 

waves. Fig. 3.1.9e-h are also obtained at t = 4T, t = 5T, t = 6T, t = 8T, respectively. 

They show that the reflection wave does not keep a regular wave front and the rough 

boundaries efficiently scatter the incident waves. Fig. 3.1.10 illustrates quantitatively 

the total displacement at the right bottom point of this model at different times. They 

are obtained from six dimensions of roughness as stated above. They have totally the 

same scales in x- and y- coordinates. We can see from Fig. 3.1.10 that a compression 

wave is generated at the beginning. At t = 5T a shear boundary wave arrives at this 

right bottom point. Around t = 8T a reflectance of compression wave arrives 
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overlapped with a mixture of surface wave and head wave. 

l.S 

d 
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0.5 
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Propagation Domain 
(Bac king) 
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Total displacement of this point vs. time• •• .. ··. 

Figure 3.1.8: Geometry of the model 
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Figure 3.1.9: Transient acoustic field performances with rough dimensions d = O.lÀ: 

(a) t = 4T (b) t = 5T (c) t = 6T (d) t = 8T and d = l.OA.: (e) t = 4T (f) t = 5T (g) t = 6T 

(h) t = 8T 
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Figure 3.1.10: Total displacement at the right bottom point ofthis model (a) d = OÀ, (b) 

d = O.lJ.., (c) d = 0.2J.., (d) d = 0.25À, (e) d = 0.5À, (f) d = l.OÀ. 

Fig. 3.1.10a shows when d = OJ.., that is a plane boundary, the reflectance 

( expressed as total displacement) is almost 60% high than the generated compression 

wave. Compared Figs. 3.1.10a-f, the reflectance decreases with an increase of 

roughness dimension. When d = l.OÀ, the reflectance decreases to 113 of the generated 

compression wave. Combining with Fig. 3.1.9h, it indicates most of the incident 
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waves are scattered by the coarse boundary. In conclusion, in order to decrease the 

noise from reflectance waves in backing, a rough surface whose dimension is around 

1.ÜÎ .. should be considered to scatter a majority of incident waves. 

3.2 Simulation of buffered transducer arrays 

Although LiNb03 has favorable electromechanical coupling efficiency and 

robust single crystal structures, the fabrication ofhigh-frequency LiNb03 arrays based 

on conventional configuration is still a great difficulty for the thin film etching 

techniques. The traditional dicing technique becomes extremely difficult to perform 

when the material is so thin and delicate. So far there is no report on kerfed LiNb03 

arrays in frequency higher than 100 MHz. Therefore, it is necessary to develop a 

novel structure to facilitate the process without affecting the performance of the array. 

An alternative configuration based on buffered focal silicon lens is put forward in this 

work as shown in Fig. 3.2.1. The insertion of silicon focal lens can facilitate 

volumetrie imaging. The spatial resolution along x-axis can be controlled by the linear 

phased array. The spatial resolution along z-axis can be controlled by the silicon focal 

lens. Moreover, using silicon substrate makes it possible to integrate the arrays with 

IC (Integrated Circuit), which facilitates microminiaturization of electronics. 

' 

' 

~ z 

\j.·· 
Azimuth focusing 

through the lens 

1 

1 \ 

Mechanical 

displacement 

Horizontal focusing 

through the array 

Displacement of the focus 

through the array 

\ 

Figure 3.2.1: Schematic diagram of linear array on silicon lens for volumetrie imaging 

Here we use COMSOL, fmite element software, to model and simulate the 
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properties of the arrays. 3-D simulation consumes too much memory and duration. 

Therefore, we simplify the 3-D model to a 2-D simulation in x-y plane to investigate 

the properties of the arrays, and a 2-D simulation in z-y plane to investigate the 

properties of single element (including piezoelectric materials, focal lens, and acoustic 

matching layer). 

3.2.1 2-D simulation in x-y plane (simulation of array transducer with a buffer 

layer) 

y 

Water, q Water 

(a) (b) 

S -8 (TiO~ 

\\ ater 

(c) 

Figure 3.2.2: Structures of different arrays: (a) lü-element buffer, pitch is 42 J.!ID; (b) 

49-element buffer, pitch is 7.5 Jlm; ( c) 49-element backing, pitch is 7.5 Jlm. 

The traditional configuration of the array transducer is the backing-layer 

structure where the wave is emitted directly into water using mechanical matching 

and the backward propagating wave is scattered by the rough backing surface of the 

silicon substrate (see Fig. 3.2.2c). Ideally, the pitch (p) should be limited to half 

wavelength in water to avoid grating lobes (p ~ 7.5 JliD, the wavelength in water is 15 

Jlm at 100 MHz). As a result, the kerfwidth (d) should be smaller than 7.5 Jlm. For 

such kind of full-kerfed array, the kerf etching with high aspect ratio (hl d > 3 3 J.!rnl7. 5 

Jlm) is required. But it is impossible to fabricate such small features in the 

piezoelectric arrays using state-of-the-art technologies. As stated later in Chapter 4, 

we have investigated that the smallest pitch of 42 Jlm could be obtained for a 
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full-kerfed single crystal LiNb03 array with a thickness (h) of33 Jlm. 

The goal of this work is to develop a full-kerfed linear array for volumetrie 

imaging application with an acceptable resolution. Here, an alternative configuration 

based on a buffered silicon lense, as shown in Fig. 3.2.1, is put forward to avoid the 

difficulties in the high depth!width aspect ratio etching. A buffered silicon layer is 

placed between the piezoelectric array and a matching layer (SU -8 composite), which 

allows the wave to propagate in water through silicon and the matching layer. This 

results in a much smaller aspect ratio thanks to the much larger velocity of sound in 

silicon (At 100 MHz, the wavelength in Si (A.si) is 84 Jlm, then the pitch is half of this 

value, 42 Jlm). 

Two linear array transducers, with different dimensions and the same buffered 

configuration, are designed at 1 00 MHz to investi gate the influence of different pitch 

sizes. The properties of conventional backing configuration are also considered for 

comparison. The electrical impedance, the crosstalk effect, and the acoustic 

characteristics of LiNb03 transducer arrays have been studied by finite element 

modeling (FEM). 

A. Model design 

To investigate the influence of pitch size for this buffered configuration, another 

buffer-layer array of different dimensions (p = 7.5 Jlm) is also considered here which 

is shown in Fig. 3.2.2b. The widths of the element of Fig. 3.2.2a and Fig. 3.2.2b are 

22 Jlm and 5.5 Jlm, respectively. To study the effect of buffer layer, a conventional 

structure (see Fig. 3.2.2c) is designed with the same array parameters as Fig. 3.2.2b 

but without Si buffer layer. Thus, to investigate the effect of the size of the pi teh in 

buffered arrays, we can compare Fig. 3.2.2a and Fig. 3.2.2b (They have the same 

structure but different array configuration). To study the effect ofbuffer layer, we can 

compare Fig. 3.2.2b and Fig. 3.2.2c (They have the same array number and aperture 

but different structures). 

In order to obtain higher sensitivity and broader bandwidth transduction, the 

thickness of the matching layer must be in quarter wavelength thick and the acoustic 

impedance is Zm = ~zfzs for the buffer structure (or ZJJJ = ~zfzpmo for the 

backing structure). The matching material considered in this study is an SU-8-based 
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nano-composite (mixed with nano-powder of Ti02), the acoustic impedance of which 

could be arbitrarily adjusted to meet the required values [131
]. 

B. Focusing acoustic field 

Numerical results for continuous wave bearn focusing are given in Figs. 

3.2.3a-c, where the pressure modulus represents the acoustic field in fluid and the 

total displacement represents the acoustic field in solids (buffer, backing, array 

elements, and matching layer). The array bas an element number N = 10 (or N = 49), 

the width of the element w = 22 Jlm (or w = 5.5 JliD), and pitch distance Pl= 42 JliD 

(À.s/2) (or pz= 7.5 JliD (Àwaterl2)). Ali the elements are electrically driven by a sinuous 

signal (with amplitude of 1 volt and frequency of 100 MHz) with necessary phase 

delays for the bearn focusing. The results indicate that the wave bearn of the 

1 0-element array is not as efficient as the other two 49-element arrays, but it shows an 

obvious effect of focusing. Moreover, the grating and side lobes are both slightly 

visible. In addition, the surface waves and focused compression waves are observed in 

the silicon buffer layer in Fig. 3.2.3 (a) and (b ). Most of the compression waves are 

transmitted to water due to the employment of SU-8 (mixed with Ti02) acoustic 

matching layer. Fig. 3.2.3c shows an ideal example; however, as stated above, it is 

impossible to arrive at this property using state-of-the-art technologies. To obtain the 

lateral resolution at the azimuth plane, the wave propagation is studied in time domain 

(transient analysis). Fig. 3.2.4 shows the steering acoustic field and axial pressure 

distribution in water (in pulse mode). Fig. 3.2.5 shows the focusing acoustic field in 

pulse mode. The lateral pressure distribution is quantitatively illustrated along the 

azimuth focalization plane in water for two buffer layer transducers. It shows that the 

lateral spatial resolutions are, respectively, 86 JliD and 82 JliD for the 1 0-element array 

and 49-element one. That is to say, the lateral spatial resolution is just increased by 

4.65% when the pitch size decreases from 42 JliD to 7.5 JliD. This indicates that the 

sizes of the pitch (between 7.5 JliD and 42 JliD) almost have no influence on the 

resolutions in buffered arrays. 
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(a) (b) (c) 

Figure 3.2.3: Focusing acoustic field (Fis focallength) (a) lü-element buffer, pitch is 

42J.Lm; (b) 49-element buffer, pitch is 7.5J.Lm; (c) 49-element backing, pitch is 7.5J.Lm. 
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Figure 3.2.4: Steering acoustic field and axial pressure distribution in water (in pulse 

mode). 
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Figure 3.2.5: Focusing acoustic field and lateral pressure distribution in water (in 

pulse mode). 

The phase delay correction has to be considered due to the insertion of silicon 

buffer. For instance, if the sound propagates only in the buffer, it will have a focus at 

the point ofF', as shown in Fig. 3.2.6. However, the sound will refract at the interface 

of buffer/SU-8/water, thus the actual focus should be located at the point F. The 

equation for the phase delay after correction is displayed in Fig. 3.2.6, where the 

phase delay due to the SU-8 layer is neglected because of its very thin thickness (7.2 

)lm). 

ll<p = K*llr 

= w*(&s 1 Vs +6.r1 1 V1) 

.1.r5 = L.o-Lsu 

.1.rr= Lro-Lru 

Figure 3.2.6: Principle of phase delay correction (F' is the fictitious focus in Si and F 

is the actual focus in fluid) 
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C. Crosstalk 

Reducing the element crosstalk level is very important in array designs, 

especially for phased arrays, because the crosstalk between elements affects the 

directivity pattern and the sensitivity. Crosstalk has two sources: mechanical and 

electrical. Here we only analyse the mechanical crosstalk as the electrical crosstalk is 

often less than mechanical crosstalk (I3SJ. To simulate this phenomenon, the electrical 

boundaries were set in such a way that only the central element of the array (n = ü) is 

applied with 1 volt potential (Vin) while the other elements n = -4 ... , -1 , 1 ... 5 for the 

lü-element structure (or n = -24 ... , -1 , 1.. . 24 for the 49-element structure) are 

opened. The crosstalk is defined as the relative electrical response (V n) at each 

element: 

Relative electric response = 201ogiV nNinl· 

Because the dielectric properties are not activated in kerf tiller (air), this 

measure only reflects the strength of mechanical coup ling; the electric coup ling was 

not included. 

-120 '----'---'---'---'-----'----'----''----' 
-200 -150 -100 -50 0 50 100 150 200 

X - coonlinate [J.nn] 

Figure 3.2.7: Crosstalk determined by the neighboring elements response (in 

amplitude): (dotted line) lü-element butTer, pitch = 42 )lm; (solid line) 49-element 

butTer, pitch = 7.5 )lm; (dashed line) 49-element backing, pitch = 7.5 )lm. 

With a 1 ü-element and two 49-element arrays, the amplitude of the element 

response is plotted in Fig. 3.2.7, which shows a maximum crosstalk ofless than -39 

dB. The crosstalk of the 1 ü-element array is clearly the smallest of less than -74 dB. 
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As a rule of thumb in transducer design, the crosstalk level for the nearest neighbour 

should be less than -30 dB in order to avoid superposing in ultrasonic imaging [B
9
]; 

based on our calculations, the air kerf scheme is sufficient to satisfy this requirement. 

D. Electrical impedance 

Electrical impedance is an important parameter that conditions the transducer 

matching to optimize the transducer bandwidth and sensibility. Many researchers use 

KLM model to calculate electrical impedance for single element ultrasonic transducer. 

However, KLM model is a one-dimensional model. When the width of the transducer 

is compatible to the thickness (for instance, in array element), KLM model would be 

no longer accurate. We use two methods, FEM (by COMSOL) and KLM, for 

comparison to calculate the electrical impedance in an array, respectively. U sing 

COMSOL, this impedance can be obtained by integrating the current density on the 

surface of the element electrode (the other elements are electrically opened). The 

impedance magnitudes of the central element for the above considered 1 0-element 

buffer array by 2-D FEM (calculated using COMSOL3.5a) and 1-D KLM calculation 

are shown in Fig. 3.2.8a, and those for 49-element buffer structure are shown in Fig. 

3.2.8b, for 49-element backing structure in Fig. 3.2.8c. These results indicate three 

points. First, the 2-D FEM results are generally consistent with the 1-D KLM 

simulations. Second, 2-D FEM results show sorne peaks below 150 MHz. We analyze 

that these great peaks are caused by the lateral mode [140
'
141

] vibration which will 

occur when the width is compatible to the thickness. Third, the impedances are, 

respectively, about 4 ill, 26.4 ill and 24.2 kQ at 100 MHz for each structure. The 

smaller element has greater impedance. These values mean that the electrical 

matching is necessary in future application of 100 MHz arrays. 
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Figure 3.2.8: Electrical impedances (in modulus) of the central element by FEM 

(dashed line) and KLM (solid line) calculations for (a) lü-element buffer, pitch is 42 

J.Lm; (b) 49-element buffer, pitch is 7.5 J.Lm; ( c) 49-element backing, pitch is 7.5 J.Lm. 

104 



3.2.2 2-D simulation in z-y plane (simulation of single element transducer with a 

focal lens) 

A. Model design 

In z-y plane of Fig. 3.2.1, the basic model configuration consists of a single 

LiNb03 element along a flat boundary radiating into water through a silicon lens with 

an acoustic impedance matching layer of quarter-wavelength (see Fig. 3.2.9). 

LiNb0 3: 33 ~un (th.ich:ness) 

0 .3 nun 

AR l ~ Si AR 

~ 1 - SU-8 (Ti0 2) : 7.2 ~Lm 

La (thiclmess) 

water 

L z 

1.2 uun 

AR 

Figure 3.2.9: Geometry of the model, the radius of the lens is 420 J.lm. 

B. FEM results 

To design and fabricate high frequency transducers, the critical work is to select 

the suitable piezoelectric material. The imaging tests showed that sensitivity is the 

most important factor for transducers to obtain a high-quality image. Compared to 

other piezoelectric materials, the most valuable feature of LiNb03 crystal is that this 

material has high coupling capability, making it possible to build a deviee with high 

sensitivity and large bandwidth. Here, single crystal LiNb03 (36°N-cut) is chosen as 

the active piezoelectric material. It is reported in [142
'
143

] that LiNb03 single crystal 

performs better than PZT ceramics, PVDF, and 1-3 PZT fibre composite to obtain a 

high-quality image. Thus, LiNb03 crystal36°N-cut is just compared with Znü. Their 

sinus wave responses are shown in Figs. 3.2.10 (a) and (b). Figs. 3.2.11 (a) and (b) 

illustrate their horizontal distributions of the absolute pressure in water. Compared 

with Znü, the wave image derived by LiNb03 36°N-cut element sees a greater 

pressure and the pressure at the focus is enhanced by 16.53%. 

To investigate the influence of the acoustic impedance mismatching, a model 
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without matching layer is simulated, as shown in Fig. 3.2.10c and Fig. 3.2.1lc. The 

enhancement of transmitted wave can be observed with acoustic impedance matching 

layer and is up to 314.7% compared to that without matching layer. Thus, it is 

necessary to insert an acoustic impedance matching layer to substantially increase the 

focal energy. Meanwhile, the stationary response of the LiNb03 without focal lens is 

illustrated in Fig. 3.2.10d, and Fig. 3.2.11d shows its horizontal distributions of the 

absolute pressure in water. Compared with the LiNb03 with focal lens (see Fig. 

3.2.10a), it is clear that the wave disperses dramatically in water when not 

propagating through the focal lens. The energy is so weak at the penetration depth that 

it is of little use in medical imaging. 

;-: 
1, 

' ,. 
: t 

--- r 

Figure 3.2.1 0: Stationary analysis of absolute pressure in water and total displacement 

in solid. (a) LiNb03 36°N-cut with matching layer and focal lens; (b) ZnO with focal 

lens and matching layer; ( c) LiNb03 with focal lens no matching layer; ( d) LiNb03 

with matching layer no focal lens 
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Figure 3.2.11: Continuous wave analysis of horizontal distribution of pressure 

amplitude in water: (a) LiNb03 with matching layer and focal lens; (b) ZnO with 

matching layer and focal lens; ( c) LiNb03 with focal lens no matching layer; ( d) 

LiNb03 with matching layer no focal lens. 

Finally, the focal model with matching layer derived by LiNb03 is chosen 

based on the above results. Fig. 3.2.12 illustrates the impulsion response of the 

transducer at 100 MHz. A period of sine impulse voltage with amplitude of 1 volt is 

applied to the LiNb03 element. The images of (a)-(i) are obtained at the time of 1 T 

(lT = O.Olf.!s), 2T, 3T, 4T, lOT, 20T, 30T, 38T, 45T, respectively. Fig. 3.2.12 (a) to (b) 

show the energy radiated by the transducer is strong. Fig. 3.2.12 (c) to (h) obviously 

demonstrate that the lens attributes to the focusing of the waves and the focus point 

possessing the largest energy can be obtained at the time of 38T (Fig. 3.2.12 (h)). 

After converging the wave begins to disperse shown in Fig. 3.2.12 (i). Multi-reflected 

waves (reverberation by the buffer) do not disturb the desired signal significantly. In 

summary, the transducer performs well in wave emission and the reflected waves 

have little effect on the focusing wave. 
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c f 1 

Figure 3.2.12: Snapshots of wave propagation with matching layer between Si and 

water, at (a) t = 1 T, (b) t = 2T, (c) t = 3T, (d) t = 4T, (e) t =lOT, (f) t = 20T, (g) t = 30T, 

(h) t = 38T and (i) t = 45T, respectively (T = 0.01 J.lS): pressure amplitude in water and 

total displacement in solid. 

C. Conclusion 

In conclusion, the above results show the wave derived by LiNb03 36°N-cut 

element sees a better directivity than that by ZnO and the energy at the focus is 

increased by 16.53%. The matching layer plays an important role in the enhancement 

of transmitted wave. The enhancement is up to 314.7% in pressure amplitude at the 

focal point. The focal lens attributes a lot to the directivity and the resolution. The 

numerical analysis indicates the transducer integrated with a focal silicon lens and 

mechanical matching layer is feasible for imaging application. 

3.3 Summary 

In this chapter, we use the fmite element numerical simulations for the 

optimized design. We simulate the wave propagations in solids (including isotropie 
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and anisotropie solids) and in fluid. Then piezoelectric transducer is coup led with 

non-piezoelectric materials. Wave steering excited by linear phased array sources and 

wave scattering of coarse boundary (rough surface) are studied. And systematic 

simulations are carried out for a designed buffered transducer array. Several 

conclusions arrive based on these simulations. 

Firstly, in order to decrease the noise from reflectance waves in backing, a rough 

surface whose dimension is around 1.0 À should be considered to scatter a majority of 

incident waves. 

Secondly, 2-D FEM model is more accurate to calculate the electrical impedance 

for piezoelectric array elements than KLM model which is usually used in 1-D 

models. 

Finally, comprehensive studies are made for the backing-layer and buffered-layer 

arrays. Generally, the backing one serves a higher sensitivity. Nevertheless, the 

buffered one has a less constraint on pitch size, and it brings possibilities in the 

fabrication. 
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Chapter 4: LiNb03-based array fabrication 
and characterization 

Previous attempts to fabricate 100 MHz array were based on thin film 

(fabricated by deposition to form polycrystalline films) design ranging in thickness 

between 10 !lm and 40 f.tm, which suffers from several drawbacks such as slow 

deposition rates, high levels of stress generated during processing which can lead to 

cracking of the film, and low efficiency in generating ultrasound. Far more important 

for the thin film design, though, is that how to realize the patteming of small-scale 

features within the array and to eliminate the crosstalk between different elements. As 

mentioned in Chapter 1, Yukio Ito 's group has reported 100 MHz arrays using ZnO 

thin films [621
• They fabricated a 32-element array on a sapphire focal lens with a pitch 

of lOO f.tm, in which the large pitch brought about a low resolution. K. Shung's group 

has developed a 120 MHz kerfless array using 12 f.tm thick PZT films [67
•
681

• However, 

the crosstalk between the deferent elements resulted in a significant ringing because 

of the kerfless structure. In contrast, the single crystal design proposed here allows the 

sensitivity enhancement by using piezoelectric material with coupling coefficient that 

is higher than that of thin films. For example, the electromechanical coupling 

coefficient of single crystal LiNb03 is kt= 0.49 when generating longitudinal waves, 

while those of thin films are kt= 0.27 and 0.34 [681 for ZnO and PZT, respectively. 

Sputtering or sol-gel technologies are often chosen when ZnO or PZT are the 

piezo-active materials in the development of high-frequency ultrasonic array 

transducer. In this chapter, we use single crystal LiNb03 36° N-cut combined with 

bonding, lapping and dry etching techniques that simplify the manufacturing 

processes [1441
• (Note: the thickness of LiNb03 is around 30 f.tm for resonating at 100 

MHz. There are almost no methods to obtain so thin films of single crystal other than 

bonding and lapping techniques.) However, the fabrication ofhigh frequency LiNb03 

arrays is still a challenge due to the limit of separating the array elements. Because, on 

one hand, the element size in a high-frequency array is too reduced for conventional 
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dicing technique. On the other hand, the element is too thick for thin film etching 

techniques, particularly when very high depthlwidth aspect ratio is required. There is 

no hitherto report on kerfed LiNb03 arrays in high frequency. 

This part will provide more technical details for linear array design through 

FEM simulations (by COMSOL). To investigate their properties and get a desired 

array transducer, sorne important structural parameters and characteristics are 

calculated, including kerf filler, kerf depth, pitch size, acoustic field, and crosstalk. 

This chapter also investigates the etching method for kerfs and then describes the 

fabrication and evaluation of above 100 MHz linear arrays made from single crystal 

LiNb03• Moreover, the array is characterized using Network Analyzer. The measured 

electrical impedance and crosstalk are compared to the finite element method (FEM) 

simulation results. 

4.1 Simulation of backing transducer arrays 

4.1.1 Model design 

Section 3.2 discusses in detail the comparison between backing array structure 

and buffered array structure. Backing array structure possesses higher sensitivity 

despite of more difficulties in array fabrication. Our objective in this part is to obtain a 

a LiNb03 array of backing structure. 

As shown in Fig. 4.l.la, in the backing-layer structure, the wave is emitted 

directly into water after mechanical matching and the backward propagating wave is 

scattered by the rough back surface of the silicon substrate. The structural parameters 

in an array play a cri ti cal role in the performance of the transducers. These structural 

parameters include pitch size, kerf width, kerf depth and thickness of the transducer 

which are defined and illustrated in Fig. 4.1.1 b. 

There are overall three pieces of requirement for these parameters. Firstly, in the 

thickness mode, the thickness of the transducer should be half wavelength in the 

piezoelectric material. For example, one wavelength is 66 Jlffi in LiNb03 at 100 MHz. 

To generate longitudinal waves in thickness resonant mode, the thickness of LiNb03 

elements should be 33 Jlffi. Secondly, pitch should be limited to half wavelength in 

transmission medium, generally water. For example, one wavelength is 15 Jlffi in 

water at 100 MHz. To avoid grating lobes, the pitch should be 7.5 Jlffi. Thirdly, 

element width should be as big as possible in the range of pitch. For example, to 
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maintain the efficiency of transmission, the element width should be close to 7.5 )lffi 

at 100 MHz. Correspondingly, the kerf width should be as small as possible. Fig. 

4.1 .1a shows a simulated focusing field in water, obtained by finite element 

calculation using COMSOL. The array has 32 LiNb03 elements resonating at 100 

MHz, whose thickness, pitch and kerf width are 33 )lffi, 7.5 )lffi and 2.5 )lm, 

respectively. These ideal structural parameters result in an excellent focusing 

performance. 

(a) 

Backing Si 
300 fUll 

==~l~~~~~~=GND 

Water 

(b) 

full-eut 

~~~=:;! no filled 
half-cut 

~~~:;:= no fi lled 

no-eut 

dectrodes 

- Li )0 3 

- matching layer (Sl'-8 ) 

Figure 4.1.1 : (a) Designed array structure and simulated focusing field in impulsion 

wave (b) Schematic cross-section for definitions of pitch, kerf width, element width 

and thickness of the transducer 

However, the high depth/width aspect ratio is really a great challenge in etching 

piezoelectric materials to obtain kerfs. There is no hitherto report on fabricated arrays 

with so critical structural parameters in higher frequency of 80 MHz. 

The backing-layer array model design is showed in Fig. 4.1.1 b. Because the 

backing material reduces ringing resulting from reverberation of pulses and scatters 
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the ultrasonic energy, thus the bandwidth of ultrasonic transducer is widened. The 

backing material should be highly attenuating and is used to control the vibration of 

the transducer by absorbing the energy radiated from the back face of the piezoelectric 

material. Also, the material must have the same acoustic impedance as the crystal to 

prevent an echo from a crystal/ damping interface from returning energy back to the 

crystal and creating reverberation noise. Here, silicon is chosen as the backing layer 

due to its acoustic impedance close to that of the piezoelectric elements, and the 

feasibility of combining the transducer array with integrated circuits. 36° N-cut single 

crystal LiNb03 was chosen as the active piezoelectric material for its favorable 

electro-mechanical efficiency and robust single crystal property. 

The acoustic characteristics of sorne materials are displayed in Table 4.1.1. The 

SU-S-composite is mixed with nano-powder of Ti02 to adjust its acoustic impedance 

(Za) to beZsu-s =~Zpiezo ·Zwater. Here, cuis the frrst term ofstiffness matrix, VLiS the 

longitudinal velocity, and p is the mass density. The following partis focused on the 

effect ofpitch size, kerffiller and kerf depth on the array's performances. It is helpful 

to have a better understanding for the optimized design. 

Table 4.1.1 Acoustic characteristics of sorne materials 

tem LiNb03
2 Si (buffer) SU-83 (matching) SU-84 (matching) water 

r 11 (N /m2x1010
) 20.3 16.56 1.966 1.566 -

~1 (N /m2x109
) - - - - 2.2 

it'L (m/sx103
) 6.57 8.43 2.886* 1.48 

r (kglm3xi03
) 4.7 2.33 2.36* 1.88* 1 

~ (kg/m2 
-SX 106 

) 30.88 19.64 6.81 5.43 1.48 

Bulk moduli of fluid 236°/Y-cut 3Ti02: 25 wt% for LiNb03 and water 

~Ti02 : 15 wt% for Si and water *Measured values 

4.1.2 Bearn behaviour 

a. Effect of pitch size on grating lobes (Acoustic field) 

The directivity pattern depends greatly on pitch size in an array. The pitch size 

(p) should be limited to J.../2 in order to avoid grating lobes which will lead the array 
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transducer useless. However, the fabrication of arrays with small features remains a 

great challenge. A bigger pitch size has to be selected. To investigate more details of 

the effect of pitch size on grating lobes, the acoustic field in water is studied at 

different pitch sizes as shown in Fig. 4.1.2. The LiNb03 arrays are designed at 100 

MHz. The wavelength in water, A., is 15 Jlm for this frequency. All of the arrays are 

phased to focus at 500 Jlffi in water. Comparing these figures, we can see when p is 

greater than 1.5A., the grating lobes get close to the main lobe, which will lead the 

array transducer hardly useful. It can be concluded that the pitch size should be 

limited to smaller than 1.5A.. In addition, comparing Figs. 4.1.2 ( d) and ( e ), it can be 

found when kerf width (k) increases while p keeps the same, sensitivity will decrease 

while directivity pattern keeps almost the same. 

(a) (b) (c) (d) 

(e) (t) (g) (h) 

Figure 4.1.2: Acoustic fields with different pitch sizes: (a) p = 0.5A., k = 2 J.1ID; (b) p = 

0.75A., k = 3 Jlm; (c) p = l.OA., k = 5 ~-tm; (d) p = 1.5A., k = 10 Jlm; (e) p = 1.5A., k = 4.5 

Jlm; (f) p = 2.0A., k = 10 Jlm; (g) p = 2.5A., k = 12.5 Jlm; (h) p = 2.8A., k = 15 Jlffi. Here, A. 

= 15 Jlm, p is pi teh size and k is kerf width. 

b. Effect of kerf filler 

Kerf fillers can affect the imaging resolution and sensitivity. FEM is used to 

simulate the acoustic fields to investigate this effect. The steering field and focusing 

field are illustrated in Fig. 4.1.3. Fig. 4.1.3 (1) is drove by ideal piston sources, and it 

is displayed here for reference. Fig. 4.1.3 (2) is from full-eut linear array filled with 
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SU-8 polymer, Fig. 4.1.3 (3) is from full-eut linear array without fillers. Comparing 

Fig. 4.1.3 (2) and Fig. 4.1.3 (3), we can see the no filled array bas better bearn 

performances than the filled array. Thus, in the following design, we try to fabricate 

no filled arrays. 

a 

(1) 

(2) 

b 

(3) 

c 

Full-eut 
fi lled 

Full-eut 

c::::::::=:=::l no filled 

Figure 4.1.3: Acoustic field of steering 25° in a, focusing in b, and focusing and 

steering 25° in c for (1) linear array drove by ideal piston mode sources for reference; 

(2) full-eut linear array filled with SU-8 polymer; (3) full-eut linear array filled with 

air (in other words, without fillers ). 

c. Effect of kerf depth 
The fabrication of piezoelectric transducers is really a great challenge due to the 

small features in an array (to obtain kerfs with very high depth/width aspect ratio). To 

investigate the influence of kerf depth on the transducer 's properties, such as bearn 

performances and crosstalk, finite elemental numerical method is employed and an 

appropriate model is established in COMSOL3.5a. In the simulation, 32 elements are 

115 



used as the active aperture. The critical dimensions of the arrays are: p = 7.5 Jlm, w = 

5 JliD, h = 33 J.liD. The location of the focal point is determined by the phase delays 

and the width of the active aperture. By varying the phase de lays, the radiation beams 

can be focused or steered/focused to different points in the image. This process of 

dynamic focusing can dramatically improve the quality of the ultrasonic images over 

a fixed-focusing system. 

As shown in Fig. 4.1.4-1, four values of kerf depth are investigated. They are, 

respectively, 0 JliD (seeing Fig. 4.1.4-1a), 5 JliD (seeing Fig. 4.1.4-1b), 16 JliD (seeing 

Fig. 4.1.4-1c), and 33 JliD (seeing Fig. 4.1.4-1d). Fig. 4.1.4-2 and Fig. 4.1.4-3 show 

the continuous wave bearn steering and focusing. The results in Fig. 4.1.4-2 and Fig. 

4.1.4-3 demonstrate that, with dynamic focusing delays, the array could be well 

focused at the predicted distance and direction. And radiation grating lobes appear at 

approximately 50• in Fig. 4.1.4-2a. These severe undesired lobes will degrade 

imaging resolution significantly because they will induce false or superposing images 

during ultrasonic imaging. The undesired lobes in 5-Jlm-cut array are not as severe as 

in no-eut array, but the focusing result is still bad compared to that of the ideal full-eut 

array. Fortunately, the half-cut array performs almost the same as the full-eut one in 

focusing (seeing Fig. 4.1.4-2c-d). Moreover, three points can be concluded according 

to the steering/focusing results in Fig. 4.1.4-3. Firstly, the no-eut and 5-Jlm-cut arrays 

have severe grating lobes (seeing Fig. 4.1.4-3a-b ). These severe undesired lobes are 

compatible to the main lobe, which indicated that these arrays are useless in phased 

array imaging. Secondly, there is almost no grating lobe for the half-cut array as 

shown in Fig. 4.1.4-3c, and slight grating lobe are visible for the full-eut array as 

shown in Fig. 4.1.4-3d. These slightly undesired lobes are much weaker than the main 

lobe, thus it would not greatly affect the imaging resolution. This indicates that these 

arrays are acceptable in ultrasonic imaging. Thirdly, comparing the main lobes in Fig. 

4.1.4-3c and Fig. 4.1.4-3d, it can be seen that the resolution of the full-eut array is 

higher than the half-cut one. In order to investigate more detailed information, the 

lateral pressure distribution along focusing plane in radiation medium is summarized 

in Fig. 4.1.5 quantitatively for these arrays with different kerf depth. Generally, it 

shows the kerf depth plays a greater role in bearn steering/focusing than in focusing. 

The curve of half-cut array is generally close to that of the full-eut one in both cases 

of focusing and steering/focusing. As demonstrated in Fig. 4.1.5b, the 

Full-Width-at-Half-Depth (FWHD) is 55 JliD for the half-cut array, and is 42 JliD for 
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the full-eut one. The curves of the 5-J.tm-cut array in two cases are both very close to 

those of the no-eut one. The big peaks other than the main lobe are up to one third of 

the main peak in pressure amplitude, which results in no use of these arrays in 

ultrasonic imaging using steering/focusing. In conclusion, ali of these results indicate 

that compared with the ideal full-eut array, the half-cut one can serve a satisfactory 

bearn performance, while the no-eut and 5-J.tm-cut ones are not acceptable. 

-electrodes ..w11111111 LiNb03 matching layer 

111 .... 1 
a b c d 

(1) Arrays with different eut depth: 

(a) No-eut array (b) 5J.tm-cut array (c) Ralf-eut array and (d) Full-eut array. 

(2) Focusing (Focal distance = 500 J.tm) 

(3) Steering (8 = 25°) and focusing (Focal distance= 500 J.tm) 

Figure 4.1.4: Simulated radiation field ofthe phased arrays 
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(b) Steering (9 = 25°) and focusing (Focal distance= 500 J..Lm) 

Figure 4.1.5: Lateral pressure distribution for arrays with different kerf depth: 0 J..Lm 

eut, 5 J..Lm eut, 16 J..Lm eut, and 33 J..Lm eut 

Crosstalk is another important characteristic influencing the imaging quality. In 

order to investi gate the relationship between crosstalk and kerf depth, FEM simulation 

is carried out. The electrical boundaries are set that only the central array element (n = 

0) is excited with 1 volt sine potential (Vin) while the other elements are opened. As 

explained previously, the crosstalk is then defmed as the electrical response (V n) at 

each element. Fig. 4.1.6 shows relation between the crosstalk (in amplitude) of 
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adjacent element and the kerf depth of the arrays. It shows that the crosstalk has a 

linear correlation with the kerf depth. Based on the linear relation, it can be seen that 

the crosstalk is lower than -20 dB when the kerf depth is larger than 13 Jlm. The 

crosstalk value of -20 dB is usually acceptable in ultrasonic imaging. In this 

32-element half-cut array, the crosstalk of each element is calculated and is presented 

in Fig. 4.1.7. It shows that the crosstalk is lower than -20 dB. For comparison, as 

shown in Fig. 4.1.7, the 32-element arrays of 5 Jlm kerf depth and 33 Jlm kerf depth 

are also characterized by crosstalk on each element. The crosstalk values of 3-J.lm-cut 

array are too high to be accepted. And the values of the full-eut array are alllower 

than -28 dB, which is promising. But the full-eut array is not possible to be obtained 

using state-of-the-art technologies. Although half-cut array has greater crosstalk than 

the full-eut one, it possesses less lateral modes when generating longitudinal waves. 

In conclusion, it demonstrates that the half-cut array is a promising candidate, which 

can favor a lot for the micromachining process due to the much lower aspect ratio 

compared to the full-eut one. 

0 Equation y= a+ b*x 

Adj. R-Squar 0.98832 

• Value Standard Erro 
-10 ~ 

Iii' Crosstalk Intercept -4.20524 0.91209 

:!2. ~· Crosstalk Si ope -1.25588 0.05155 
Q) ~ -c -20 :::> 

"" ' ' ëi. '-1! 
E "" <( ~ 
.5 -30 ' ' 
..><= ·~ ~ ' 
"' 

._ 
e -40 () 

" .,. 
-50 

0 5 10 15 20 25 30 35 

Kerf Depth [um] 

Figure 4.1.6: Simulated crosstalk (in amplitude) for adjacent element in arrays with 

different kerf depth 

In summary, the effect of kerf depths is investigated by finite element analysis 

including focusing/steering acoustic fields and crosstalk. Half-cut array is 

demonstrated to be a promising candidate for micromachining due to much smaller 

depth/width aspect ratio and acceptable transducer performances. 
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Figure 4.1.7: Crosstalk determined by the neighboring elements response (in 

amplitude) in 3 arrays of different kerf depth. 

4.2 Investigation of etching LiNb03 36°/Y-cut arrays 

Repeated cell 

3-inch mask 

(b) 

1 .. 
2 - • ... 13 -14 .. ••• .,. •• 

-

5 11 17 --• Ël 11111 
A pattern 

Figure 4.2.1: Schematic top view of 18 different patterns in a 3-inch quartz mask. 

In order to investigate the limit in the fabrication of high-frequency arrays, 18 

patterns are designed in a cell which is repeated on a 3-inch mask as shown in Fig. 
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4.2.1. Patterns 1 to 6 have a same pitch size of 7.5 f.tm but different element widths. 

Patterns 7 to 12 have a pitch size between 10 to 15 f.tm and different element widths. 

Patterns 13 to 18 have a same pitch size of 42 f.liD but different element widths. Their 

detailed dimensions are shown in Table 4.2.1. 

Table 4.2.1 Detailed dimensions of patterns 1-18 on the mask 

Pattern f.liD Pattern f.liD Pattern f.liD 

Index pitch kerf Index pitch kerf Index pitch kerf 

1 3.5 7 5 13 15 

2 3 8 4 14 10 

3 2.5 9 15 3 15 8 

4 7.5 2 10 2 16 42 5 

5 1.5 11 13 3 17 4 

6 1 12 10 3 18 3 

To make a kerfed array, we have investigated two methods to etch single crystal 

LiNb03. They are focused ion bearn (FIB) and inductively coupled plasma (ICP) 

reactive ion etching (RIE). 

4.2.1 Focusing Ion Bearn (FIB) 

W et etch and dry etching methods are widely used in shaping LiNb03 crystals 

[
145

•
1461. In the wet etching process, HF/HN03 mixture is usually chosen as the etchant. 

But it results in a rough bottom in the single crystals as shown in Fig. 4.2.2 [1471
• 

Figure 4.2.2: SEM image of LiNb03 pattern etched by HF and HN03 acids in a 1: 2 

ratio, where the HF was a 48% solution and the nitric acid was a 78% solution [1471. 
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Dry etching is a more controllable process and has the advantage of being highly 

anisotropie [148l. We tried a dry etching method here to obtain kerfs in LiNb03 array. It 

is Focusing Ion Bearn (FIB) method. 

Fig. 4.2.3 shows etching images using Fm method. The Fm equipment in our lab 

is an FEI STRATA DB 235 and it uses gallium ion sources. In a Gallium 

Liquid-Metal Ion Source (LMIS), gallium metal is placed in contact with a tungsten 

needle and heated. Gallium wets the tungsten, and a huge electric field (greater than 

108 V /cm) causes ionization and field emission of the gallium atoms. Source ions are 

then accelerated to an energy of 5-50 keV (kiloelectronvolts), and focused onto the 

sample by electrostatic lenses. LMIS produced high current density ion beams with 

very small energy spread. The modem Fm can de li ver tens of nanoamperes of current 

to a sample, or can image the sample with a spot size on the order of a few 

nanometers. 

12J.tm 
80.6° 

Figure 4.2.3: Etching images using focusing ion bearn (Fm) method 

J.lffi 

In Fig. 4.2.3, the left one shows the kerf in LiNb03 is 2 J.tm wide, 20 J.tm long and 

12 J.liD deep. The sidewall angle is 80.6°. It means that aspect ratio as high as 6:1 can 

be obtained in the etched kerfs. It is estimated that, for a full-kerfed array, a pitch of 

0.7 wavelengths can be obtained in single crystal LiNb03. 

This process in the left image took 10 minutes. The Fm cost is 60 euros per hour. 

The kerf (2 J.liD wide, 1 00 J.tm long and 2 J.liD deep) in the right image also took 10 

minutes to be etched. However, in the high-frequency (about lOOMHz) array 

fabrication, the kerf between elements should be about 1000 J.tm long and 30 J.tm deep. 

It will take about 1500 minutes for etching just one element. No mention to 128 
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elements, the cost for only one element would be as high as 1500 euros. Therefore, we 

abandon this method in our array fabrication. Nevertheless, this method provides a 

possibility to fabricate a much desired array. 

4.2.2 Inductively Coupled Plasma (ICP) Reactive Ion Etching (RIE) 

We also investigated other feasibilities other than Fm method to fabricate 

high-frequency array elements. It is inductively coupled plasma (ICP) reactive ion 

etching (RIE). 

As far as ICP RIE is concemed, 1 like to introduce its operating principle. 

Firstly, Reactive Ion Etching (RIE) is an etching technology used in 

microfabrication. It uses plasma to chemically react with the materials deposited on 

wafers or the wafer itself. The plasma is generated under low pressure (vacuum) by an 

electromagnetic field. High-energy ions from the plasma attack the wafer surface and 

react with it to produce gas. The gas products can be taken away by a pump. Thus the 

surface materials are removed or, in other words, etched. 

Secondly, lnductively Coupled Plasma (ICP) is a type of plasma source in which 

the energy is supplied by electric currents which are produced by electromagnetic 

induction, that is, by time-varying magnetic fields l149l. There are two types of ICP 

geometries: planar and cylindrical. In planar geometry, the electrode is a coil of flat 

metal wound like a spiral. In cylindrical geometry, it is like a helical spring. The 

cylindrical coil can generate higher density of plasma. When a time-varying electric 

current is passed through the coil, it creates a time-varying magnetic field around it, 

which in turn induces azimuthal electric currents in the rarefied gas, leading to the 

formation of plasma. Argon is one example of a commonly-used rarefied gas. ICP bas 

two benefits: (1) ICP discharges are ofrelatively high electron density, on the order of 

1015 cm-3
. As a result, ICP discharges have wide applications where high-density 

plasma is needed. (2) ICP discharges are relatively free of contamination because the 

electrodes are completely outside the reaction chamber. 

ICP RIE has demonstrated its potential in batch fabrication of deep anisotropie 

microstructures in silicon and enabled high-aspect-ratio (more than 100:1) deep 
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silicon etching, which produced great impact on MEMS deviee fabrication. More 

recently, high speed directional etching using ICP plasma has being extended to 

materials other than silicon. Non conventional materials like LiNb03 can be etched 

using various fluorine- and fluorocarbon-based chemistries. However, in contrast to 

well-studied silicon or silicon dioxide etching, many problems exist in RIE etching of 

non conventional materials. Because crystalline metal oxide films tend to be 

chemically very inert, LiNb03 is difficult to structure, in particular with high 

resolution and reasonably fast etch rate. It has been dry etched using chemically 

reactive gases such as CHF3, CF4 and SF6 [
150

'
151

'
1521

• In this work, the ICP RIE process 

for etching LiNb03 is carried out in Femto-St institute, Besancon. For deep 

mircostrutctures in LiNb03, CHF3 was not available on the DRIE (deep RIE, which 

uses ICP RIE system) machine. In addition, the previous trials showed that using 

CFJHe plasma instead of an SF6/He allowed the etching speed to be multiplied by a 

factor 5 (0.5 J.Lrnlmin instead of 0.1 J.Lrnlmin), and the etched profile to be improved by 

over 13° (75° instead of 62°). Thus we used CF~e gas mixture in our experimental 

fabrication. The fabrication process is illustrated in Fig. 4.2.4. 

As shown in Fig. 4.2.4, electroplated nickel (Ni, 6 J.Lm thick) was used as mask 

material. The Ni patterns are obtained by lift-off process. Prior to the electroplating of 

the Ni layer, a 100 nm of Cr/Ni adhesionlseed layer was deposited by sputtering onto 

the clean substrate (see Fig. 4.2.4a). A positive 12 J.Lm thick AZ9260 photoresist was 

pattemed by contact photolithography (the principle ofphotolithography is introduced 

in the following part) using a standard process (see Fig. 4.2.4b). For the electroplated 

mask, a 6 J.Lm thick layer was electroplated in the photoresist stencil using a typical 

Watts bath based on Ni sulfamate (lower stress than Ni sulfate) at a current density of 

1.5 A/dm2 and a bath temperature of 50°C (see Fig. 4.2.4c). At the end of the process 

the photoresist was removed by acetone and the plating layer by RIE (see Fig. 4.2.4d). 

The deep plasma etching (see Fig. 4.2.4e) is carried out using a multiplex AOE 

reactor of STS with an ICP RF (radio frequency) generator (using planar coil) of 3 

kW and a RIE generator of 1.5 kW. The maximum size of the wafer is 6 inches, and 

the gas available includes CF4 and He. The temperature of the substrate holder can be 
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varied between 20 and 80°C. The samples were bonded to Si carriers with a thermal 

grease to cool the sample. Selectivity and etch rate were estimated from Scanning 

Electron Microscope (SEM) images normalized against profile measurements of the 

same feature. 

Photoresist 
(a) 

'. Cr/Ni layer .....__ __ 

(b) 

(c) 

(d) 

- - -(e) 

Figure 4.2.4: Fabrication process ofLiNb03 arrays 

The selectivity ratio and profile angle, determining the performance of the 

transducer arrays, are the most important parameters in dry etching of LiNb03 film. 

To explore the limitation of the high aspect ratio ICP LiNb03 deep etching, several 

patterns with a fixed pitch of 42 !lill are designed, varying the kerf widths according 

to the different d/w ratios (w: kerf width; d: kerf depth). Fig. 4.2.5 shows the etching 

results for different aspect ratios under optimized process parameters. The insets are 

the SEM images of the different etching profiles. The desired etching profile is square 

shaped; however, as illustrated in Fig. 4.2.5, a tapered profile develops in the 

transducer array. 
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Figure 4.2.5: Etching aspect ratio as a function of the kerfwidth. 

16 

Figure 4.2.6: Etched patterns with different pitch sizes and kerfwidths: (a) pitch = 7.5 

J.lm; (b) pitch = 15 J.lm; and (c) pitch = 42 J.liD; the profile angle is a= 6T 

Keeping the kerf depth at 14 f.liD, shown in Fig. 4.2.5, the aspect ratio of etching 

profile increases with the kerf width decreasing till it stops by forming a V-shaped 

groove, and the positive tapered profile angle ranges between about 62° and 80°. If 

the mask selectivity does not limit the process in terms of achievable depth, the aspect 

ratio is limited to values around 1.3 by the profile angle. The aspect ratio of the large 

kerf (2: 10 f.liD) etching is up to 1.3, while for the smaller kerf it decreases gradually. 
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As the aspect ratio reduces to about 1 [ts3J, it has been suggested that the etching rate 

begins to be limited by transport of etch gases into the kerf and etch products out of 

the kerf. For closely spaced structures, this would result in profile angles less than 60°, 

which is unacceptable for fabricating high-frequency arrays. Therefore, it is hard to 

geta large etching depth (tens ofmicrometers), in particular for fine structures. 

It is evident that a great range of aspect ratios are obtainable. It is, however, also 

interesting to calculate the minimum element pitch that can be obtained with ICP 

etching technique. Fig. 4.2.6 presents the SEM image of the realized array without 

matching layers. The results show that ali kerfs are grooved in a V-shape. The width 

of the etched kerf is a function of its depth because of the crystalline structure of 

LiNb03. For a 100 MHz array, the thickness of LiNb03 elements should be 33 J..Lm, 

and the width of the element should be wider than the kerf width to enable the 

transducer to work effectively. As illustrated in Fig. 4.2.6a, the top part of each 

element was removed due to lateral etching. This tapered structures resulted in no use 

for generating waves. The array with a pitch of 42 J..Lm seems excellent in the structure 

with 16-J..Lm kerf depth and a 75° profile angle as shown in Fig. 4.2.6c, but the large 

pitch willlead to a low resolution for imaging. The array in Fig. 4.2.6b with depth of 

8.5 J..LID shows an acceptable etched profile. The profile angle is illustrated in Fig. 

4.2.6b. According to the etching results, it is impossible to achieve a fine structure 

with the pitch less than 20 J..Lm under the optimal process conditions. Thus, it can be 

predicted that the smallest pitch could be obtained at about 25 J..Lm (about 1.6 Â, Â is 

15 J..Lm--the corresponding wavelength in water at 100 MHz) by the ICP RIE method. 

4.3 Fabrication of LiNb03 36°N -eut transducer array 

on silicon 

4.3.1 Process flow 

Based on the above discussion, we choose ICP RIE method to etch single crystal 

LiNb03. Fig. 4.3.1 illustrates the fabrication flow of the array transducer. As shown in 
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Fig. 4.3 .1a, a layer of chromium (Cr)/indium (In) was first deposited by evaporation 

technique to the surface ofbacking substrate which is a silicon wafer (2 mm thick) and 

to the back side ofLiNb03 36°N-cut wafer (about 300 ).!ID thick). The thickness ofCr 

layer is around 10 nm, and In layer is around several hundred of nanometers to one 

micrometer. The LiNb03 was then bonded on backing material, and then precisely 

thinned by lapping to a desired thickness (16 )lm). The bonding process is carried out in 

an oven at 170°C. Thanks to the key advantages (including low melting point, ability to 

creep and remove stress as dissimilar materials cool, and reduced warpage) of indium, 

a high quality ofbonding is given. 

During the lapping process, micro-scaled diamond particles are introduced. As 

shown in Fig. 4.3.2, a mechanical thickness measurement gauge was used to measure 

the thickness ofLiNb03 layer during this step. After top electrodes patteming, as stated 

in part 4.2.2, the array was obtained by ICP RIE etching with CF 4/He gas mixture, using 

electroplated Ni (6 ).!ID thick) as mask material (see Fig. 4.2.4b ). More details about the 

etching process can be found in part 4.2.2. Then the active elements (piezoelectric 

elements: p) should be covered with a mechanical matching layer (here SU-8 based 

material is chosen, more information can be found in [131
] about the potentialities and 

fabrication process of SU-8 nanocomposites) which permits an efficient 

electro-mechanical conversion into the radiation fluid (f). The method of adding 

matching layer is illustrated in Figs. 4.3.1 (c) and (d). 

(a) Depositing metal on backing as 
ground electrode. bondiug LiNb0 3 
wafer to the bilckiug and lappiug it 

(b) P ilttemiug top electrodes illld 
chy etch.i.ug LiNb0 3 

Bilcking material • electrodes 

(c) Addi.ug ilffllY to top ofSU-8 
(fi0 2) matchi.ug layer 

( d) W et et ching Si 

• LiNb0 3 • SU-8 (fi02) • Si 

Figure 4.3.1 : Fabrication flow of the array transducer 
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70mm x 
178 mm x184 mm 

Figure 4.3.2: Thickness measurement gauge used to test the thickness of LiNb03layer 

4.3.2 Fabricated array transducers 

Different size combinations of array pitches and kerf widths were pattemed on the 

same mask as shown in Fig. 4.3.3. 

Fig. 4.3.3 presents the optical microscope images of the realized arrays. Fig. 

4.3.4 presents the SEM images of the realized arrays without matching layers. The 

results show that the etched kerf depth is a function of the kerf width. Because of 

LiNb03 crystal structure, all kerfs were obtained in V grooves with a 75° vertical angle. 

Thus, for a 200 MHz array, the thickness of LiNb03 elements should be 16 Jlm, the 

kerf depth should be 8 Jlm for the half-cut array, and correspondingly, the kerf width is 

up to 4.2 Jlm. The width of the element should be larger than the kerfwidth to maintain 

an efficient emission, so the smallest pitch that could be obtained is 10 Jlm (that is 1.3 À, 

À is the corresponding wavelength in water at 200 MHz, 7.5 Jlm) by the ICP RIE 

method. 
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Figure 4.3.3: Optical microscope images of the realized LiNb03 arrays (with a 

thickness of 16 J..Lm) etched by ICP: (a) pitch = 15 J..Lm, kerf = 4 J..Lm for pattern 8 (b) 

pitch = 4 2 J..Lm, kerf = 15 J..Lm for pattern 13 and kerf = 15 J..Lm for pattern 14 ( c) pitch = 

42 J..Lm, kerf = 7 J..Lm for pattern 15 and kerf = 5 J..Lm for pattern 16 ( d) fabricated sample 

compared with a piece of one euro. 
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Figure 4.3.4: SEM images ofLiNb03 arrays (with a thickness of 16J.tm) etched by ICP: 

(a) pitch = 42 J..liD, kerf = 20 J..tm; (b) pitch = 42 J..liD, kerf = 14 J..tm; (c) pitch = 15 J..liD, 

kerf= 7 J..tm; all have about 75° kerfangle. 

4.3.3 Discussion of fabricated patterns 

Table 4.3.1 summarizes the 18 patterns of LiNb03 arrays fabricated by ICP RIE. 

In conclusion, only patterns 8, 13, 14, 15, 16 are obtained. The thickness of LiNb03 is 

16 J..liD. And the arrays were partly kerfed due to the limit of the single crystal 

structure. 

Table 4.3.1 Fabricated patterns of LiNb03 arrays by ICP RIE 

Pattern J..lffi Pattern J..lffi Pattern J..lffi 

Index pi teh kerf Index pitch kerf Index pitch kerf 

1 3.5 7 (F) 5 13 (S) 15 

2 3 8 (S) 4 14 (S) 10 

3 7.5 2.5 9 (F) 15 3 15 (S) 42 8 

4 2 10 (F) 2 16 (S) 5 

5 (F) 1.5 11 (F) 13 3 17 (F) 4 

6 1 12 (F) 10 3 18 (F) 3 

F: Failed 

S: Successful 

4.4 Characterization of LiNb03 36°/Y-cut transducer 

a rra y 

4.4.1 Measurement method 

We use the following system, as shown in Fig. 4.4.la, to characterize our deviees. 
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Probe system 

(a) 

(b) 

-
(c) 

Figure 4.4.1: (a) Measurement system including Network Analyzer and micro-probe 

system (b) Schematic top view of micro-probes ( c) Schematic cross-section of 

detailed ground connection. 
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The system constitutes of a Rhode and Scharwtz Vector Network Analyzer 

(VNA) and a Karl Suss micro-probe system. For our high-frequency measurement, 

the network analyzer benefits a wide bandwidth (300kHz~ 8 GHz). And the double 

side micro-probe system is from Cascade Microtech, Inc. which is a worldwide leader 

in the precision electrical measurement and test of advanced semiconductor 

devices-integrated circuits (ICs), chips, circuit boards, modules, MEMS, 3D TSV, 

LED deviees and more. We obtain the electrical impedance and crosstalk of our 

deviees through measuring the Su and S21 scattering parameters of the two-port 

deviee by this network analyzer with the micro-probe system. There is a calibration 

before the measurements. The calibration of the network analyzer of the measurement 

workbench is achieved to obtain the Su parameters in the plane of the probes. So the 

compensation of the cab les and probes impedances is achieved using standard 'Short 

circuit", "Opened Circuit", "through line" and "50 Ohms load" on a calibrated sample 

used as reference. 

Attention needs to be paid on the micro-probes. As shown in Fig. 4.4.1 b, a pair of 

micro-probes is in the same plane. Thus, if a voltage is applied to the array element, 

the ground and the signal electrode should be in the same plane. In our experiment, 

we used gold wire bonding to solve this problem. The detailed connection scheme is 

illustrated in Fig. 4.4.1 c. 

4.4.2 Measured results 

Finally, the transducer arrays with the pitch of 42 Jlm and 15 Jlm are obtained, 

respectively. 

To compare the measured electrical impedance with the simulation results, a 

5-element array is realized as shown in Fig. 4.3.4a. The element width is 24 Jlm. Fig. 

4.4.2 presents the impedance magnitudes of the central element for the 5-element 

array. The solid line is the measured result obtained from Su parameter by Network 

Analyzer, which is consistent to the 2-D FEM (from COMSOL) simulation result 

( dashed line ). It shows that the impedance magnitude is around 1 kO. at the resonant 

frequency of 230 MHz. Moreover, the measured S21 scattering parameters are also 
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Chapter 5: ZnO-based array fabrication 
and characterization 

Thin-film zinc oxide (ZnO) single element transducers have been widely used for 

acoustic microscopy applications in the frequency range of 100 MHz to 1 GHz 

[
154

•
155

•
156

•
1571. Beyond 100 MHz ultrasonic arrays have not been developed. Unlike 

high-frequency single-element transducers, as explained previously, one of the major 

challenges in developing high-frequency ultrasonic transducer arrays is the patteming 

of small-scale features within the arrays. For example, ZnO linear arrays designed for 

300 MHz operation should have array elements with maximum a pitch of 7.5 J.tm 

(1.5-1) and a kerf width of 3 J.tm, whose thickness should be 8 J.tm for the desired 

resonant frequency. A number of researchers have focused their efforts on the 

fabrication methods of high-frequency arrays [62
•
158

'
159

'
160 1, and severa! different 

approaches are being taken, such as di ce-and-fill method, Interdigital pair bonding 

(IPB) and laser micromachining. In general, ali of these fabrication methods are 

somewhat empirical, have low efficiency, and have correspondingly high fabrication 

costs. 

To realize ZnO-based arrays, the development of ZnO etching techniques with 

high etching rates, high selectivity over mask materials, highly anisotropie etch 

profiles, and smooth side-walls is essential. However, systematic studies of ZnO 

etching processes have not been hitherto extensively performed. Severa! research 

groups investigated the behaviors of thin-film Znü using dry and wet etching 

processes [161
•
162

•
163

•
164

•
165

•
166

'
1671 and severe lateral undercutting (see Fig. 5.1), however, 

is produced by various wet-chemical etchants (the hitherto smallest ratio of lateral 

etching to vertical etching is 0.82 obtained in [1681). As shown in Fig. 5.1, ais lateral 

etching and b is vertical etching. The ratio of lateral etching to vertical etching is then 

defmed as a/b. 

On the other hand, detailed information about etching process for thick-film 

ZnO is lacking. Thick-film ZnO arrays were only reported by Yukio lto with 

100-J.tm-wide pitch and 10-J.tm-wide V-grooved kerfs [621
• Here, "thick" is a relative 

word to the film thinner than 1 J.tm. 
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Before etching 

After etching 

Figure 5.1: Schematic diagram of lateral undercutting: a is lateral etching, b is vertical 

etching. Inset is an SEM image to present the severe lateral undercut in wet etching of 

ZnO films [169) 

This chapter investigates two methods to obtain ZnO-based ultrasonic phased 

arrays. The first one is wet etching ZnO thick films to fabricate high-frequency arrays. 

The second one is using a novel approach where the silicon substrate is etched to 

replace etching ZnO. 

5.1 Fabrication of ZnO-based transducer array using 

wet etching method 

In this work, we present a controllable wet etching method for 3-)lm-wide kerfin 

8-)lm-thick-film ZnO to fabricate a novel deviee ofhigh-frequency c-axis ZnO-based 

linear array transducers. This method makes it possible to define the lateral element 

dimension and position with the resolution offered by photolithography techniques. 

On the other band, the characteristics of the transducer are measured and compared to 

the theoretical predictions obtained by Finite Element Method (FEM by COMSOL). 
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5.1.1 Geometry design 

Fig. 5 .1.1 describes the schematic geometry of ultrasonic transducer array based 

on wet etching of thick ZnO films . The array consists of a thick-film ZnO sandwiched 

between two metal electrodes, the bottom one deposited on a silicon wafer whose 

other face is not polished to scatter the backward transmitted waves. A Â./4-thick 

matching layer (here, as stated in Chapter 4, SU-8 doped with Ti02 is considered) is 

applied to the front of the array to make sure a greater transmittance. 

1 

Backing matetial • e!ectJode~ • ZnO 

Figure 5 .1.1: Schematic geometry of air kerfed ultrasonic transducer array based on 

wet etching of ZnO films 

5.1.2 Fabrication of thick-film ZnO transducer arrays 

For our fabrication of high-frequency array transducer, the process flow is 

illustrated in Fig. 5.1.2. As shown in Fig. 5.1.2a, after a bottom layer of Cr/Au (100 

Â/1000 A) is deposited on the front of a one-face-polished silicon wafer, a 8-J.tm-thick 

ZnO film is deposited to the sample by RF-magnetron sputtering for 10 hours at 120 

W and room temperature with Ar:0 2 = 8:1 (whose flow is 40 sccm to 5 sccm) and 

total gas pressure of 0.02 mbar. Then a 4-J.tm-thick positive photoresist, S1828, is 

pattemed on its surface as sacrificial mask (see Fig. 5.1.2b). Evaporation process is 

used to deposit a second thin-film Cr/Au (100 Â/1000 A) on the front of the sample. 

Remo ver PG is used to lift-off the photoresist for 3 hours at 70°C to get top electrode 

patterns (see Fig. 5.1.2c). At last, ZnO films are wet etched (see Fig. 5.1.2d) by 10 

wt% ammonium chloride (NlitCl) solution for 2.5 hours at 2o·c (etching rate is 

around 60 nm/min). 
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(a) '\ Ground: Cr/ Au 
,_ 

S1828 

ZnO 

Si 

(a) Depositing Cr/Au as ground layer, sputtering ZnO and then spin-coating positive 
photoresist S 1828 

(b) Patteming S 1828 through lithography process 

( c) Depositing Au through evaporation process to obtain an anisotropie deposition 

(d) 

( d) Lift-off S 1828 and th en wet etching ZnO films 

Figure 5.1.2: Schematic process flow for fabricating thick-film ZnO transducer arrays 

During the fabrication, evaporation process is chosen to deposit Au films. Our 

evaporation system is MECA 2000. The evaporation process determines an 

anisotropie growth of thin films . This anisotropie deposition is essential in lift-off 

process. Otherwise, if using an isotropie deposition technique, the photoresist patterns 

are totally covered with metal and correspondingly cannot be removed. 

In addition, the sputtering process is chosen to deposit ZnO films. The equipment 
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of our Znü sputtering system is a Coating System E306A from Edwards, Inc. Fig. 

5.1.3 shows the X-ray diffraction (XRD) pattern ofZnO sample [1701
• As shown in Fig. 

5.1.3, there is platinum (P1) on the X-ray pattern because there is sorne under Znü 

serving as bottom electrode. A peak is present at 29 = 34.39° corresponding to (002) 

plane of pure ZnO. This plane indicates a strong texture along the c-axis. 
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Figure 5.1.3: X-ray diffraction (XRD) pattern of ZnO e70
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After the process flow in Fig. 5 .1.2, the fabricated ZnO arrays are obtained. Fig. 

5.1.4 shows that the ZnO thick films have a good c-axis growth orientation in which 

robust longitudinal waves can be generated. Table 5 .1.1 compares the cri ti cal 

parameters during wet etching experiments. When etched by different chemical 

solutions, the kerftrench would present quite different structures. Fig. 5.1.4a shows a 

cross-section of a 4-J..Lm-wide kerf in 8-J..Lm-thick ZnO films, which is obtained by 

isotropie etching using HCl solution (concentration: 0.5 wt%) for 8 min. It results in a 

severe lateral etching and a V-sloped profile. Fig. 5.1.4b is a 7-J..Lm-wide kerf in 

8-J..Lm-thick ZnO films, which is obtained by over etching in NH4Cl solution 

(concentration: 10 wt%) for 2.5 hours and has an opposite-V-sloped profile. Fig. 

5.1.4c illustrates a thick-film ZnO array with a pitch of 13 J..lffi and a kerfwidth of 4 

J..Lm, whose detailed kerfis shown in Fig. 5.1.4d. 

Fig. 5 .1.4e illustrates two thick-film ZnO arrays with a pi teh of 7. 5 J..Lm and a kerf 

width of3 J..Lm/4.5 J..Lm. They are obtained by anisotropie etching using NH4Cl solution 

(concentration: 10 wt%) for 2.5 hours. The on1y difference between figures (b) and (d) 

is the aspect ratio. Fig. 5.1.4b has a 7-J..Lm-wide kerf between top electrodes and Fig. 
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5.1.4d has a 4-J.tm-wide kerf. They are both 8-f..tm thick and are both obtained by 2.5 

hours etching using 10 wt% NH4Cl solution at 20°C. It indicates that the bigger kerf 

width results in a higher etching rate. So the trench with a bigger kerf width will be 

over etched when the thinner trench is exactly etched in the same conditions. 

The comparison of Fig. 5 .1.4 (a) and ( d) indicates that a high concentration of H+ 

will produce an isotropie etching and in contrast, a very low concentration of H+ will 

generate anisotropie etching to produce a very vertical profile [1711
• Thus, to acquire a 

very vertical profile of kerf trench in c-axis ZnO films as shown in Fig. 5.1.4d, 

attention should be paid to two critical aspects: First, the choice of the suitable 

solution which has very low concentration of H+, such as 10 wt% NH4Cl aqueous 

solution, because the low concentration of H+ will give a slow etching rate that 

enables definition of small ZnO features without severe lateral undercut; Second, the 

precise control of the duration to avoid over etching as well as non-sufficient etching. 

The lateral etching can be observed in Fig. 5.1.4d, and the ratio of lateral etching 

to vertical etching is about 0.25 which is much smaller than the result reported in [ml, 

which results in a possibility to obtain a pitch of a À (À = c/f, where c is speed of sound 

in water and c = 1480 m/s). For example, linear arrays designed for 300 MHz 

operation should have ZnO array elements with a thickness of 8 J.tm corresponding to 

a kerf width of 3 J.tm (1 J.tm is kerf of top electrode and 2 J.tm of which is caused by 

lateral etching). To geta pitch of a À (5 J.tm at 300 MHz), the element width should be 

w = 2 J.tm. In comparison, the 80 MHz thick-film-based transducer presented by Zhou 

and Shung [1731 has a pitch of 36 um, equivalent to a pitch of 2.0 À. A 24 MHz PZT 

arrays on silicon substrates can get a limit pitch of 75 J.tm (p = 2.5 À) by the new 

method proposed by Pedersen [1741
• Typical values of resonant frequency and pitch 

obtained with the fabrication method mentioned earlier are 30 MHz and 100 J.1m (p = 

2.0 À) by direct dicing [ml, 30 MHz and 74 J.1m (p = 1.5 À) by laser ablation ofPZT [1761
, 

50 MHz and 40 J.1m (p = 1.4 À) by interdigital pair bonding [!77] and 100 MHz and 100 

J.tm (p = 6.7 À) by wet etching 10-J.tm-thick ZnO films using HC1/HN03 solution [901
• 
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(a) A 4-J.tm-wide kerf obtained by isotropie etching using HCI solution (concentration: 
0.5 wt%) 

(b) A 7-J.tm-wide kerf obtained by over etching using N~Cl solution (concentration: 
10 wt%) 

( c) An array with a pitch of 13 J.tm and a kerf width of 6 J.liD by anisotropie etching 
using N~Cl solution (concentration: 10 wt%) 
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( d) Detail of a 6-J.tm-wide kerf shown in ( c) 

( e) Arrays with a pitch of 7.5 J.liD and a kerf width of 3 J.liD ( i and ii )/4.5 J.liD (iii and 
iv) by anisotropie etching using NH4Cl solution (concentration: 10 wt%) 

Figure 5.1.4: SEM images of cross-sections for 8-J.tm-thick-film ZnO arrays 
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Table 5.1.1 Critical parameters in wet etching experiments 

Solution Concentration Etching Kerf Lateral Vertical Profile 
time between etching etching 

top rate 
electrodes 

HCl 0.5 wt% 8min 4J.lm l6J.lm 1 J.lrnlmin V-sloped 
Nf4Cl lüwt% 2.5 h 7j.lffi 6j.lffi Opposite-V-sloped 
NH4Cl lüwt% 2.5 h 4J.lm 2J.lm 53nmlmin vertical 

5.1.3 Discussion of fabricated patterns 

Table 5.1.2 summarizes the 18 patterns of Znü arrays fabricated by wet etching 

method. In conclusion, 14 patterns are obtained whose kerfs were bigger than 2 J.lm. 

And they are totally kerfed thanks to novel properties of wet etching using NH4Cl. 

Pattern 4-6 and Pattern 10 failed because we failed to obtain the small features of 1 

J.lm, 1.5 J.lm and 2 J.lm in lithography. Future studies will include the improvement of 

lithography to achieve ali of the 18 patterns. 

Table 5.1.2 Fabricated patterns ofLiNb03 arrays by ICP RIE 

Pattern J.lm Pattern J.lm Pattern J.lm 

Index pi teh kerf Index pi teh kerf Index pi teh kerf 

1 (S) 3.5 7 (S) 5 13 15 

2 (S) 3 8 (S) 4 14 10 

3 (S) 7.5 2.5 9 (S) 15 3 15 42 8 

4 (F) 2 10 (F) 2 16 (S) 5 

5 (F) 1.5 11 (S) 13 3 17 4 

6 (F) 1 12 (S) 10 3 18 3 

F: Failed 

S: Successful 

5.1.4 Characterization of thick-film ZnO transducer arrays 

The Finite Element Method (FEM) with COMSOL software is employed for 

simulation. The characteristics of the concerning materials are summarized in Table 

5 .1.3. Attention should be paid to SU -8-based matching layer. It is an isotropie material, 
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so the acoustic impedance Z is pvL and the first term of the stiffness matrix cuis pvL2. 

Table 5.1.3 Acoustic characteristics of sorne materials 

Item zno* Si SU-82* Water 

Cu (N /m2x 1010 
) 20.97 16.56 2.06 

B1 (N /m2x 109
) 2.2 

VL (m/sx 103
) 6.08 8.43 2.88 1.48 

p (kg/m3x103
) 5.676 2.33 2.48 1 

Z (kg/m2 
-SX 106 

) 34.5 19.64 7.15 1.48 
1Bu1k modulus offluid 2Doped with nanocomposites ofTi02: 30 wt% for ZnO and water 

*Measured values for fabricated films 

The array transducer's bandwidth and electrical matching have a tight 

relationship with the electrical impedance (Z) of the array elements. This impedance 

can be obtained by integrating the current density on the surface of the element 

electrode. Fig. 5 .1.5 shows the real and imaginary parts of Z of the central element for 

15-element array in Fig. 5.1.4c by 2-D (2-Dimantional) FEM calculation (dotted line). 

The solid lines are the measured results for real and imaginary parts of Z obtained 

from S11 parameter by Network Analyzer, which are consistent to the FEM simulation 

results. It shows the real part of Z is around 200 Q at 300 MHz. In arder to obtain a 

great wave generation, the electrical impedance should be matched to 50 n, which 

will be taken into account in future works. In addition, a great peak can be observed in 

real part and imaginary part around 80 MHz. It is produced by lateral-mode resonance. 

In fact, this phenomenon will appear when the width of the element is compatible to 

its height. Finally, the measured results present sorne peaks which are caused by 

resonance of Si backing. For the simulation results, the resonance of backing is 

eliminated using absorbing boundary conditions, so there is no such kind of peaks. 

With a 15-element array, the measured scattering parameters S21 are consistent 

with calculated crosstalk results, showing a maximum magnitude of -53 dB in air 

(seeing Fig. 5.1.6) at 300 MHz. Here, the Su and S21 scattering parameters of the 

two-port deviee are measured by Rhode and Schwartz Virtual Network Analyzer 

(VNA) with a Karl Suss prober system. 

145 



2.5r----------------, 

2 s 

a =. 1.5 
___ Measured 

················· Simulation 
N 
c; 
~ 

Resonance of Si 

0.5/ 

0 ······ 
50 100150 200250 300350 400450 500 

Frequency [MHz] 

0 r-------------~ 
-1 

-2 

a 
~ -3 
N 
~ -4 
.§ 

-5 

-6 

-7 

___ Measured 

················· Simulation 

-8 ~~~--~~--~_.--~~~ 
50 100150 200250 300350 400450 500 

Frequency [MHz] 

Figure 5.1.5: Measured and simulated electrical impedances of central element in a 

15-element Znü array. 
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Figure 5.1.6: Measured and simulated crosstalk of adjacent (1, -1) and second 
adjacent (2, -2) elements in Znü array. 

This novel wet-chemical etching method provides the possibility to acquire a 

pitch of a À at 300 MHz. Its behavior in acoustic field plays an important role in 

determinations oftransducer's properties. Fig. 5.1.7 illustrates the simulated acoustic 

field performances of focusing and steering by 32-element arrays with a pitch of a À 

(here À is 5 Jlm, the wavelength in water at 300 MHz) and a kerf width of 3 Jlffi. It 

shows that although the ratio of element width to thickness is 0.25 (2 Jlm/8 Jlm), much 

smaller than the minimum aspect ratio of 0.6 [1781 required to separate the thickness 

mode from the higher frequency lateral modes, its field performance is acceptable for 
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scanning scope of ±25°, because the first grating lobe stays out of this angular scope 

and would not affect the imaging resolution. 

....«a.-

=---------------------~ 

l. 

Figure 5.1.7: Acoustic field in water by 32-element array with a pitch of a À at 300 

MHz for: (a) Bearn focusing at 500 f.!ID (b) Bearn focusing and steering 25 degrees at 

500 f.!ID. Here, "main" stands for main lobe and "1st"for 1st grating lobe. 

5.1.5 Summary 

A novel wet etching method with very small lateral undercut is presented to 

fabricate thick-film ZnO-based ultrasound transducer arrays. The wet-chemical 

etchant is NH4Cl aqueous solution with a concentration of 10 wt% and the etching 

rate is 60 mn/min at 20°C. The duration should be controlled precisely to avoid over 

etching as well as non-sufficient etching. This technique results in a possibility to 

obtain a pitch of a À at 300 MHz. A 13-f.lm-pitch ZnO array is achieved due to a small 

ratio (0.25) of lateral etching to vertical etching. This ratio of smalllateral etching 

from NH4Cl aqueous solution is studied and discussed for the first time. Finite 

element method is employed to calculate electrical impedance, crosstalk and 

focusing/steering acoustic field performances of the transducer. The characteristics of 

the transducer are measured and compared to the theoretical predictions. Future work 

will include fabrication of acoustic matching layer, measurement of pulse-echo 

response and investigation of decreasing electrical impedance of the array elements. 
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5.2 A novel method for fabrication of piezoelectric 

transducer arrays on Si substrate 

For high-frequency phased arrays, effective etching techniques and processes are 

required to produce vertical and smooth surfaces with high etching rates in ZnO films. 

Wet etch process does not satisfy the requirements of small-scale feature size due to 

the property of isotropy, producing a large undercut beneath the photoresist or metal 

etch mask [169l. Dry etching process for ZnO thin film is necessary for advanced 

deviee fabrication due to its anisotropie etching property. Reactive ion etching (RIE) 

using inductively coupled plasma (ICP) RIE system has demonstrated its potential in 

batch fabrication of deep anisotropie microstructures in silicon and enabled 

high-aspect-ratio deep silicon etching, which produced great impact on MEMS deviee 

fabrication. However, in contrast to well-studied silicon or silicon dioxide etching, 

many problems exist in RIE etching of non conventional materials related to the 

chemical composition of materials which leads to low etch rate and low etch 

selectivity (to etch mask) and limits the formation ofhigh aspect ratio microstructures. 

Dry etching bas been used in the fabrication process of ZnO-based deviees [179l. 

Plasma-induced damage causes critical errors in piezoelectronic deviee action. 

Moreover, in such a dry etching, a metal layer must often be used as an etch mask, 

because photoresist is decomposed under the influence of the plasma, producing 

carbon residues. When a metal layer is used on top of ZnO as an etch mask, it should 

be removed after etching ZnO and it cannot be used as electrode because the plasma 

would degrade electrical properties of the metal layer [169l. But it is difficult to remove 

the metal layer after the ZnO delineation, because most metal etchants attack ZnO. To 

solve those problems, a novel method to fabricate ultrasonic transducer array is 

proposed in this work. It is a mask-free and self-aligned approach. 

5.2.1 Fabrication of thick-fii.m ZoO transducer arrays 

Silicon micromachining technology is employed due to the following 

advantages: potentially low cost due to the batch processing nature, possibility of 
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integrating transducers and circuits on a single chip, and size miniaturization [JsoJ_ In 

this fabrication, etching piezoelectric material is replaced by etching silicon 

substrate. The array consists of a thick-film Znü array sandwiched between two metal 

electrodes, the bottom one sputtered on a pre-etched silicon wafer wh ose other face is 

not polished to scatter the backward transmitted waves. 

(a) Using ICP to dt")' etch Si by Bosch pa·ocess 

(b) Sputteting C r /Auto Si ~ll"l<lY as bottom ground laye•· 

(c) Sputtering ZnO to form piezo an-ay 

(d) Evapot-a tion of Au as top electt-odes 

Figure 5.2.1 : Schematic process flow for fabricating thick-film Znü array transducer: 

(a) Bosch process is used to obtain a vertical sidewall during the ICP etching process; 

(b) Sputtering process is used to ob tain a continuous ground layer due to the isotropie 

deposition of the sputtering process; ( c) A mature sputtering process is used to grow 

Znü films; ( d) Evaporation process is used to ob tain separate top electrodes due to the 

anisotropie deposition during evaporation process. 

The schematic process flow is illustrated in Fig. 5.2.1. A 4-jlm-thick negative 

photoresist, AZnLOF2070, is first pattemed on silicon wafer as hard mask. STS 

(Surface Technology Systems) equipment is used to deep etch silicon (seeing Fig. 

5.2.1a). As explained previously, it combines two etching techniques: ICP 

(Inductively Coupled Plasma) and RIE (Reactive Ion Etching). Particularly, a 

specifie technique is used with this appliance: the "Bosch" process. This process is 
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based on the altemation of a passivation step (C4F8) and an etching step (SF6). This 

method allows obtaining very straight and deep profiles. The Bosch process is 

performed for 4.5 min at 10°C (a Bosch cycle includes 3 s etching by SF6 and 2s 

passivation by C4Fs). 

(a) Etched silicon array with bottom ground layer embedded with amplified kerfview 
in top-right corner: a continuous ground layer of Au is obtained due to the isotropie 
growth during sputtering deposition process 

(b) Front view of Znü film on silicon array with top electrodes embedded with a 
cross-section view of Znü sandwich elements on etched Si array 
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( c) Detail of cross-section for ZnO growth property: H is vertical growth, W is lateral 

growth 

Figure 5.2.2: SEM images offabricated arrays 

After etching silicon and sputtering 500 nm gold film as bottom ground layer (see 

Fig. 5.2.1b), a 8-~m-thick ZnO film is attached to the front of samples by 

RF-magnetron sputtering for 10 hours at 120 W and room temperature with Ar:02 = 

8:1 (whose flow is 40 sccm to 5 sccm) and total gas pressure of 0.02 mbar (see Fig. 

5.2.1c). Then Cr/Au (100 Â/2000 A) is evaporated on the surface to form top 

electrodes and the surrounding ground layer (see Fig. 5.2.ld and Fig. 5.2.2b). 

The embedded view in Fig. 5.2.2a shows that the ground layer of gold is 

continuous on the wh ole surface of silicon substrate. The embedded view in Fig. 5 .2.2b 

shows the ZnO thick films have a good c-axis growth orientation in which robust 

longitudinal waves can be generated. However, because of the angle constraint of ZnO 

film lateral growth in the kerfs (detailed information is illustrated in Fig. 5.2.2c, a 

lateral growth of ZnO suffers from the isotropie deposition of the sputtering process. 

The lateral growth results in a relatively large pitch in an array), the film thickness has 

a limit of 1.6 times of the kerf width in silicon array, which results in no possibilities to 

obtain a pitch a À (À = c/f, where c is speed of sound in water and c = 1480 m/s). As 

shown in Fig. 5.2.2c, the ratio of vertical to lateral growth is HIW = 8 ~2.3 ~rn = 

3.48. In fact, the minimum pitch that can be obtained is around 2.0 À. For example, 

linear arrays designed for 300 MHz operation should have ZnO array elements with a 

thickness of 8 ~rn corresponding to a kerf width of d = 5 ~m. To get good acoustic field 
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performances, the width of the element, w, should be bigger than d, so the pitch should 

be at least 10 Jlm (that is about 2.0 À, À= 5 Jlffi in water at 300 MHz). 

5.2.2 Discussion of fabricated patterns 

Table 5.2.1 summarizes the 18 patterns of ZnO arrays fabricated by this novel 

method. In conclusion, only Pattern 7 and Patterns 13-16 are obtained. Their kerfs are 

not thinner than 5 Jlm. And they are totally kerfed because their elements are 

separated from each other. To obtain more patterns, investigations of smaller lateral 

growth need to be considered when sputtering ZnO. 

Table 5.2.1 Fabricated patterns of ZnO arrays by etching Si method 

Pattern ~rn Pattern ~rn Pattern ~rn 

Index pitch kerf Index pitch kerf Index pitch kerf 

1 3.5 7 (S) 5 13 (S) 15 

2 3 8 (F) 4 14 (S) 10 

3 7.5 2.5 9 (F) 15 3 15 (S) 42 8 

4 2 10 (F) 2 16 (S) 5 

5 (F) 1.5 11 (F) 13 3 17 (F) 4 

6 1 12 (F) 10 3 18 (F) 3 

F: Failed 

S: Successful 

5.2.3 Characterization of thick-fllm ZnO transducer arrays 

Finite element method is applied to analyze the performance of the transducer 

arrays. The characteristics of the concerning materials are summarized in Table 5.1.3. 

This novel method provides the possibility to acquire a pitch of 2.0 À. Its behavior in 

acoustic field plays an important role in determinations oftransducer's properties. The 

grating lobes and side lobes in acoustic field indicate a false image or a superimposing 

image during ultrasound imaging. Fig. 5.2.3 illustrate the simulated acoustic field 

performances offocusing and steering by 32-element arrays with a pitch of2.0 À (here À, 

the wavelength in water at 300 MHz is 5 !lill) and a kerfwidth of 4 ~m. It shows that the 
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array with a pitch of 2.0 À is impossible to apply in steering scanning. For steering 

application, it is necessary to investigate a method to obtain a pitch smaller than a À. 

Thus, reducing lateral growth of Znü is necessary to obtain a smaller pitch. An 

improved method will be investigated in the following part 5.2.4. 

Figure 5.2.3: Acoustic field in water by 32-element array with a pitch of 2.0 À for: (a) 

Bearn focusing at 500 J.tm; (b) Bearn focusing and steering 25 degrees at 500 J.till. Here, 

"main" stands for main lobe, "1 st, for first grating lobe and "2nd, for second grating 

lobe. 

Fig. 5.2.4 shows the real and imaginary parts of impedance of the central element 

for 15-element array in Fig. 5.2.2b by 2-D (2-Dimantional) FEM calculation (dotted 

line). The solid line is the measured results obtained from S11 parameter measured by 

Network Analyzer, which is consistent to the FEM simulation result. It shows the real 

part of Z is around 200 n at 300 MHz. In order to obtain an efficient wave generation, 

the electrical impedance should be matched to 50 n, which will be taken into account in 

future works. In addition, the measured results present sorne peaks which are caused by 

resonance of Si backing. For the simulation results, the resonance of backing is 

eliminated using absorbing boundary conditions, so there is no such kind of peaks. 

With a 15-element array, the measured scattering parameters Sz1 are consistent 

with calculated results, showing an adjacent crosstalk of -47 dB in air at the resonating 

frequency. The Sll and S21 scattering parameters of the two-port deviee are measured 

by Rhobe and Schwartz Virtual Network Analyzer (VNA) with a Karl Suss prober 

system. 
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Figure 5.2.4: Measured and simulated electrical impedances of Znü element. 

5.2.4 Improvement of sputtering process with rotation 90° 

In the above statement, we presented a novel method using silicon 

micromachining integrated with deposition of piezoelectric thick films to fabricate 

high-frequency Znü-based linear array transducers. This integration makes it efficient 

to define the features in an array instead of etching Znü films. However, the lateral 

growth of Znü films is obvious (vertical to lateral growth is about 8 Jlm to 2.3 Jlm) 

and this degrades the realization of kerfs with high aspect ratio. In this work, we 

investigate a novel method to solve this problem of severe lateral growth. 

Figure 5.2.5: An improved 4-step deposition method of Znü films: (a) Original Si 

substrate; (b) Etching Si using STS machine and Botch process; (c) Sputtering Au/Cr 

(500 nm/10 nm) and depositing ZnO for three hours at Angle 0°; (d) Depositing Znü 

for three hours at Angle 90°; (e) Depositing ZnO for three hours at Angle 180°; (f) 

Depositing Znü for three hours at Angle 270°. 
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(a) 15-element ZnO array with a pitch of 15 f.tiD 

(b) amplified detailed kerfs in the array of (a), and the pitch is l5f.tm, thickness is 8f.tm, 
kerfis 4f.tm 

(c) 20-element ZnO array with a pitch of7.5 f.tiD 

Figure 5.2.6: SEM images of sandwich ZnO arrays deposited by 4 steps with 90° 

rotations for each step. 

Previously, we used just one step to sputter ZnO films and the total duration time 

was 12 hours to obtain a thickness of 8 f.tm. However, the lateral growth of ZnO films 
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would continue because there is no change of orientation during RF sputtering process. 

Here we divide the sputtering process into four steps. Each step contains ZnO 

deposition for 3 hours. And the deviee is rotated by 90° between each step as shown 

in Fig. 5.2.5. Thus the total deposition time is 12 hours, the same as before. After the 

four steps are completed, the SEM images of sandwiched ZnO arrays are illustrated in 

Fig. 5.2.6. Fig. 5.2.6a is a 15-element ZnO array with a pitch of 15 J..tm. Its amplified 

detailed kerfs are shown in Fig. 5.2.6b. We can see that the elements are separated 

although the lateral growth is not avoided. The vertical to lateral growth is about 8 ~-tm 

to 1.9 J.lm (8/1.9 = 4.21). When the pitch of the array is decreased to 7.5 J..tm and the 

kerf width is decreased to 2.5 J..tm, the elements are connected to their neighbors, as 

shown in Fig. 5.2.6c, and this array is useless. Nevertheless, the ratio of vertical to 

lateral growth is improved by 21% (from 8/2.3 to 8/1.9). 

5.2.5 Discussion of fabricated patterns using rotation method 

Table 5.2.2 Fabricated patterns of ZnO arrays by rotation method 

Pattern J.lm Pattern J.lm Pattern J.lm 

Index pi teh kerf Index pi teh kerf Index pi teh kerf 

1 3.5 . 7 (S) 5 13 (S) 15 

2 3 8 (S) 4 14 (S) 10 

3 7.5 2.5 9 (F) 15 3 15 (S) 42 8 

4 2 10 (F) 2 16 (S) 5 

5 (F) 1.5 11 (F) 13 3 17 (S) 4 

6 1 12 (F) 10 3 18 (F) 3 

F: Failed 

S: Successful 

Table 5.2.2 summanzes the 18 patterns of ZnO arrays fabricated by rotation 

method. In conclusion, Patterns 7-8 and Patterns 13-17 are obtained. And they are 

totally kerfed because their elements are separated from each other. Compared Table 

5.2.1 and Table 5.2.2, we can conclude that Pattern 8 and Pattern 17 are obtained due 

to the adoption of rotation method. It indicates that the lateral growth decreases by 
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21%. The e1ectrical characterization and measurement of the improved array will be 

included in future studies. 

Using this approach, the minimum pitch that can be obtained is around 1.6 À.. For 

example, linear arrays designed for 300 MHz operation should have Znü array 

elements with a thickness of 8 !lill corresponding to a kerf width of d = 4 ~-tm. To get 

good acoustic field performances, the width of the element, w, should be bigger than d, 

so the pitch should be at least 8 ~-tm (that is about 1.6 À., À.= 5 ~-tm in water at 300 MHz). 

5.2.6 Summary 

We propose a novel method usmg silicon micromachining integrated with 

deposition of piezoelectric thick films to fabricate high-frequency Znü-based linear 

array transducers. Piezoelectric elements are formed by sputtering thick-film Znü 

onto etched features of a silicon substrate so that the difficult etching process for Znü 

films is avoided by etching silicon. This integration makes it simple and efficient to 

define the features in an array instead of etching Znü films. Finite element method is 

employed to simulate the wave propagation in water based on this new transducer 

configuration. A 13-)lm-pitch Znü sandwich array is achieved with a thickness of 8 

)lm for 300 MHz. The characteristics of the transducer are measured and compared to 

the theoretical predictions (finite element results) including electrical impedance and 

crosstalk. 

On the other hand, the lateral growth of Znü films is studied. A 4-step method 

with rotation 90° between each step of sputtering is investigated. The lateral growth of 

Znü has been decreased by 21%. 

Future work will include investigation of avoiding Znü lateral growth to obtain 

smaller pitch (using ionized metal plasma supptering technique to deposit Znü films) 

and decreasing electrical impedance of the array elements to achieve electrical 

matching. Because of the high equivalent impedance of the array elements, broadband 

electrical matching is difficult using conventional microcoaxial cables matching. A 

potential solution is to combine the transducer array with an integrated circuit (IC). 
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Conclusions and prospects 

The objective of this thesis focuses on the development of kerfed array 

transducers with a central frequency of above 100 MHz. Two aspects are mainly 

investigated. The first one is the finite element numerical simulations for the 

optimized design. The second one is the fabrication using different experimental 

processes based on micro electromechanical system (MEMS) technologies. 

In the section of numerical studies, finite element method is used to obtain a 

comprehensive understanding of high frequency array transducers. In piezoelectric 

backing array transducers, the effects of pitch size, kerf tiller and kerf depth on the 

acoustic field, electrical impedance and crosstalk are investigated. And systematic 

simulations are carried out for a designed buffered transducer array. 

In the section of experimental fabrication and characterization, MEMS based 

technologies are applied to obtain high-frequency array elements. In conclusion, three 

approaches are investigated. Firstly, 36°N-cut single crystal LiNb03 have been 

pattemed by means of ICP RIE micromachining to create ultrasonic arrays resonating 

in the frequency range of 100-200 MHz. For a 200 MHz half-kerfed LiNb03 array, the 

smallest pitch could be obtained to 10 Jlm depending on this ICP RIE technology. 

Secondly, a novel wet etching method with very smalllateral undercut is presented to 

fabricate thick-film ZnO-based ultrasound transducer arrays. The wet-chemical 

etchant is N~Cl aqueous solution with a concentration of 10 wt% and the etching 

rate is 60 nm/min at 20°C. The duration should be controlled precisely to avoid over 

etching as weil as non-sufficient etching. This technique results in a possibility to 

obtain a pitch of a À. at 300 MHz. Thirdly, we propose a mask-free and self-aligned 

method using silicon micromachining integrated with deposition of piezoelectric thick 

films to fabricate high-frequency ZnO-based linear array transducers. This integration 

makes it simple and efficient to define the features in an array instead of etching ZnO 

films. A 13-Jlm-pitch ZnO sandwich array is achieved with a thickness of 8 Jlm for 
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300 MHz. On the other hand, the lateral growth of ZnO films is studied. A 4-step 

method with rotation 90° between each step of sputtering is investigated. The lateral 

growth of ZnO has been decreased by 21% by using the improved approach. 

Future works will include investigation of avoiding ZnO lateral growth to obtain 

smaller pitch and decreasing electrical impedance of the array elements to achieve 

electrical matching. Because of the high equivalent impedance of the array elements, 

broadband electrical matching is difficult using conventional microcoaxial cables 

matching. A potential solution is to combine the transducer array with an integrated 

circuit (IC). Further investigation will also include the fabrication of electronic 

interconnection to test the small arrays. Furthermore, we will fabricate the acoustic 

matching layer and measure the pulse-echo response of the transducers. 
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Anne x 1: Calculation of phase delay 

An ultrasound bearn was focused or steered in the azimuth plane by supplying 

each array element with appropriate time-delayed signais. In calculation of time delay 

(or phase delay), the most important thing is to fmd out the wave path difference 11r. 

Then the time delay and phase delay can be given as: 

11t=l1rlv 

11cp = w * l1t = w * 11r 1 v 

where v is speed of wave, w is angular frequency. 

In the following part, we will introduce the calculation of 11r. 

a. Steer without buffer 

Fig. A.l.l is the sketch of wave path difference in a linear phased array (the 

element number is N) steered by an angle of O. It can be seen that 11rn = dnsinO. 

sourceO t:;.r = dnsinO 

1 
,'~ 1 
,, d 

0~~~--~--~e----------e--------~e----. 
0 n 

; 
; 

.......... ,,' 
y 

; 
; 

N-1 

Wave front 
; 

; 
; 

; 

Figure A.l.l: Sketch of wave path difference in steering an angle of 0 

b. Focus without buffer 

x 

Fig. A.1.2 is the sketch of wave path difference in a linear phased array (the 

element number is 2N+l) focusing at a distance ofF. It can be seen that 11rn = 
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Figure A.l.2: Sketch ofwave path difference in focusing at distance ofF 

c. Focus and steer without buffer 

Fig. A.l.3 is the sketch of wave path difference in a linear phased array (the 

element number is 2N+ 1) steered by an angle of B and focusing at a distance ofF. It 

can be seen that 11rn = F- ~ F 2 + (nd}2 
- 2Fnd cos(90° - B). 

n<O 

-N -N+l -N+2 

~ 
d 

l = ~ F 2 + (nd) 2
- 2Fnd cos(9o·- 8) ' 

, , , 

y 

n>O 

\ 
\ 

\ 
\ 

\ 

x 

N 

l = ~ F 2 + ( nd)2 
- 2Fnd cos(90. - 8) 

r 

11r=F-l 

Figure A.l.3: Sketch ofwave path difference in steering an angle of Band focusing at 

distance ofF 

d. Focus with buffer 

Fig. A.1.4 is the sketch of wave path difference in a buffered linear phased array 

(the element number is 2N + 1) focusing at a distance of K. The thickness of the buffer 
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is d. It can be seen that 11r n consists of two parts, 11rb in buffer and 11r w in water. Then 

the time delay can be given as: 

dfn = (d- /b) 1 VJ + (K -lw) 1 V2 

where v1 and v2 are, respective! y, the longitudinal wave speeds in buffer and water. In 

order to get lb and lw, the following calculation needs to be considered. 

d 

~ nd 

buffer 

water 

1 
1 

0 

a/ sourceO 

F. 

2 N 

D 

K 

:s. 
1 ~----------------------~~----

y 

x 

Figure A.l.4: Sketch of wave path difference for a buffered linear array in focusing at 

distance of K 

As shown in Fig. A.1.4, the refraction at the interface between buffer layer and 

water was taken into account in calculating the time delays. When the ultrasound 

bearn excited at each array element is propagating through the buffer and approaches 

the edge of the buffer at an angle a, its transmission into water will be at an angle p. 

According to Snell's law, we have: 

(A-1) 

Here, 

(A-2) 

(A-3) 
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From Figure A-4, we can get the relation between Mn and Fn: 

---+• M = Fn -D ·nd 
n F 

n 

According to (A-1)-(A-4), we can get the equation aboutFn: 

Substituting v1, v2, K, d and n with constants, we can get the value of Fn. 

Then the actual wave paths /b and lw can be given as: 

lw= K2 +(Fn;D ·nd)2 
n 

At last, the time delay is given: 

11tn = 11rb 1 VJ + 11rw 1 V2 = (D- lb) 1 VJ + (K- lw) 1 V2 

(A-4) 

(A-5) 

(A-6) 

Furthermore, the delay between array elements was introduced symmetrically so that 

the wave would propagate perpendicularly to the array. 
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Annex 2.1: Parameters of the used materials 

Table A.2.1.1 Elastic constants and mass density of conceming materials for high 

frequency ultrasonic transducer elaboration [1811 

Elastic constants (1010 N/m2
) 

Material 
Class 

Density 
Group 

(kg/m3) 
Cil cl2 cl3 C33 C44 ci4 c66 

Isotropie 
Fused 

Silica-Si02 

7.85 1.61 2203 

Au m3m 19.25 16.30 4.24 19300 

Si m3m 16.56 6.39 7.95 2329 

trans. 
PZT-4 13.9 7.8 7.4 11.5 2.56 7500 

Hexagonal iso 

ZnO 6mm 20.97 12.11 10.51 21.09 4.25 5676 

Tetragonal In 4/mmm 4.53 4.0 4.15 4.51 0.651 1.21 7280 

Ah03 3m 49.7 16.3 11.1 49.8 14.7 -2.35 3986 

LiNb03 3m 20.3 5.3 7.5 24.5 6.0 0.9 4700 

Trigonal LiTa03 3m 23.3 4.7 8.0 27.5 9.4 -1.1 7450 

a -quartz/ cry. 
32 8.67 0.70 1.19 10.72 5.79 -1.79 2648 

Si Oz 

164 



Table A.2.1.2 Stiffuess piezoelectric constants and permittivity for sorne common 

used piezoelectric materials e14
] 

Group Material Class Piezoelectric constants matrix eif (C/m2
) 

Permittivity siJ s 

(10-11 F/m) 

l-:61 

0 0 0 -0.59 

~j fT 
0 

7~J ZnO 
0 0 -0.59 0 7.38 6mm 

-0.61 1.14 0 0 0 

Hexagonal 

U.2 
0 0 0 12.7 

~1 [T 
0 

5~J PZT-4 
0 0 12.7 0 650 6mm 

-5.2 15.1 0 0 0 

[ -~.5 0 0 0 3.7 

TJ fT 
0 

2~7] LiNb03 
3m 2.5 0 3.7 0 38.9 

0.2 0.2 1.3 0 0 0 

f+ 
0 0 0 2.6 Tl fT 

0 

3u LiTa03 
3m 1.6 0 2.6 0 36.3 

Trigonal 
0 1.9 0 0 0 

n7l -0.171 0 -0.0406 0 0 

'~T 
0 

4~J 
a -Quartz 

0 0 0 -0.0406 -0.1 
crystal-Si 3.92 

32 0 0 0 0 0 
Oz 0 
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Table A.2.1.3 Material constants for piezoelectric ultrasonic transducer simulation 

s 
8 33 

p E e33 k=~ 1 Vp=~c~/p J./22 ZA =pv/ 
Material C33 

kg/m3 t J« 
GPa C/m2 10-"p CJl;JJ 

m/s 
~-tm 

MRayl 

lm 

ZnO 5676 210.9 1.14 7.83 0.270 6331 31.7 35.93 

LiNb03 
4700 193.2 4.51 34.34 0.485 7340 36.7 34.50 

(Y-cut/36°) 

PZT-4 7500 115.0 15.1 560 0.511 4557 22.8 34.18 

Si (Baking 

/Buffered) 
2329 165.6 8432 42.2 19.64 

In 

(Bonding) 
7280 45.1 2489 12.4 18.12 

Au 

(Electrode) 
19300 192.5 3158 15.8 60.95 

Water 

(Trans. 1000 2.25 1500 15.0 1.50 

medium) 

1 c~ = c~ + ei3 1 cf3 ; 
2 at 100 MHz; 3 acoustic characteristic impedance 
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Anne x 2.2: Mate rial tensor transformations 

Though a physical phenomenon or a physical property, in Newton's mechanics, 

is independent of the reference system, their description can have different forms 

under different coordinate systems. Many physical properties exhibiting anisotropy 

with the use of tensor are direction dependant. As an example, the elastic constant 

tensor cykt (or its matrix representationc1J) describing material elasticity, needs to be 

defined by fixing a certain symmetry orientation with respect to the used coordinate 

axes (usually coïncide with the symmetry or the principle axes of the material). The 

elements of this tensor will take different values if the material structure or the 

coordinate axes are differently orientated. 

Generally, under the orthogonal Cartesian x-y-z coordinates system (or 

3-dimensional Euclidean space ), to change the orientation between two arbitrary 

directions (or to re-orientate a rigid body) require three axial rotation operations, 

(while to coïncide an axis to a given direction or to re-orientate a plane, only two 

rotations are needed). 

The coordinates transform from the initial ones [x, y, z] to the new ones [x', y', 
z'] can be carried out by a matrix transform of the coordinates in the general form 

(A.2.2.1) 

and the counter-clockwise rotation transform of a, fJ, r around respective} y x, y, z axis 

is performed by using their direction eosine matrix 

a~=[~ co~a 
0 -sina 

si~a1 
cos a 

(A.2.2.2) 

aP = 0 
[ 

cosfJ 

Y -sinfJ 
(A.2.2.3) 
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smy 0~] 
cosy 

0 

(A.2.2.4) 

If we consider the rotation order in x, y, z and the rotation direction ( clockwise 

or counter-clockwise ), there are twelve possibilities (or conventions) to fulfill an 

arbitrary orientation operation, in which the most commonly used is known as the 

Euler angles rotations (Figure A.2.2.1 ): 

z z' 

Figure A.2.2.1: Three rotations of Euler angles 

First rotation: a counter-clockwise rotation of a around z with 

sina 0] 
cosa 0 

0 1 

Second rotation: a counter-clockwise rotation of j3 around x ' with 

[

1 0 0 l 
a~ = 0 cos/3 sin/3 

0 -sin f3 cos/3 

Third rotation: a counter-clockwise rotation of y around z" 

siny 0] 
cosy 0 

0 1 

The fmal transform matrix is obtained by the product of the three individual rotation 
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matrices 

(A.2.2.5) 

Usually, a specifie angle rotation does not have to follow the Euler angles 

convention. Any twelve transform step or order can be applied. 

Based on the above coordinates transform with axes rotation matrix a, we can 

consider the tensor transformation. 

To get the transform of the elastic constant tensorciikl, begin with the basic 

relation of Hooke's low of Tii =ciiklskl and first transform respectively the second 

rank stress tensor Tl] and strain tensor S kl into the new system. 

Forstresstensor Tii 

(A.2.2.6) 

where a;k and a11 are the elements ofthe rotation matrix a. The detailed form ofEq. 

(A.2.2.6) can be developed 

' 2 2 2 7;_ 1 = a1kal1Tkl = a111;_ 1 + 2a11a121;_ 2 + 2a11a131;_ 3 + a12T22 + 2a12a13T23 + a131J3 
' 2 2 2 

T22 = a2ka21Tkl = a2IJ;.I + 2a21a22TI2 + 2a21a23T13 + a22T22 + 2a22a23T23 + a23T33 
' 2 2 2 

T33 = a3ka31Tkl = a31T11 + 2a31a327;_2 + 2a31a33I;_3 + a33T22 + 2a32a33T23 + a33T33 

Td3 =T;z =a2ka3,Tkl =a21a317;_1 +(a21a32 +azza3I)J;.z +(a21a33 +az3a31)1;_3 

+ a22a32Tz2 + (ana33 + a23a32)T23 + a23a33T33 

7;.'3 =T;I =alka31Tkl =alla317;_1 +(alla32 +al2a31)7;_2 +(alla33 +a13a31)I;_3 

+ al2a32T22 + (al2a33 + al3a32)T23 + al3a33T33 

7;_'2 = T;l = alka21Tkl = a11a21T11 + (alla22 + a12a21)T12 + (alla23 + a13a21)J;_3 

+ a12a22T22 + (al2a23 + a13a22)T23 + a13a23T33 

Using the matrix form of the tensor, i.e. 

7;. ' Tl'! Tl 

T; r;z Tz 

(A.2.2.7) 

T'= 
r; r;3 

=M 
T3 

=MT = 
T~ r;3 = r;z T4 

(A.2.2.8) 

T; Tl'3 =T;I Ts 

T~ J;.'z = r;l T6 

with 
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2 
all 

2 
al2 

2 
al3 2a12a13 2a11a13 2alla12 

2 
a2, 

2 
G22 

2 
a23 2a2Za23 2a2,a23 2a2,a22 

2 2 2 
2a32a33 2a3,a33 2a3,a32 

M= 
a3, a32 a33 (A.2.2.9) 

az,a31 a22a32 Gz3a33 Gzza33 + Gz3a32 az,a33 + Gz3a3, az,aJz + Gzza3, 

alla3, al2a3z al3a33 a12a33 + a13a32 a,,a33 + a,3a3, a 11a 32 + a12a31 

allaz, a,zazz al3az3 a,zaz3 + al3azz alla23 + al3az, a"azz + al2az, 

Similar procedure may be used to determine the strain tensor transform from 

S~ =a;kaj!Sk1 (A.2.2.10) 

But it's much easier to use the energy conception for its determination. Knowing that 

the mechanical energy density W = Ti;S ki is a scalar quantity and it's an invariant 

under different coordinates W = W' = TijS ki = T~S~. In matrix form, there is 

w =TT s =(M-'T'Ys= T'T (M-i )T s 

W'=T'T S' 

where the superscript r means the matrix transpose. 

Renee 

From the relations (A.2.2.8), (A.2.2.12) and the Hooke's low 

T'= MI'= Mc uS= Mc uMr S'= c'uS' 

Therefore, the elastic constant matrix transform is 

(A.2.2.11) 

(A.2.2.12) 

(A.2.2.13) 

(A.2.2.14) 

The transform for the piezoelectric constant tensor or matrix may be carried out 

in the similar way. Take its definition in the matrix form 

(A.2.2.15) 

The coordinate transform of D and S in their matrix form are 

(A.2.2.16) 

Th en (A.2.2.17) 

Therefore ' T 
ei.l =a·ei.l ·M (A.2.2.18) 

The permittivity constant transform ' 
eij = aijakieki can also obtained, 
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fromD=cklE, D'= aD and E'=aE, by 

in which ar =a - 1 has been used and -1 a 

(A.2.2.19) 

is the reciprocal direction eosine matrix. 

171 



Annex 2.3: Multiple quarter wavelength mechanical matching 

The recursive formulas for the determination of the acoustic impedances in a 

multilayer matching system are listed in Table A.2.3.1, where Z1, Zr are respectively 

the acoustic impedance of the incident and the transmitting medium, z,N that of the 

i-th layer in the N matching layers system that is determined from the impedances of 

the incident, transmitting medium and th ose of the N-1 matching layers system. 

Table A.2.3.1 Recursive formulae for the calculation of the acoustic impedances in a 

multilayer matching system 

Matching 
Chebyshev's 

layer 
formulas 

DeSilets' formulas Souquet's formulas 
number 

1 Zf =~ZIZT zf =VZ1(Zr)2 zf = V2ZiZr )
2 

z[ =Jz~zt, zl2 = V2Zl(Zf)2 ' 

2 z2- VZ (Zl)2 z2- VZI(Z )2 1- 11 ,2- 1 r 

zi =Jzfzr zi = V2Zf(Zr )2 

* ... ... . .. ... 

zN =JzN-IzN-1 
z z-1 z 

z('l = vzN-I(zN-1)2 
1 z-1 1 

z( = V2Z~!~(zt1)2 

N 

i=l, .. N, zN-1 z zN-1 z 
0 = I• N = T 

* improved DeSilets' formulas [ 182 
, 

183 
]: two quarter layers matching 

and 

Z3 _14z11z4 . z3 -~4zsz1o . z3 -~4z zl4 
1- IT>I- IT>I- IT 

three 
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--- one layer matching 
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--- three layers matching 
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Figure A.2.3.1 Multi-layer (quarter wavelength) matching for LiNb03 transducer 

( Z P = 34.5MPa ) of 100 MHz free resonant frequency with water front load 

(Zr = 1.5MPa) using Chebyshev's formulas. 

Figure A.2.3.1 is the calculated results obtained using Chebyshev's formula for 

LiNb03 transducer matching with one, two and three quarter-wavelength matching 

layers. With the increasing of the layer number, both the transfer functions gain and 

the bandwidth are further improved (see Figure A.2.3.1 (c) and (d)). The pulse 

amplitude in the corresponding impulsion response is also progressively increased 

with an extra time delay (in Figure A.2.3.1 (e) and (f)). 

Figure A.2.3 .2 shows the results for two layers matching of LiNb03 transducer 
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using differently derived formulas of Chebyshev, DeSilets, modified DeSilets and 

Souquet. The differences in the transducer performance in terms of their sensibility 

and bandwidth are not significant (Figure A.2.3.2 (c) and (d)), nor in their impulsion 

response (Figure A.2.3.2 (e) and (f)). 
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Figure A.2.3.2 Two-layer matching (quarter wavelength) for LiNb03 transducer 

( Z P = 34.5MPa ) of 100 MHz free resonant frequency with water front load 

( Z7 = 1.5MPa) using different formulas of Chebyshev, DeSilets and Souquet. 
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Réseaux de transducteurs haute fréquence (100-300 MHz) à déphasage réalisés à partir 

des technologies MEMS 

Les réseaux de transducteurs ultrasonores haute fréquence à déphasage sont des candidats 

intéressants pour l'imagerie haute résolution en temps réel. De nombreuses difficultés interviennent lors 

du développement de réseaux avec une fréquence d'émission supérieure à 100 MHz: déphasage en haute 

fréquence, adaptation électrique, adaptation mécanique et fabrication des réseaux de transducteurs haute 

fréquence qui joue un rôle critique pour le développement de ces systèmes. Cette thèse porte notamment 

sur deux aspects spécifiques: la modélisation numérique par élément fini et la fabrication basée sur les 

microtechnologies et les MEMS. 

Dans la partie consacrée aux simulations numériques, un modèle commercial basé sur les éléments 

finis, COMSOL 3 .Sa, est utilisé. Pour les réseaux de transducteurs piézoélectriques sur absorbeur en face 

arrière, l'influence du pas spatial, de la profondeur de séparation des transducteurs, de l'isolation 

mécanique de ces transducteurs sur le champ acoustique ont été étudiés ainsi que l'impédance électrique 

et le couplage. Ces simulations ont également été réalisées pour des réseaux de transducteur sur ligne à 

retard de propagation 

Dans la partie consacrée aux réalisations expérimentales et à leur caractérisation, des réseaux ont été 

obtenus grâce aux technologies dédiées aux MEMS à partir de monocristaux de LiNb03 gravés par les 

technologies plasma et de ZnO déposé en couche mince. Ces réseaux de transducteur ont ensuite été 

caractérisés à l'analyseur de réseaux et les mesures électriques des impédances et des couplages ont 

permis de montrer la cohérence avec les prédictions théoriques. 

Mots clés: Réseaux de transducteurs ultrasonores à déphasage, MEMS, simulation Eléments finis, 

Transducteur piézoélectrique haute fréquence 

MEMS-based High-Frequency(100-300MHz) Ultrasonic Linear Phased Arrays 

High-frequency ultrasonic phased array transducer is a desired candidate in real-time and high 

resolution imaging. Many difficulties will arise in the development of array imaging systems with an 

operating frequency of above 100 MHz: high-frequency phase-delay system, electrical matching 

problem, mechanical matching problem, and fabrication of high-frequency array transducers which 

play a critical role in ultrasonic phased array imaging systems. This dissertation focuses on mainly two 

aspects: the finite element numerical simulations in the optimized design and the fabrication using 

micro electromechanical system (MEMS) technologies. 

In the section ofnumerical studies, a commercial finite element tool, COMSOL3.5a, is employed. 

In piezoelectric backing array transducers, the effects of pitch size, kerf tiller and kerf depth on the 

acoustic field, electrical impedance and crosstalk are investigated. Systematic simulations are carried 

out for a designed buffered transducer array. 

In the section of experimental fabrication and characterization, MEMS based technologies are 

applied to obtain high-frequency array elements. Single crystal LiNb03 arrays are made using ICP RIE 

technique. Two kinds of ZnO arrays are kerfed using wet chemical etching technique and 

micromachining silicon substrate, respectively. Ail of these arrays are characterized by Network 

Analyzer. The measured electrical impedance and crosstalk are consistent with the theoretical 

predictions. 

Keywords: Ultrasonic phased array; High-frequency; MEMS; FEM simulation; Piezoelectric 
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