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ABSTRACT 
Ultrasound diagnostic has high potential for biomedical imaging applications including 

biomedical studies and clinic use. When comparing with other diagnostic tools, 

ultrasound transducer has its advantages such as compact, non-invasiveness and 

non-harmful, but the resolution of ultrasound is relatively low. In this thesis, an 

ultrasound transducer with high lateral and axial resolutions was developed by 

increasing its center frequency and -6 dB bandwidth. To achieve the goal, a 

high-frequency (a center frequency of 20-MHz) phased-array ultrasound transducer 

fabricated using an active layer of lead magnesium niobate-lead titanate (PMN-0.3PT) 

single crystal was developed. It should be noted that this single crystal material has not 

commonly used in commercial ultrasound transducers. Compared to the traditional 

piezoelectric ceramics, lead zirconate titanate (PZT), PMN-0.3PT is a piezoelectric 

single crystal with better piezoelectric properties, such as piezoelectric constant ( > 

1000 pC/N), electromechanical coupling coefficient ( ≥ 0.8) and clamped dielectric 

constant ( ≥ 1300). These outstanding piezoelectric parameters are beneficial to 

minimize the aperture size and enhance both -6 dB bandwidth and sensitivity of the 

transducer, respectively. Thus, the axial and lateral resolutions of phased-array 

transducer fabricated using the PMN-0.3PT material is expected to enhance for 

d33
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biomedical imaging applications.  

Similar to the typical array transducer, the structure of the developed phased-array 

transducer has three main parts: an active layer for transmitting and receiving the 

acoustic pulse; a double quarter wavelength-thick matching layer for maximizing the 

acoustic pulse transmission efficiency; and a backing layer for absorbing the back 

reflected acoustic pulse to widen the -6 dB bandwidth of the transducer. The PMN-PT 

array was fabricated by the typical mechanical dicing method and independent 

electrodes were made by photolithography with wet etching. The 80 -thick array 

with a pitch of 75  (~1!) and an element width of 55  was casted on the 

backing layer made by a conductive epoxy, E-solder. A flexible circuit with 64 

electrode traces was aligned and adhered on the array. Besides, the double quarter 

wavelength matching layer, made by a mixture of aluminum oxide and epoxy for the 

first layer and a pure epoxy for the second layer, was also adhered on the array.  

The performance of developed phased-array transducers has shown a center frequency 

of 22. By using the built-in FFT function of the oscilloscope, the pulse-echo response in 

the frequency domain illustrated a -6 dB bandwidth of 91%. The sensitivity of the 

phased-array transducer was represented by an insertion loss of 29 dB. Comparing with 

the commercial or reported array transducers within the specific high-frequency range 

µm

µm µm
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(20 MHz to 50 MHz), the -6 dB bandwidth of the developed array prototype is the 

widest and its sensitivity is also comparable. The small aperture size ((L) 5 mm  (W) 

5 mm  (H) 2.2 mm) and wide -6 dB bandwidth (>70%) of the developed transducers 

are highly appropriate for accomplishing high-resolution imaging in the biomedical and 

clinical applications. 

×

×
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CHAPTER 1 INTRODUCTION  

1.1 BACKGROUND 

High frequency ultrasound is used currently for various imaging applications such as 

small animals studies [1], ophthalmology [2], [3] and dermatology [4]. In medical 

diagnostics, comparing to X-ray, magnetic resonance imaging (MRI) and computed 

tomography (CT), ultrasound diagnostic tools can be used to diagnose diseases of 

diverse body regions of both large- and micro-scales that are brain, liver, heart and 

blood vessel [5]. Although those images can be obtained by X-ray, MRI and CT, 

respectively, the portability, generalization and cost efficiency of those devices are low 

Figure 1.1 A typical ultrasound imaging system [6].  
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in contrast to the ultrasound imaging system. An ultrasound transducer imaging system 

usually consists of three main parts that are an ultrasound transducer for ultrasound 

transmission and collection, a data processing system and a control system. Figure 1.1 

shows the outlook of a typical ultrasound imaging system (Vevo 3100 Imaging Platform, 

Fujifilm VisualSonics Inc.) that is obviously smaller in size compared to other imaging 

systems [6]. Thus, ultrasound imaging systems are popular and transferred easily in 

hospitals due to its relatively small size. The compact system also benefits for assisting 

operations in surgery rooms. Space limitation is always a critical problem in places 

where lack of land resources, such as Hong Kong. The space of surgery room would 

limit the type or size of equipment. The ultrasound imaging systems provide a 

compromising solution that can offer effective diagnosis and reduce the consultation 

time.  

For the ultrasound imaging systems, the core imaging device is the ultrasound 

transducer. The ultrasound transducer can be with different center frequencies or focal 

points to collect images from organs with different acoustic impedances in different 

locations (this part will be explained in Chapter 1.2.2). Thus, multiple organs can be 

imaged by only changing the ultrasound transducers rather than the whole system. The 

ultrasound diagnostic tools can acquire many types of physiological data that are not 
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only the appearance of organs, but also the real-time blood flow speed monitoring [7], 

which are unable to be obtained by other diagnostic tools, such as MRI and X-ray. 

Besides, due to the working mechanism of ultrasound imaging systems, the cost of the 

system with multiple transducers is still remarkably low compared to other diagnostic 

tools, such as MRI, CT and X-ray. That makes the ultrasound diagnose tools become a 

cost-effective tool compared with others.  

Besides having the advantages of compact and low cost, the ultrasound diagnostic tool 

is also noninvasive [8], which means the imaging process is safe to patients. Comparing 

with the radioactive diagnostic tool, such as X-ray may cause health damage if patients 

and operators are exposed under X-ray frequently, the ultrasound wave can be harmless 

to biomedical tissues. Thus, ultrasound can be used in pregnancy or for biomedical 

clinical studies without adversely affecting the observed object. Moreover, the 

ultrasound diagnostic tool has fewer limitation factors compared with other diagnostic 

tools. For example, MRI is not available for a patient who has metallic bone plates and 

implantable cardioverter defibrillator (ICD). Serious medical accident may be caused if 

human negligence was happened. Obviously, safety is a main consideration for clinic 

use, that is why the ultrasound diagnostic tool is commonly used to assist physicians for 

performing operations. The safeness of ultrasound transducer seems to be the main 
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advantage, showing the potential for its further development. 

With the above advantages, the ultrasound diagnostic tool has become one of the 

valuable diagnostic tools in clinic and medical studies so that it has been developed 

rapidly in the past decades [9]-[11]. Nowadays, only a few global companies are 

developing the high frequency ultrasound imaging systems, such as Fujifilm 

VisualSonics, Olympus and Analogic. The systems produced by those companies are 

fixed in a narrow range of usage and sold in high prices that are inappropriate for 

researchers who need an ultrasound imaging system for biomedical studies. As 

mentioned before, the criteria of transducer for imaging different organs are distinct, so 

the demand of different types of transducer is high, inducing massive cooperation 

chances between academic research and industry. Since the desired transducer and 

processing unit are with higher frequencies and novel properties in research compared 

to the commercial products, the main research objective is to investigate and develop 

transducers with the enhanced performance and higher frequencies.  

When comparing with other diagnostic tools, the main disadvantage of ultrasound 

imaging system is its low imaging resolution. Figure 1.2 shows the images taken by 

MRI and ultrasound, respectively [12], [5]. The image taken by ultrasound (Figure 

1.2(a)) is a typical brightness mode (B-mode) image of human kidney, which illustrates 
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only a rough boundary of the kidney without the detailed internal structure. On the 

contrary, the MRI image (Figure 1.2(b)) shows the details of a mouse brain. The 

resolution of the MRI is obviously higher than that of the ultrasound. Therefore, the 

ultrasound imaging resolution enhancement is always the first priority in ultrasound 

diagnostic tools development.  

The motivation of this project is very clear according to the above descriptions. 

ultrasound can become a much useful biomedical diagnostic tool if the imaging 

resolution is further enhanced. That is why the development of high performance 

ultrasound transducers is the main theme in this study.  

In the following section, the structure of the ultrasound transducer, the factors 

influencing the resolution of ultrasound transducer, and the working mechanism of 

ultrasound transducer will be elaborated.  

Figure 1.2 Images taken by (a) magnetic resonance imaging [12] and (b) ultrasound [5].  

(a) (b) 
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1.2 THEORY 

1.2.1 Basic structure of ultrasound transducer  

The ultrasound transducer is simply a device that transfers an electrical signal to an 

acoustic signal and vice versa. By transmitted an acoustic pulse and received a reflected 

acoustic pulse (echo) from the target, the characteristics of the received echo can be 

analyzed by the image processing system to produce an image represented by brightness 

spots in the B-mode image. Alternatively, with using different types of ultrasound 

transducer or different scanning methods, 2-dimensional (2-D), 3-dimensional (3-D) or 

even real time 3-D (4-dimensional (4-D)) imaging can be performed. In general, the 

ultrasound transducers consist of three main components that are active element, 

matching layer and backing layer. Figure 1.3 illustrates the basic structure of a typical 

Figure 1.3 Basic structure of array Transducer with double matching layer.  

Second matching 

First matching 

Active Layer  
(Piezoelectric layer) 
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array transducer. For the active layer, the material is mostly the piezoelectric material 

that converts an electrical signal into an acoustic signal and vice versa. The mechanism 

of the piezoelectric material being the active layer depends on the piezoelectric effect 

that an external electric field applying on the piezoelectric material redirects the dipoles 

inside the material, and thus a strain is generated in either the lateral direction or the 

longitudinal direction. Similarly, an AC electric field applying on the piezoelectric 

material can induce its vibration. The vibration frequency would depend on the AC 

electric field frequency and the intrinsic characteristics of the piezoelectric material. 

Consequently, the vibration of the piezoelectric material vibrates the molecules of the 

surrounding medium, and then generates an acoustic pulse based on the resonance 

frequency of the piezoelectric material, i.e. higher than 20 kHz if the piezoelectric 

material is thinner than 1 cm. The detailed explanation will be illustrated in Chapter 

1.2.3.1.  

The second component is the matching layer, which can enhance the transmission rate 

of the ultrasound between the active layer and the medium. The transmission rate 

depends on the acoustic impedance difference between the medium and the active layer. 

The enhanced transmission rate would increase the transmitted and received acoustic 

energies as well as the sensitivity of the ultrasound transducer. The further details will 
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be described in Chapter 1.2.3.2.  

The third component is the backing layer. The mechanism of the backing layer is very 

similar to that of the matching layer. The only difference is that the function of backing 

layer intends to absorb the acoustic wave propagating through the backside of the 

ultrasound transducer, where is the direction opposite to the target. By absorbing the 

backside acoustic wave, the bandwidth of the acoustic pulse emitted by the transducer 

becomes boarder, so the imaging resolution can be enhanced. The relationship between 

the resolution and the bandwidth will be explained in Chapter 1.2.2 and the details of 

the backing layer will be illustrated in Chapter 1.2.3.3.  

  

1.2.2 Resolution in ultrasound transducer 

The performance of the ultrasound transducer for biomedical imaging applications is 

determined by its sensitivity and resolution. The sensitivity is simply defined as the 

amplitude of the echo collected by the transducer. The resolution of the transducer is 

divided into two types, which are the axial resolution and lateral resolution. The axial 

resolution is the resolution along the ultrasound pulse propagation direction, which 

depends on the pulse length. The lateral resolution is related to the beam width of 

transducer. The spatial resolutions of transducer in three different directions are shown 

in Figure 1.4 [13].  
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With a shorter pulse length, the echo reflected by the first object is not interfered with 

the echo reflected by the adjacent object that is located deeper in the axial direction of 

the transducer. Then, the first and the second echoes can be identified as two distinct 

signals and displayed in the image after signal processing. 

However, the pulse length is hard to define in the time domain, so the fast Fourier 

transform (FFT) is applied to transform the echo signal from the time domain to the 

frequency domain. In the frequency domain, the pulse length is represented by the -6 dB 

bandwidth of the spectrum. According to the below equation, -6 dB represents the 

output is half of the input value, which means the signal with the amplitude lower than 

Figure 1.4 Resolution profile in 3-D imaging of array-transducer [13].  
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half of the input is not counted in the pulse length.  

   (1)  

With the FFT, the equation is listed as follows, 

   (2) 

A single acoustic pulse is seen to be a function g(t) in the time domain combined by 

various sinusoidal waves with different periods .  is the resultant component at 

a specific frequency, !. By transferring each sinusoidal wave function from the time 

domain to the frequency domain, several discrete  are defined if the acoustic 

pulse repetition is short. In the usual excitation cases, the acoustic pulse repetition is far 

longer than the pulse length, thus, the function  becomes a continuous function. 

The width of the function in the frequency at -6 dB has an inversely proportional 

relationship with the acoustic pulse length. Therefore, the axial resolution of the 

transducer increases simultaneously with the -6 dB bandwidth, consequently, it can be 

determined scientifically rather than calculating the pulse length in the time domain. 

The following equation presents the axial resolution in term of bandwidth: 

  !!"#!$ = !
!!"        (3) 

where ! is the acoustic wave velocity in the medium and !" is the -6 dB bandwidth 

of the transducer.   

dB = −20 log(Vo /Vi )

G(ω ) = g(t)e− jωt dt
−∞

+∞

∫

t G(ω )

G(ω )

G(ω )
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As mentioned, the lateral resolution is related to the beam width of transducer. With a 

narrower beam width, the resolution is considered to be increased because the adjacent 

objects can be determined. The beam width of the acoustic beam emitted by the 

transducer is defined as follows: 

  Beam width = !"/! (4) 

In Eq. (4), for an unfocused transducer, ! is the wavelength of the acoustic pulse in the 

medium, ! is the distance between the transducer and the target, ! is the aperture size 

of the transducer. Figure 1.5 shows schematic diagrams of acoustic beams emitted by 

the unfocused and focused single-element transducer, respectively [13]. It is shown that 

Figure 1.5 Ultrasound beam profiles of unfocused and focused single-element transduers 
[13] 
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the unfocused acoustic beam is nearly parallel (equal beam width) within the near-field 

zone (also called Fresnel zone), and dispersed with a certain divergence angle to the 

infinite distance after the near-field zone. Thus, the lateral resolution of the unfocused 

transducer is almost the same within the near-field zone. The resolution is the highest at 

the near-field far-field transition point, but it drops gradually beyond the transition point 

along the axial direction of the transducer. On the other hand, the focused transducer has 

the narrowest beam width (and so the highest resolution) in the focal zone between the 

near zone and far zone. Since the applicable range is narrow, the focused single-element 

transducers are not appropriate for medical imaging. It should be noted that array 

transducers would also have the similar beam profile as shown in Figure 1.5. The main 

difference is that the phased-array transducer has an adjustable focal point and narrower 

beam width. 

In summary, the axial resolution of transducer is influenced by the aperture size and the 

center frequency, while the lateral resolution is affected by the bandwidth. By 

compromising the above parameters, a phased-array transducer with high imaging 

resolution can be designed and developed. 

1.2.3 Working mechanisms of different parts in ultrasound transducer   

In this section, the main factors affecting different layers of the ultrasound transducer 
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will be described. To implement high resolution and sensitivity ultrasound transducers 

for biomedical imaging, it is essential to understand the working mechanisms of 

different components in the transducer. The factors are mainly the properties of the 

piezoelectric material, such as piezoelectric constants and electromechanical coupling 

coefficients, and the ultrasound transducer specifications depended on the design and 

fabrication precision.  
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1.2.3.1 Piezoelectric effect  

The mechanism of acoustic wave generated by the piezoelectric material can be 

a) Direct piezoelectric effect: charges separation induced by an external 

stress. (b) Reverse piezoelectric effect: a strain induced by applying a 
potential difference on both sides of electrodes. 

Figure 1.6 Schematic diagrams of piezoelectric effects in a piezoelectric 
material [8]. 
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explained using the piezoelectric effect. A piezoelectric effect is a phenomenon that a 

material would change its physical dimensions by applying an external electric field and 

vice versa. Two French physicists, Pierre and Jacques Curie, discovered this effect in 

1880. Figures 1.6 (a) and (b) show schematic diagrams of the piezoelectric effect [8]. 

The piezoelectric effect can be explained on the basis of innumerable electric dipoles 

inside the material. The dipoles are randomly arranged without being affected by any 

external source, such as an electric field, resulting in a neutral state with no net charge. 

The dipoles are realigned by applying a potential difference across the material surface, 

resulting in a deformation.  

Most dipoles of the piezoelectric material could return to its original alignment after 

removed the external electric potential. However, some materials called ferroelectric 

material, which is a subset of the piezoelectric materials, can remain their dipoles 

aligned even after removed the potential. Figure 1.7 shows the relationships between 

piezoelectrics, pyroelectrics and ferroelectrics [14]. Actually, all the piezoelectrics, 

pyroelectrics and ferroelectrics are the dielectric material. Piezoelectrics is a material 

that possesses the piezoelectric effect. Pyroelectrics is a material that exhibits the 

phenomenon in which its charge is induced and changed against the temperature. 

Ferroelectrics possesses both piezoelectric and pyroelectric effects, besides, it has a 
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property called a spontaneous polarization that is a polarization induced by the retained 

dipoles. The polarization of the ferroelectric material can be induced by a strong electric 

field at an elevated temperature. This process is called poling. The poling field depends 

on the material properties and dimensions, while its direction depends on the desired 

vibration mode.  

 

Typically, the microstructure of the material determines its polarization. For example, a 

single crystal material, such as lead magnesium niobate - lead titanate (PMN-PT), has a 

Figure 1.7 The relationship between piezoelectric, pyroelectric and ferroelectric materials [14]. 
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uniform crystal structure that exhibits fewer defects, lower losses and no grain boundary 

theoretically. Thus, the dipoles of the single crystal structure can be aligned in almost 

the identical direction during the poling process. The net dipole vector would reach the 

maximum due to nearly no counteraction of dipoles inside the material. On the other 

hand, for the material with a polycrystalline structure, such as lead zirconate titanate 

(PZT), its structure contains numerous grain boundaries so that its dipole alignment is 

bounded by the grain direction during the poling, resulting in non-uniform dipole 

alignment. Dipole alignments of both single crystal and polycrystalline structures are 

shown in Figure 1.8 [15]. This explains why the single crystal material exhibits higher 

electromechanical coupling coefficients compared to the polycrystalline material.  
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Figure 1.8 Schematic diagrams of dipoles direction of polycrystalline material and single 

crystal material before and after the poling process [15].  

1.2.3.2 Active layer 

Due to the piezoelectric effect, the piezoelectric material vibrates by applying an AC 

electric field at a certain frequency. The vibration turns into a pressure applying on the 

medium that triggers the particle displacement with a direction parallel to the pressure 

propagation direction, which is a longitudinal acoustic wave. The frequency of the 

acoustic wave is defined by the equation , where  is the velocity of the wave ν = fλ ν
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in the medium,  is the frequency, and ! is the wavelength of the acoustic wave. 

Assume that the vibration is a wave resonance inside the material, it can only be in 

resonance if the thickness of the material along the electric field direction is equal to 

half wavelength of the resonance wave while the constructive interference occurs. The 

resonant frequency should be the same as the acoustic wave frequency so that, 

according to the velocity equation, it becomes  when , where ! is 

the thickness of the piezoelectric active layer. The  is called the frequency 

constant. Since the velocity in a medium is unchanged, the relationship of the thickness 

of the active layer and acoustic wave frequency can be found. With the known velocity, 

the wavelength of the acoustic wave in different media can be determined by the center 

frequency of the ultrasound transducer. Besides, the resonant frequency of ultrasound 

transducer can be controlled by tuning the thickness of the active layer. The center 

frequency of the transducer increases with reducing the thickness of the active material 

As most piezoelectric materials are with the longitudinal velocity larger than 4000 !/!, 

it is difficult to fabricate ultrahigh-frequency (≥ 100 MHz) ultrasound transducers due 

to the requirement of very thin active material (~20 !m). Some piezoelectric materials, 

such as aluminum nitride (AlN), possess very high longitudinal velocity of ~10000 !/

!. However, the transducers fabricated using those materials are usually weak in 

f

ν / 2 = f ⋅ t λ / 2 = t

ν / 2
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acoustic intensity. Besides, although the thickness of the active layer can be solved by 

using materials with high velocity, the further thin matching layer is still a critical 

challenge when the transducer frequency is high.  

1.2.3.3 Matching layer 

According to wave properties, the acoustic wave has reflection and refraction natures. 

The acoustic wave is reflected by the medium interface when it is travelling from one 

medium to another with either the same or different acoustic impedances. The acoustic 

impedance ( Z ) is defined as the response of the particles of the medium in terms of 

their velocity by giving the wave a certain pressure. The equation of the acoustic 

impedance is written as Z = p /ν  where p  is the pressure and ν  is the particle 

velocity. The concepts of the acoustic impedance in a medium can be explained by 

using a train of mass connected with a spring as shown in Figure 1.9 [5]. One of the 

chains has a small mass ( m ) connected with a soft spring ( k ), representing a low 

density and low stiffness medium while the other chain is connected with a large mass 

( M ) and a stiff spring ( K ), representing a medium with high density and stiffness. The 

pressure applied on the upper chain can propagate along the chain with low resistance 

because the light mass and the particle movement within the chain in response to the 

given pressure is large, thus the impedance is low. On the contrary, the same pressure 
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applied on the second chain is resisted by the stiff spring and the heavy mass so that the 

particle response movement is slow in the second chain, resulting in high impedance 

according to the definition of impedance. In this mechanical spring-mass diagram, the 

acoustic impedance can be represented by Z = ρk , where ! is the density and ! is 

the spring constant. By combining the equation of speed of sound, the impedance 

becomes: 

  Z = ρc  (5) 

where  is the speed of acoustic wave. Table 1.1 lists the acoustic properties of 

different mediums including biological materials and non-biological materials [16].  

 

c

Figure 1.9 Conceptual diagram of acoustic impedance [5]. 
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Material 

Mass density 

kg/m
3

 

Compressibility  

10
-12

m
2

/N 

Sound 

velocity m/s 

Acoustic 

impedance 

MRayls 

Biological materials 
Fat 950 508 1440 1.37 

Neurons 1030 410 1540 1.59 
Blood 1025 396 1570 1.61 

Kidney 1040 396 1557 1.62 
Liver 1060 375-394 1547-1585 1.64-1.68 

Spleen 1060 380-389 1556-1575 1.65-1.67 
Muscles 1070 353-393 1542-1626 1.65-1.74 

Bone 1380-1810 25-100 2700-4100 3.75-7.4 
Non-biological materials 

Air (0°C ) 1.2  330 0.0004 

Rubber 950 438 1550 1.472 
Fresh Water 

(25°C) 

988 452 1497 1.48 
Salt Water 1025 416 1531 1.569 
Polystyrene 1120 143 2500 2.8 
Hard PVC 1350 175 2060 2.78 

Typ. Araldit 1200 160 2300 2.8 
Silicon, RTV-11 1260 739 1000 1.26 

Quartz 2650 11.4 5750 15.2 
PZT-5A 7750 5.65 4350 33.71 

Gold 19290 4.93 3240 62.5 
Aluminum 2875 9 6260 18 

Table 1.1 Acoustic parameters for typical materials [16]. 

8 ×10−6
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When the acoustic wave propagates from the active layer through the medium with 

different acoustic impedances, part of the acoustic wave is reflected by the interface and 

the rest passes through the interface and transmitted to the medium (shown in Figure 

1.10) [5]. The wave reflection ratio depends on the difference of acoustic impedances 

between the active layer and the medium. A reflection coefficient represents the 

amplitude (!!) and intensity (!!) of the reflected wave compared with those of the 

incident wave. The amplitude and intensity coefficient are given by [5]: 

  !!
!!
= !! = !!! = !!!!!

!!!!!

!
       (6) 

(a) A waveform is travelling through two mediums. (b) The intensity of the waves in two 
mediums including the incident wave (i), reflected wave (r) and transmitted wave (t). 

Figure 1.10 Acoustic wave travelling through two mediums [5]. 

 



INTRODUCTION 
              

THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Wong	Chi	Man	 Page	24	
 

The total intensity of the reflected wave and transmitted wave must be equal to the 

intensity of the incident wave, so the intensity transmission coefficient is: 

  !! = 1− !! = (4!!!!)/ !! + !! !    (7) 

Form Eq.(7), the intensity of reflected wave reduces with smaller acoustic impedance 

difference between two mediums. To reach the maximum intensity of transmission 

wave, the difference between the active layer and the loading medium should be 

reduced as low as possible. A matching layer is one of the solutions. Since most of the 

piezoelectric materials have significantly high acoustic impedance (≥ 20 MRayls) than 

the biological target being interrogated (front loading), such as human tissue (1.5−

3 MRayls) and organs, an acoustic impedance gradient layer between the active layer 

and the front loading medium would help enhancing the transmission intensity by 

adding a matching layer between them.  

To optimize the transmission intensity, the matching layer should match the acoustic 

impedance of the material chosen for each layer. Some combinations of the acoustic 

impedance used in each layer are listed in Table 1.2 [17], [18]. 
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In Table 1.2, !!  is the acoustic impedance of the front loading (Zr of water and 

biomedical tissues ≈ 1.5 MRayls) and !! is the acoustic impedance of the active layer. 

It should be noted that !! is the acoustic impedance of a matching layer casted directly 

on the active layer while !! is the acoustic impedance of a matching layer contacted to 

the loading medium. The double matching layer for optimizing the transmission 

intensity is commonly used in ultrasound transducers produced by Philips, Vermon, etc.  

For reaching the maximum transmission of the acoustic wave to the loading medium, 

the design is to optimize not only the impedance of the matching layer, but also the 

thickness of each matching layer. Ideally, the exact one-quarter-thick matching layer 

would allow a 100% transmission of wave to the medium due to the total destructive 

interference of wave reflected by the matching. According to the energy equilibrium, 

full transmission is achieved due to zero energy reflected by the matching. Figure 1.11 

 !! !! !! 

Single matching layer !!
!
!!!

!
!   

Double matching layer !!
!
! !!

!
! !!

!
!!!

!
!  

Triple matching layer !!
!!
!"!!

!
!" !!

!
!!!

!
! !!

!
!"!!

!"
!" 

Table 1.2 Impedances of matching layer in different schemes [17], [18]. 
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illustrates the mechanism of quarter-wavelength matching layer [5]. The thickness of 

the matching layer would affect the center frequency of the pulse due to more energy at 

that frequency obtained from the loading medium. The ultrasound pulse with the 

frequencies closed to the center frequency can also achieve high-energy transmission. 

By enhancing the transmission of adjacent center frequency, the bandwidth of the 

transducer can be further widened. Thus, the frequency of matching layer with the best 

transmission is different from the center frequency of active layer, and the matching 

layer with ideal quarter-wave length thickness may not exhibit the widest bandwidth. 

Therefore, simulation is required to perform to estimate the thickness of matching layer 

for maximizing the bandwidth. The method to estimate the maximum bandwidth will be 

Figure 1.11 Quarter-wavelength matching layer interference [5]. 
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described in Chapter 2.1.  

In conclusion, the matching layer is an important component for optimizing the 

performance of the ultrasound transducer. It can enhance both the sensitivity and the 

bandwidth of the ultrasound transducer.  

1.2.3.4 Backing layer 

The vibration of the active layer affects the particles on its both sides. A huge acoustic 

impedance difference at the backward propagation direction causes a high reflection. 

Figure 1.12 shows the pulse-echo waveform in both time and frequency domains 

investigated by Persson et al. 1985 [19]. All the results were obtained by the transducers 

without the matching layer. The transducer without a backing layer had a strong 

continuous fluctuation (ring-down) in the time domain while the bandwidth in the 

frequency spectrum is narrow with many peaks. With a backing layer, the ring-down of 

transducer was significantly shortened and the vibration in the frequency domain was 

abridged, moreover, the widest bandwidth was obtained from the transducer with the 

backing layer with the highest acoustic impedance. The comparisons show that the 

acoustic wave reflected back to the active layer influences the echo signal. The 

superposition of pulse length becomes longer, reducing the bandwidth and the axial 

resolution of the ultrasound transducer. The main function of the backing layer is to 



INTRODUCTION 
              

THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Wong	Chi	Man	 Page	28	
 

absorb the energy of the backward propagated acoustic wave as much as possible to 

prevent the wave reflected back to the active layer. For the backing layer with higher 

acoustic impedance, the smaller impedance difference between the active and backing 

layers would allow more acoustic energy transmit and being absorbed in the backing 

layer. If the impedance of backing layer is low, a large amount of energy will be 

reflected by the interface between the active layer and the backing layer, causing a 

stronger and longer ring-down. However, too much energy absorption would also cause 

lower sensitivity of transducer. This phenomenon is indicated in Figure 1.12 [19]. The 

echo amplitude became smaller with using the high-impedance backing layer.  

To perfectly absorb the reflected acoustic wave, the backing layer should have a high 

acoustic attenuation. Attenuation is divided into three main parts that are absorption, 

reflection and scattering. Absorption is simply to convert the energy into heat. When the 

wavelength is much smaller than the object size, reflection dominates. On the other 

hand, scattering occurs when the wavelength is either comparable or greater than the 

dimensions of the object.  

Absorption is caused by the viscosity and relaxation phenomenon of the medium. The 

equation of the absorption coefficient related to the frequency is expressed by the 

following equation: 
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   (7) 

where ,  is the Lame constant and also called the shear modulus,  is 

the density and c is the velocity. From Eq. (7), the absorption of the backing layer is 

higher if the center frequency (!) of the transducer increases. Relaxation is dependent 

on the relaxation time of the particle in the medium that is defined as the time that the 

particle needs to return to its original position after the acoustic wave propagation. The 

energy lost in the relaxation is smaller if the relaxation time is shorter than the 

wavelength. If the relaxation time is longer than the period of the wave, the particle 

cannot return to its original position before the next period. The acoustic energy will be 

lost to overcome the returning energy of the particle. However, if the frequency is high 

enough such that the particle cannot respond with the wave motion, the energy lost 

caused by the relaxation can be ignored. The relaxation is described using the following 

equation: 

   (8) 

where !! is the absorption coefficient, !! is the relaxation frequency, and ! is a 

constant.  

Scattering is similar to the reflection but with a relatively small scale. It happens with 

the medium with a small surface area, such as particles. For a particle with a size much 

α = 2ω 2η / 2ρc

η = µ / jω µ ρ

α r = B ⋅ f 2

1+ ( f / fR )2
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smaller than the wavelength, scattering occurs in all directions uniformly. On the other 

hand, if the particle has a size comparable with the wavelength, the scattering direction 

is only in a wide angle.  

After optimized the above factors, the attenuation of the backing layer can be 

Figure 1.12 Pulse-echo and frequency spectra obtained in an experimental echo system [19]. 
All transducers have a backing layer only with (a) an air backing, ZB = 0 MRayls; 
(b) a light backing, ZB = 5 MRayls; and (c) a heavy backing, ZB = 24 MRayls. 
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maximized to absorb the backside reflected acoustic wave, achieving a wide bandwidth. 

Unfortunately, the transducer with a higher attenuated backing layer possesses lower 

sensitivity. The compromising between the bandwidth and the sensitivity is the critical 

consideration in the backing layer design.  

1.3 CONCLUSION 

In conclusion, this chapter has explored the motivation and working mechanism of 

ultrasound transducer for medical imaging. When comparing with other diagnostic tools, 

the ultrasound transducer is with highly potential. The features of non-invasiveness and 

portability are the most prominent merits of the ultrasound transducer. However, the 

relatively low resolution and penetration of ultrasound transducer are needed to enhance 

to achieve high imaging quality of other diagnostic tools. According to this, optimizing 

the resolution and maintaining reasonable sensitivity makes the ultrasound transducer 

become the best diagnostic tool. For the working mechanism and theory, the ultrasound 

transducer is a device that transfers the electrical energy to the acoustic energy, and vice 

versa. By understanding the working mechanism of each part of ultrasound transducer, 

the ultrasound transducer can be further improved depending on various requirements.  

In the following chapter, literature review will be explored for finding the research gap 

of this study, simultaneously, compensating the disadvantages of ultrasound transducer.
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CHAPTER 2  LITERATURE REVIEW   

2.1 MATERIAL SELECTION OF ACTIVE LAYER  

In this chapter, different studies on transducers and materials are compared to determine 

the research gap and the materials used in this study. 

Ultrasound transducers with high imaging resolution are essential for clinical 

applications, such as dermatology, intravascular imaging and ophthalmology, so the 

research effort has been spent on developing high-frequency transducers. Several 

studies have been reported to investigate ultrasound transducers with a frequency higher 

than 20 MHz [20]-[24] [31]. However, only few investigations have developed the 

transducers with high -6 dB bandwidth (higher than 70%) and high sensitivity (insertion 

loss ≤ 30 dB) [20], [25]. Although the lateral resolutions of those transducers were 

enhanced by the increment of frequency, the axial resolution was still a critical problem 

due to the relatively narrow bandwidth. As the axial resolution is directly related to the 

piezoelectric properties, the improvement can be achieved by enhancing the 

piezoelectric properties of active layer or replacing the material with better piezoelectric 

properties. 

Lead zirconate titanate (PZT) ceramic is a piezoelectric polycrystalline material that has  
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been widely used in ultrasound imaging application for commercial and research 

developments  

for 40 years. The piezoelectric properties, such as piezoelectric charge coefficients and 

electromechanical coupling coefficients, of PZT are generally better than those of 

Properties PZT-5A PZT-5H 
PMN-0.3PT 

Single Crystal 

Density,  ( ) 7750 7500 8000 

Dielectric constant before poling, , at 
1 kHz 

1600 2800 6000-7000 

Dielectric constant after poling, , at 1 
kHz 

2000 3400 5000-6000 

Dielectric loss, , at 1 kHz 2 2 < 0.1 
Curie temperature ( ) 365 190 150 
Electromechanical coupling coefficient, 

 0.71 0.75 0.93 

Height extensional vibration mode 
electromechanical coupling coefficient, 

 
0.68 0.68 0.82 

Thickness extension mode 
electromechanical coupling coefficient, 

  
0.49 0.51 0.64 

Piezoelectric charge constant,  
( ) 

374 593 2500 

Piezoelectric voltage coefficient, 
( ) 

25 20 43 

Acoustic velocity,  ( ) 4350 4560 3600 
Acoustic impedance,  

( ) 
34 34 29 

Frequency constant,  ( ) 1890 2000 1800-1900 

Table 2.1 Properties comparison of PMN-PT and PZT materials [26]. 

ρ ×103kg / m3

εr

εr

tanθ

°C

k33

k '
33
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d33

pC / N
g33
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Z

×106 kg / m2s
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lead-free piezoelectric materials. The electromechanical coupling coefficient is a factor 

that illustrates the efficiency of energy conversion from the electrical energy to the 

mechanical energy, which is an extremely important factor for determining the -6 dB 

bandwidth, sensitivity, and even axial resolution of the transducer. Besides, the 

high-quality PZT with homogeneous performance can be fabricated by the proficient 

ceramic fabrication techniques. Those are the main reasons why PZT is popular as the 

active element of commercial ultrasound transducers. However, the performance of PZT 

is not the best even it has been significantly improved in recent decades. The high-end 

PZT only shows an electromechanical coupling efficiency of 70%, which is bounded by 

its imperfect dipole alignment. For achieving higher axial resolution of ultrasound 

transducers for biomedical imaging, a material with further better piezoelectric 

properties would be one of the promising solutions. 

Piezoelectric single crystal materials, such as lead magnesium niobate doped with lead 

titanate, Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT), and lead zinc niobate doped with lead 

titanate, Pb(Zn1/3Nb2/3)O3-xPbTiO3 (PZN-PT), along [001] direction, have been 

reported to exhibit remarkable large electromechanical coupling coefficient and 

piezoelectric constant ( k33  of 92% and d33 of 1500 pC/N) [27]. This opens up the 

possibility of making better-performance ultrasound transducers instead of using the 
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PZT ceramics as the active element. Table 2.1 illustrates the comparison of piezoelectric 

properties of PZT ceramics and PMN-0.3PT single crystal [26]. The main reason for 

their differences has been described in Chapter 1.2.3.1. Many previous investigations on 

low-frequency ultrasound transducers reported that the bandwidth could be improved by 

replacing the active material with better piezoelectric properties. Li et al. has compared 

two low-frequency (3.2 MHz) phased-array transducers using PZT ceramics and 

PMN-0.3PT single crystal, respectively, and found that the PMN-0.3PT single crystal 

transducer exhibited a -6 dB bandwidth of 76%, which was wider than the PZT 

ultrasound transducer [28]. PMN-PT single crystal does not only show its potential on 

the array transducers, but also the single-element transducers fabricated using the single 

crystal and its composites. Lam et al. has reported a 5-MHz PMN-PT single-element 

focused ultrasound transducer with a -6dB bandwidth of 70% and an insertion loss of 

18.1 dB in 2011, which is within the wide bandwidth range [29]. The research of 

Oakley and Zipparo at 2000 [30] also reported that a PMN-0.32PT single crystal 

composite single-element transducer demonstrated a maximum bandwidth of 114%, 

which is a great enhancement compared to the PZT composite transducer. 

The performance of reported ultrasound array transducers fabricated using PZT is 

shown in Table 2.2. In the table, all the ultrasound transducers are in a high frequency 
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range from 20 MHz to 30 MHz. A 30-MHz linear-array fabricated using a PZT 2-2 

composite investigated by Foster et al. 2009 has shown the highest -6 dB bandwidth, 

which is around 80%, and an insertion loss of 25 dB [31], [32]. The pitch of that 

linear-array was , which was triple the theoretical value, but the bandwidth 

performance was out of the expectation. The wide bandwidth can still be obtained 

because the side beam has no adverse effect on the two-way pulse echo measurement. 

According to the descriptions, only one element was excited for emission and signal 

acquirement at the normal direction of the plane, thus the side beam was not received. 

However, the side beam effect may still occur during imaging. By comparing the two 

20-MHz ultrasound transducers, the phased-array transducer fabricated by Chiu et al. 

[33] at 2014 has shown a bandwidth of 61% that is slightly wider than the linear array 

transducer investigated by Dinh et al. in 1996 [34]. The improvement may be attributed 

by the specifications of PZT material, but the piezoelectric parameters of the PZT were 

not all illustrated in both journals. This hypothesis is based on the fabrication technique 

improvement of PZT ceramic in recent decades. This may also be an evidence that the 

material with better piezoelectric properties can enhance the -6 dB bandwidth of the 

transducer. In summary, only one of the PZT transducers exhibited a bandwidth of 

wider than 70%, and 80% bandwidth was the widest in the high-frequency range array 

≈1.5λ
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transducers. Jiang el at. has reported a 35-MHz PMN-PT 1-3 composite linear-array 

transducer for NDE applications in 2010. The transducer has shown a maximum 

bandwidth of 94% from one representative element, and its average bandwidth was 

around 75%. It shows that the PMN-PT array transducer has wider bandwidth than PZT 

one, moreover, its average bandwidth was also wider than most of the PZT array 

transducers. It may possible prove that the bandwidth of array transducer can be 

enhanced by replacing the active layer with PMN-0.3PT. If the hypothesis is right, by 

replacing the active layer with a material with better piezoelectric properties, the 

bandwidth of the developed phased-array transducer should have a wider -6 dB 

bandwidth compared to the previous research work.  
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Table 2.2 Specification and results of pervious investigated PZT ultrasound transducers 

 Linear-array 

fabricated by 

Nguyen-Dinh et al. 

1996 [34] 

Phased-array 

fabricated by 

Chiu et al. 2014 

[33] 

Linear-array 

fabricated by 

Stuart Foster et al. 

[31], [32] 

Linear-array 

fabricated by 

Jiang, et al. 2010 

[35]  

Designed 

center 

frequency  

20 MHz 20 MHz 30 MHz 35 MHz 

Material  PZT-polymer 

composite 

PZT-5H PZT-polymer 

composite 

PMN-PT 1-3 

composite 

Number of 

elements 

128 48 256 64 

Pitch  110 !" (~1.5 !) 37!" (~0.5!) 74 !" (~1.5!) 132 µm (0.4λ in 

SiC) 

-6 dB 

Bandwidth 

(Max)  

50% 61% N/A 94% 

-6 dB 

Bandwidth 

(Average) 

N/A N/A 80% 75% 

Insertion 

loss 

46.4 dB N/A 25 dB >500mV (0 gain) 

 

Although the ultrasound transducers fabricated using the PMN-PT single crystal exhibit 

outstanding performance compared to those fabricated using the PZT ceramics, the 

main drawback of the PMN-PT material is its low Curie temperature (TC ≈130°C ) 

compared to the PZT (TC ≈ 200°C ) [36], [37]. The Curie temperature represents a 

temperature that the material would lose the spontaneous polarization, which means its 

strain or vibration amplitude generated by the external electric field would remarkably 
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degrade. This phenomenon would cause limitations on the fabrication process and 

applications. Re-poling may be required when the processing or operating temperature 

is higher than the Curie temperature. The performance of the re-poled ultrasound 

transducers may be lower. Nevertheless, biomedical imaging is usually performed with 

low power intensity at room temperature, so the thermal limitation for the applications 

can be neglected.  

2.2 BEAM-FORMING METHOD 

The transducers for ultrasound imaging can be classified into several typical types, such 

as single-element, linear sequential array, linear phased-array, etc. For the 

single-element ultrasound transducer, it has been fabricated to an ultra-high frequency 

range (up to 300 MHz) due to its relatively low complexity and simple fabrication 

process [38]. However, its imaging method relies on mechanical scanning in a line or 

arc pattern, so the imaging quality may be affected by the mechanical movement and 

the highest lateral resolution can only be achieved at the transducer focus. Moreover, 

the image processing is time consuming due to the slow scanning speed compared with 

the electronic scanning method. Besides, the friction induced by scanning the probe on 

the skin would cause discomfort on the patient in clinical ultrasound applications. Thus, 

the single-element ultrasound transducer is not an effective device for clinical imaging 
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applications.  

Other than the single-element transducer, a sequential linear-array transducer made of a 

large number of small active elements is an alternative. An insulator material is used to 

acoustically separate and physically connect the elements. The ultrasound beam 

produced by the elements is parallel to each other, and the beam propagation distance 

depends on the frequency. Comparing with the single-element ultrasound transducer, 

the scanning is faster because the electronic scanning technique with the higher imaging 

frame rate ( 100 frames per second) [39] is employed. In the electronic scanning 

process, different groups of elements are excited by the electrical pulse, respectively, 

with specific time delays. The scanning area of linear-array is equal to its aperture size. 

If the target size is equal to the aperture size of linear-array, the linear-array can produce 

real-time images with a high frame rate. However, for a larger target, the number of 

elements needs to be increased, which would increase the fabrication complexity. 

Besides, with the divergence nature of acoustic wave, the near-field far-field distance is 

proportional to the area of the element group. The beam divergence happens beyond the 

near-field distance, and the lateral resolution and sensitivity are low in that region.  

≥
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To improve the resolution and enlarge the scanning area, the sequential linear-array is 

set to be a phased-array. The only difference between the two arrays is that all the active 

elements of the phased array are electrically separated from adjacent elements. Each 

element is excited by an electrical pule in a certain time delay. The depth of focus and 

the beam angle can be tuned by exciting the elements in different time delays and 

phases during the scanning process as shown in Figure 2.1 [40]. By receiving the echo 

with the same manner of the single-element transducer, a real-time scan line is formed. 

Figure 2.1 The focus profile of phased-array ultrasound transducer[40]. 

By exciting elements in a phased-array transducer with different time delays, the focal 
length of the beam can be adjusted.  
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By repeating the scanning with shifting the elements one by one, a real-time image is 

formed by the phased-array transducer. Because of having the steering angle, the 

phased-array transducer has a wider field of view in the far field compared to the 

linear-array. Figure 2.2 shows a field of view comparison between the linear-array and 

phased-array transducers [41]. In the far field, the field of view of the linear-array is 

nearly same as its aperture size without concerning the divergence of beam. The 

phased-array has a larger view of field that is proportional to the imaging depth due to 

the steering angle. Therefore, the linear-array is inappropriate for forward-looking 

intravascular ultrasound (FL-IVUS) and forward-looking endoscopic ultrasound 

imaging (FL-EUS) applications [42]. In short summary, the phased-array would have a 

dynamic focal zone with higher energy intensity for higher lateral resolution and 

sensitivity.  

However, the phased-array has a critical requirement for distance separation between 

Figure 2.2 Fields of view of (a) a linear-array transducer and (b) a phased-array 

transducer [41]. 
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the elements that is called a pitch. The pitch of the elements is required to be  for 

diminishing the side beam interference of adjacent elements. The center frequency of 

the array is the main factor affecting the wavelength (!). Figure 2.3 shows the 

relationship between the beam profile and the pitch value [26]. When a pitch is larger 

than , the side beam appears such that the main beam emitted by the side elements 

cannot be received. The relationship between the frequency and the wavelength can be 

found from the equationν = fλ , where ν  is the acoustic velocity in the travelling 

medium and f  is the center frequency. Taking the water as an example of the 

travelling medium, the acoustic velocity in water is 1500 ms!! and so the pitch of the 

array becomes extremely narrow when the center frequency is high. This would be the 

main difficulty for fabricating phased-array transducers with the center frequency of 

higher than 20 MHz. Previously, high-frequency phased array transducers ( 20 MHz) 

fabricated with 1.0 ~ 1.2 ! pitch have been reported, for example, Beazanson et al. has 

reported a 40-MHz PMN-PT phased-array transducer with 1λ  pitch at 2013 [43]. 

According to that study, the phased-array with 1λ  pitch can still be appropriate for 

ultrasound imaging, but the λ / 2  pitch is still the best theoretically.  

λ / 2

λ / 2

≥
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To achieve the high lateral resolution with the narrow beam width, the phased-array 

transducer is the most appropriate selection. Moreover, the phased-array has a wider 

field of view due to the availability of the steering angle, which increases its 

generalization on biomedical imaging. However, the high electrical impedance and 

fabrication difficulty of phased-array are the main limitations, which may cause low 

sensitivity and unstable performance.  

  

Figure 2.3 Beam profiles of transducer with different element widths [26]. 
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2.3 ARRAY FABRICATION METHOD 

Fabrication method is a key consideration that affects the performance and successful 

rate of the transducer. There are various methods to fabricate the arrays, such as 

“dice-and-fill” and chemical etching method [44]. The “dice-and-fill” method is the 

most common way to fabricate arrays using the bulk piezoelectric material [33], [42], 

[45], [46]. A mechanical dicing saw is used to dice kerfs with a designated width into 

the bulk piezoelectric material, and the kerfs will then be filled by the epoxy to enhance 

the electrical insulation between adjacent array elements. The filled epoxy can prevent 

the collapse of elements and reduces the crosstalk between the elements [47]. Some 

researchers have reported that filling the kerfs with a mixture of powders and epoxy can 

further reduce the crosstalk due to the shear wave propagated through the elements, 

translating to a higher resonant frequency when the volume fraction of the powder 

increases [9], [42]. However, the dice-and-fill method may not be an appropriate 

method particularly for fabricating ultra-high-frequency arrays when the blade width 

cannot fulfill the required kerf width between array elements.  

Chemical etching and plasma etching are alternative techniques to fabricate the arrays. 

However, chemical etching is not unidirectional such that both depth and width are 

etched at the same time. Moreover, the final geometry after etched usually becomes 
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trapezoid in the cross-sectional view. Thus, the chemical etching method is not suitable 

for the proposed high-frequency array design. On the other hand, the plasma etching is a 

better choice compared to the chemical etching. Plasma etching can be either isotropic 

that is same as the chemical etching or anisotropic to produce kerfs with the slower 

lateral undercut rate compared to its downward rate. Deep relative ions etching (DRIE), 

which is one of the plasma etching methods, can provide the optimized anisotropic 

etching profile with the depth to width etching ratio of higher than 30. Jiang et al. and 

Liu et al. have presented an PMN-PT 1-3 composite array transducer at 35 MHz [35] 

and an PZT array transducer at 50 MHz [48], respectively, fabricated by the DRIE 

method. Therefore, the DRIE method should be a suitable method for developing 

high-frequency array transducer with narrow kerfs.  

Laser ablation is the other alternative promising method for high-frequency array 

development, which is a mechanical way using a high intensity laser to melt the 

piezoelectric material to form a precise kerf [31]. However, such high intensity laser is 

expensive, and the kerf profile may not be stable. Figure 2.4 shows the laser cutting 

array fabricated by Foster et al at 2009 [31]. The kerf-width was 8 , which is 

narrower than the physical limitation of mechanical dicing method, but the kerf-depth 

varied. It can be seen that some kerfs did not reach the backing layer, thus the crosstalk 

µm
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between those elements was higher. Besides, the heat generated by the laser may 

transform the material near the kerf from the crystalline phase into an amorphous phase, 

resulting in the degradation of the array performance. 

 
Figure 2.4 SEM of the elements using laser cuts [31]. 

 

2.4 OBJECTIVE  

Based on the literature review, the PMN-PT single crystal material has shown the 

performance enhancement on ultrasound transducers. The PMN-PT single crystal is a 

promising material for developing wide-bandwidth (≥ 80% ) and high-frequency (20 

MHz) transducers. The transducers fabricated using the PMN-PT single crystal are 

expected to implement high resolutions for small-scale biomedical imaging 

applications.  

The beam forming method of phased-array ultrasound transducer is capable of 

achieving high lateral resolution and sensitivity for biomedical imaging without 
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considering the influence of frequency. By using the PMN-PT single crystal with the 

outstanding piezoelectric performance and the dice-and-fill fabrication method, 

wide-bandwidth (~80%) 20-MHz phased-array transducers will be designed and 

developed in this project. In addition, the PMN-PT material with high dielectric 

constants is beneficial to the small-aperture transducers design. Thus, the proposed 

transducers have potential to be used in animals study for imaging small-scale tissues. 
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2.5 OUTLINE OF THESIS 

Chapter 3 is the methodology. The procedure of using PiezoCAD, a simulation software 

assisting the transducer development, will be described. Meanwhile, the 

characterizations of piezoelectric materials, other acoustic layers and ultrasound 

transducers will be described, respectively. 

Two designs and fabrication methods of 20-MHz PMN-PT single crystal phased-array 

ultrasound transducers have been investigated in this thesis. The details of designs and 

fabrication procedures will be illustrated in Chapter 4. Furthermore, the results and 

discussions of different designs will be presented in two subsections. At the end of 

Chapter 4, the results of the fabricated transducers will be compared with other reported 

high-frequency transducers.  

Chapter 5 will be the conclusion of this thesis. The limitations and the drawbacks of the 

fabricated ultrasound transducer will be discussed. The improvement of the fabricated 

transducer will be elaborated in Future Work for further investigation.
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CHAPTER 3 METHODOLOGY  

In this Chapter, the modeling software for the transducer design will be presented. 

Furthermore, the characterization methods for piezoelectric and acoustic properties of 

materials and transducers will also be illustrated in detail. 

3.1 MODELING OF ULTRASOUND TRANSDUCER 

PiezoCAD (Sonic Concepts, Woodinville, WA) is an ultrasound transducer simulation 

programme based on KLM model of Krimholtz, Leedom and Matthaef [49], [50]. 

Figure 3.1 shows the KLM model’s electrical component conceptual diagram of a 

transducer [47]. In the KLM model, the capacitor and inductor are employed to connect 

with certain formats to represent a ultrasound transducer with a piezoelectric element, 

matching layer and backing layer. Besides the KLM model, many different models, 

such as Mason model and Redwood model, can also represent the ultrasound transducer 

in an equivalent circuit mode and simulate its acoustic responses. The reason of 

choosing the KLM model in this project is its much physically intuitive compared to the 

other models.  
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In the PiezoCAD software, the properties of piezoelectric material, matching layer and 

backing layer can be input, and then the simulated results of pulse-echo response, 

frequency response and electrical impedance of the transducer can be predicted. Based 

on the requirements of the proposed research, the center frequency of the phased array 

transducer was 20 MHz and the acoustic impedance of the front loading medium was 

assumed to be 1.5 MRayls because the loading medium was water. Referring to Table 

1.1, for the soft biomedical tissue, the acoustic impedance is around 1.5 MRayls to 2.0 

MRayls. Thus, water was chosen as a medium for evaluating the performance of 

ultrasound transducer for medical imaging application. Actually, water can also be 

Figure 3.1 KLM model scheme [47]. 
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selected for the back loading medium in some cases. Nevertheless, in this project, the 

acoustic impedance of backing layer was selected to be the back loading medium. The 

ideal backing layer should have an extremely high attenuation and relatively thick 

thickness to absorb nearly all the back-side reflection. In such case, no reflection is 

occurred from the back side, and so the thickness of the back side medium is considered 

to be infinity. After selected the frequency range and the loading conditions, the 

required parameters of all layers were input in the software. The measurement of 

piezoelectric parameters of material will be illustrated in Chapter 3.2.1 The required 

thickness of the piezoelectric material was theoretically calculated by ν / 2 = f ⋅ t  in 

which the acoustic velocity measurement will be explored in Chapter 3.2.2.2, and 

experimentally measured by the thickness gauge (Model C112XB, Mitutoyo Corp., 

Japan). The thicknesses of the double matching layer were estimated using the quarter 

wavelength theory. The aperture size was set as the size of single active element based 

on the design. After input all the parameters, the PiezoCAD will display the two-way 

acoustic response and the electrical response of the designed transducer. By fine tuning 

the thickness of various layers and aperture size, the optimized result can be estimated. 
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3.2 CHARACTERIZATIONS 

3.2.1 Piezoelectric properties 

The piezoelectric properties of the piezoelectric material can be measured by using an 

impedance analyzer (4294A, Hewlett-Packard) and a piezoelectric constant meter. The 

impedance analyzer is an equipment that measures the electrical properties of the 

material or device. The working mechanism is simple. During the measurement, the 

equipment drives an electrical signal with a sweeping frequency on the material through 

an adapter and measures its electrical response. The sweeping frequency range is from 

40 Hz to 110 MHz. To test the bulk material, an adapter 16034E (Hewlett-Packard) is 

used. A testing fixture 16047D (Hewlett-Packard) is used if the specimen is not a bulk 

material. Most piezoelectric properties can be measured by the impedance-theta (Z-θ ) 

and parallel capacitance-dissipation factor (Cp-D) modes. The impedance and 

phase-angle responses with frequency of a typical piezoelectric bulk material are shown 

in Figure 3.2 [51]. For the impedance response, fr  and fa  are the resonance 

frequency and the anti-resonance frequency, respectively. Using the resonance 

frequency and the thickness, the frequency constant of the material can be calculated. 

The electromechanical coupling coefficient ( kt ) can be calculated by the following 

equation: 
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  (9) 

Dielectric constant εr  and clamped dielectric constant εc  can be obtained at 1 kHz 

and 2 fr , respectively, through the Cp-D measurement. The calculation is shown as 

follows: 

  (10) 

where  is the capacitance at a certain frequency,  is the area of the electrode,  

is the thickness and  is the permittivity at vacuum ( = 8.854 ×10−12 ).  

The piezoelectric constant of the material was obtained by using the piezoelectric 

constant meter. The conceptual diagram of the working mechanism is shown in Figure 

kt
2 = π

2
⋅ fr

fa

tan π
2
⋅ ( fa − fr )

fa

⎡

⎣
⎢

⎤

⎦
⎥

C = εoεr/cA
d

C A d

εo

Figure 3.2 Impedance (blue line) and phase angle (black line) responses of a typical 
bulk piezoelectric material [51]. 
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3.3 [52]. The specimen is clamped by the driving probe that compresses the specimen 

with a fixed frequency. By measuring the generated voltage during the vibration, the 

piezoelectric constant is calculated and displayed.  

3.2.2 Acoustic impedance 

3.2.2.1 Density 

The acoustic impedance measurement can be divided into two parts: density 

measurement and acoustic velocity measurement. Firstly, the density measurement was 

done by the Archimedes’ principle. The weights of the specimen in air and immersed in 

water were measured by an electrical balance, respectively. With using the following 

equation, the density of the specimen can be determined.  

     

  (11) 

where  is the density of water ( 1000 ). This measurement is limited by 

ρspecimen = ρwater ⋅
mair

mwater

ρwater ≈ kg / m3

Figure 3.3 Working mechanism of piezo-meter [52]. 
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the density of the specimen that should be higher than that of water, and the specimen 

that should not exhibit strong water absorption effect. For the specimen not fulfilling the 

requirements, the fluid should be changed and the density of water should be replaced 

by the density of that fluid in Eq. (11). 

3.2.2.2 Acoustic velocity 

The acoustic velocity measurement setup is shown in Figure 3.4. The specimen clamped 

by an angle tunable fixture was placed between two identical ~10 MHz ultrasound 

transducers. The fixture can only rotate along the vertical direction for adjusting the 

angle between the propagation direction of the acoustic pulse and the normal of 

specimen along the thickness direction. One of the transducers was connected by a 

pulser/receiver (Panametrics 5900PR, Olympus) or a function generator (Tektronix 

AFG 3251) for acoustic pulse excitation. Another transducer was connected to a digital 

oscilloscope (HP Infinium) for receiving the propagated acoustic pulse. An acoustic 

coupling gel was filled in the gap between the specimen and transducer on both surfaces 

for enhancing the signal. The measurement has two main steps. First, the propagation 

time ( to ) of acoustic pulse without the specimen was measured by connecting both 

transducers head by head. The time was simply displayed on the oscilloscope. Second, 

the propagation time ( ts ) with the specimen was measured. The connection between 
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each surface should be as close as possible. Finally, the longitudinal acoustic velocity 

can be calculated by the following equation: 

  (12) 

where  is the thickness of the specimen and ν33  is the longitudinal velocity. 

 

 
Figure 3.4 Setup for the longitudinal acoustic velocity measurement. 

For the shear velocity measurement, a shear acoustic transducer was used. The 

measurement method is similar to the previous one. The pulse/receiver or the signal 

generator excites the shear wave transducer such that a shear acoustic pulse was 

propagated along the normal direction of the transducer. The specimen was clamped 

between the transducer and a 5-mm thick quartz. The propagated pulse and the pulse 

reflected by different interfaces were displayed by the oscilloscope connected with the 

transducer. The maximum amplitude of the reflected pulse was obtained by rotating the 

transducer along the normal direction. The time difference of two pulses reflected by 

ν33 = d / (ts − to )

d
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different interfaces was measured by the oscilloscope. Using the following equation, the 

shear velocity of the specimen is calculated. 

  (13) 

where is the time difference and  is the thickness of the specimen. Using the Eq. 

(5), the acoustic impedance of piezoelectric material, matching layer and backing layer 

were calculated.  

3.2.3 Acoustic response of transducers 

3.2.3.1 Pulse echo response and frequency spectrum 

The pulse-echo response of the phased-array transducer was measured in a water tank at 

room temperature using a Panametrics 5900PR pulser/receiver. The echo was reflected 

by a thick (~37 mm) stainless steel target at a distance of the near field-far field (nf-ff) 

transition point. The nf-ff distance of element was calculated using the following 

equation: 

  (14) 

Where A is the aperture of the element, λ  is the wavelength of the acoustic pulse in 

the medium. The active element was excited by an electrical impulse of 1 µJ at 500 Hz 

repetition with 50 Ω damping and 26 dB gain. The time domain echo response was 

displayed using an oscilloscope (HP Infinium). The frequency domain echo response 

ν shear = 2d / t

t d

N = A /πλ



 METHODOLOGY 
              

THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Wong	Chi	Man	 Page	59	
 

was calculated by the built-in Fast Fourier Transformation (FFT) programme. Figure 

3.5 shows the measurement setup. Two -6 dB points in the frequency spectrum were 

found at the 6 dB difference from the maximum amplitude. The equation of bandwidth 

calculation is shown as follows [8], [28], [53]: 

 -6 dB bandwidth = 2( fH − fL ) / ( fH + fL )  (15) 

where fH  and fL  are the frequencies of the -6 dB points.  

 

Figure 3.5 Setup of two-way pulse-echo response measurement. 

3.2.3.2 Insertion loss 

The insertion loss (IL) measurement setup is same as Figure 3.5. The transducer was 

excited by a signal generator. The excitation waveform was a 20-cycle sinusoidal wave 

Panametrics 5900PR 
pulser/receiver 

Oscilloscope (HP 
Infinium) 

Water tank 
with a thick 
stainless steel 

Transducer 

Micromanipulator
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with an amplitude Vi  and a frequency of the center frequency in a tone burst mode. 

Actually, 5 cycles were enough to measure the IL. However, the measured results were 

much stable and accurate when the average value was taken in 20 cycles compared to 5 

cycles. Thus, 20-cycle was chosen in the measurements [54]. The pulse propagated 

through the water and reflected by the interface between water and stainless steel. The 

amplitude (Vo ) of the reflected pulse was obtained by the transducer and displayed on 

the oscilloscope connected with the signal generator and the transducer simultaneously. 

The impedance of the oscilloscope was set as 1 MΩ  for Vo measurement and 50 Ω  for 

Vi  measurement. The following equation shows the calculation of IL: 

  (16)IL = −20 log(Vo

Vi

)
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CHAPTER 4 RESULTS AND DISCUSSIONS  

In this Chapter, three 20-MHz PMN-0.3PT single crystal phased-array transducers are 

going to present. The design of two arrays had slightly difference that Array 2 was the 

improved version of Array 1 resulting in higher performance and successful rate. The 

design, the detail of the fabrication procedure of different arrays and all the parameters 

will be illustrated in two sections. Simulated and measured results of the acoustic and 

electrical responses of those fabricated US transducers will be shown. Eventually, 

discussion and result comparison will be presented for elaborating the accomplishment 

of this study and the limitation of the fabricated ultrasound transducers. 

4.1 ARRAY 1 

4.1.1 Simulated result  

The input parameters of the PMN-PT single crystal are shown in Table 4.1. The 

matching layer used in the first and second matching layers are 2− 3 µm aluminum 

oxide powder mixed with EPO-TEK 301-2 (Epoxy Technology Inc., Billerica, MA) 

(Epoxy 301) and pure Epoxy 301, respectively. By using Table 1.2, the calculated 

acoustic impedances of the double matching layer were 8.5 MRayls and 2.3 MRayls. 

The materials for the first and second matching layers had similar acoustic impedance 

and the non-conductive behavior. The non-conductive behavior was required because 
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the separated electrodes were designed on the front surface for adhering to the custom 

designed flexible circuit (Hong Rui Kang Electron Co. Ltd, China). A conductive epoxy 

E-solder 3022 (Von Roll Isola, New Haven, USA) (E-solder) was used as the backing 

layer. E-solder had a high attenuation (112 dB/mm at 30 MHz) [55] in a wide frequency 

range, so it has been used as the backing layer in different research and commercial 

products [38], [56], [57]. The properties of the layers and the specifications of the arrays 

are listed in Table 4.2 and Table 4.3, respectively.  

Table 4.1 Measured properties of the PMN-PT single crystal 

Material  PMN-0.3PT 

Longitudinal velocity (ms!!) 4200 

Shear velocity (ms!!) 2100 

Density (kgm!!) 7500 

Dielectric constant,  ~5000 

Clamped dielectric constant,  1400 

Piezoelectric constant,  (pC/N) 1400 

Electromechanical coupling coefficient, !! 0.60 

Acoustic impedance (MRayls) 31.5 

Loss tangent 0.005 
 
  

ε r
33

ε s
33

d33
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Table 4.3 Array 1-Specifications 

Designed center frequency  20 MHz 
Number of elements 64 
Pitch  75 !m (1!) 
Elements width 55 !m 
Elements length 5 mm 
Elevation dimension  2.153 mm 
Azimuthal dimension 4.8 mm 
Kerf width 20 !m 
PMN-PT thickness  80 !m 
First matching layer thickness 40 !m 
Second matching layer thickness 33 !m 
Backing layer thickness 2 mm 

 

Table 4.2 Array 1-Properties of acoustic layers  

Matching layer number  1 2 Backing layer  

Material  2− 3µm Al2O3 powder  

+ ERO-TEX 301-2 

EPO-TEK 

301-2 

E-solder 3022 

Weight ratio 1.3:1 N/A N/A 

Acoustic impedance (MRayls) 7.6 3.0 5.9 

Velocity (ms!!) 3320 2650 1850 

Density (kgm!!) 2295 1132 3200 
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The piezoelectric properties of the PMN-PT single crystal were characterized by the 

impedance analyzer. The sound velocity and density of acoustic layers in Array 1 were 

measured by using the sound velocity measurement setup and Archimedes drainage 

Figure 4.1 Array 1-Simulated electrical impedance spectrum.  

Figure 4.2 Array 1-Simulated pulse echo waveform and frequency spectrum. 
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method described in Chapter 3.2.2. The simulated results are shown in Figures 4.1 and 

4.2.  

Figures 4.1 and 4.2 show the electrical impedance responses and pulse-echo waveform 

modeled by PiezoCAD. The optimized thicknesses of the active layer and double 

matching layer were 80 !m, 40 !m and 33 !m, respectively. The E-solder with a 

thickness of 2 mm had high attenuation to absorb the reflected wave. In the pulse-echo 

waveform, the simulated center frequency was 21.7 MHz while the -6 dB bandwidth 

was 78%. The peak-to-peak value of simulated result was 11.3 mV/V. According to the 

results, the center frequency is slightly higher than the expectation, but it is still 

accepted. The thickness of PMN-PT was 80 !m that was thinner than the theoretical 

calculation (105 !m), causing the shift of the simulated center frequency. The center 

frequency of the array was compensated to maximize the bandwidth. Although the 

optimal simulated bandwidth is still slightly below 80%, this is still acceptable. The 

electrical impedance spectrum showed the impedance of 101 Ω @ 20 MHz that was 

double the requirement of 50 Ω due to the small aperture size. The aperture size could 

not be further increased due to the technical limitation of dicing saw. By increasing the 

width of element while remaining the pitch unchanged, reducing the kerf is the only 

compensation, but the kerf width has reached the physical limitation of the dicing blade. 
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Although the thinnest blade used to dice the PMN-PT single crystal was 15 !", the 

dicing blade vibrates during the high speed rotation so that the resultant kerf should be 

wider. Thus, the width of element cannot be further increased. Increasing the element 

length may be the only option to increase the aperture size, but the electromechanical 

coupling performance may reduce because the resonance mode would change according 

to the dimensions of the element. The high impedance issue can be solved by using an 

electrical coupling system to match the high-impedance array to 50 Ω  send/receive 

electronics [9]. In general, the reduction of electrical impedance of the transducer would 

enhance its sensitivity.  

 

4.1.2 Fabrication procedures  

Figure 4.3 Schematic of Array 1. 
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The fabrication procedures of ultrasound transducer depend on its design. For Array 1, 

the schematic structure is shown in Figure 4.3. The fabrication method used was the 

“dice-and-fill” method. At first, the piezoelectric material was sputtered with 

chrome/gold (Cr/Au) electrode (thickness ~ 200!"/500!") on both surfaces using 

magnetron sputtering. Then, the sample was poled under a DC electric field with an 

amplitude of 1 MV/m in methyl hydrogen polysiloaxane (Silicon oil) at 120 !!  for 15 

mins. The voltage was kept until the poling temperature returned to the room 

temperature. The sample was then short-circuited for 24 hours to remove trapped 

charges that may cause self-depolarization. 

After the poling process, the sample was diced into a dimension of 5!!×5!! by a 

dicing saw (model DAD 321, DISCO, Japan) and lapped to a thickness of 0.13!! 

after casting the backing layer (E-solder) on the backside of the sample. The E-solder 

was centrifuged with 3000 rpm for 10 minutes for better adhesion. Then, the E-solder 

was cured in an oven set at room temperature for 24 hours. The array was then 

fabricated by using the dicing saw to dice the sample into 32 elements with a kerf of 

27 !" and dicing spacing of 150 !m. The dicing depth was 150 !m with a cutting 

speed of 0.4 mm/s , which should certainly be enough to dice through the 

130 !m-thick sample. The kerf was filled by epoxy 301 to reduce the crosstalk between 
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the elements [47]. After filling the epoxy, the sample was degassed in vacuum to 

remove air bubbles inside the kerfs. The surface of the sample was polished to remove 

the epoxy covering the surface, then the total sample thickness became 110 !m. The 

sample was diced again with a spacing of 150 !m by aligning the middle of the 

elements as a reference point.  

After dicing, the mentioned epoxy filling and polishing process were repeated again. 

After the dice-and-fill process, two ceramic plates were placed next to the sample as a 

base for the electrode extension. Since the ceramic is harder than the epoxy, it can 

Figure 4.4 Array 1-Top view of the 64-elements array after wire connection.  
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provide a stable base for electrodes connecting with coaxial cables because the adhesion 

between Cr/Au electrodes and epoxy is weak that the electrodes may disconnect with 

the array afterwards. Then, the array was further lapped to the simulated thickness 

(80 !m) using alumina powder that can remove the scratches on the array surface to 

enhance Cr/Au electrodes adhesion. A 200 nm-thick Cr/Au electrode was sputtered on 

the sample surface and then etched into an electrode pattern by using photolithography 

(Aligner 800MBA). The Au and Cr electrodes were etched using potassium iodide (KI), 

and mixture of cerium(V) ammonium nitrate and nitric acid with the etching time of 30 

s and 60 s for Au and Cr, respectively. The anode (end of the extension electrodes) was 

wired to the coaxial cable while the cathode was connected to the backing layer using a 

conductive epoxy, E-solder. The epoxy was finally covered on the connection nodes of 

the coaxial cables for protection. A 3 !m-thick Parylene C was coated on the whole 

array by the Parylene C deposition system (Specialty Coating System, Inc., USA) for 

preventing water invasion and chemical hazards. Figure 4.4 illustrates the appearance of 

Array 1 after the wire connection.  

4.1.1 Characterizations  

The electrical impedance of transducer was characterized by the impedance analyzer. 

Figure 4.5 shows the measured electrical impedance and phase angle of a representative 
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element of Array 1 in the frequency domain. All the important parameters are listed in 

Table 4.4 and compared with the simulated results. Array 1 shows a phase angle peak at 

19.4 MHz. The center frequency was slightly lower than the designed frequency, and 

the impedance was slightly higher. Both time domain and frequency domain echo 

responses of the representative element of Array 1 are shown in Figure 4.6 and the main 

properties are listed in Table 4.5. Array 1 showed a center frequency of 22 MHz that is 

close to the design. Since Array 1 was the first prototype to check the material and 

fabrication issues, no matching layer was employed, the bandwidth was low (41%) that 

is significantly lower than the simulated result (78%). The simulated results of acoustic 

responses are also listed in Table 4.5 for comparison.  

 

 Measured  Simulated 

Impedance (Ω) 135 @20 MHz 101 @20 MHz 

Resonance frequency, !! (MHz) 16.3 19.0 

Anti-resonance frequency, !!(MHz) 21.4 19.7 

Effective coupling coefficient, !!"" 0.43 0.69 

 

Ω Ω

Table 4.4 Array 1-Comparison of simulated and measured electrical properties 
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Figure 4.5 Array 1-Measured electrical impedance (black line) and phase angle (blue 
line) of a representative element. 

Figure 4.6 Array 1-Pulse echo waveform and frequency spectrum of a representative 
element. 
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Table 4.5 Array 1-Measured and simulated results in the pulse-echo waveform and 
frequency spectrum of a representative element 

Actually, the successful rate of the Array 1 is critically low due to the issue of 

connection between the array and coaxial cable. Only 30% elements had signals and the 

rest of them were disconnected or short circuited. The separations between the element 

electrodes were only 200 !m and the cables soldering were manipulated by hands 

under an optical microscope, so the successful rate becomes incredibly low. By 

checking the conductivity between the coaxial cables and the outer electrodes using a 

multimeter, the connections showed the excellent conductivity. However, the array 

showed a very low conductivity of electrode traces across the array and outer electrode 

traces. It was found that the gap between the ceramic base and the piezoelectric element 

is large such that the electrodes were separated as shown in Figure 4.7. The possible 

reason is that the adhesion of Cr/Au electrode on the gap was weak because the gap was 

 Measured Simulated 

Center frequency !! (MHz) 22.00 21.70 

Peak to peak voltage (V) 4.2 (26 dB gain) 11.3 (No gain) 

!! (MHz) 26.48 13.24 

!! (MHz) 17.50 30.16 

-6 dB Bandwidth (%) 41 78 

×10−3
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filled by the epoxy. Furthermore, the surface of epoxy filled in the gap, the ceramic base 

and the array were not at the same elevation level. The thickness of the sputtered Au 

electrodes was unable to overcome the elevation difference that may be possible to 

cause the electrodes disconnection. Moreover, the Cr/Au electrode at the edge of the 

ceramic could be easily removed during the Cr/Au etching process. Thus, the 

connection method was changed for the second array (Array 2).  

  

Figure 4.7 Array 2-The electrode traces separated across the ceramic base.  

Array  
Ceramic base  
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4.2 ARRAY 2 

4.2.1 Design and fabrication 

Based on the experience of Array 1, the electrical connection method was changed to 

achieve higher successful rate. A designed flexible circuit was used to connect the 

elements rather than using the coaxial cables connecting the elements one by one. The 

traces separation of flexible circuit was designed to be exactly the same as the 

electrodes separation of the array. The flexible circuit was aligned with the outer 

electrodes under the optical microscope, then pressed on the electrodes with a 

low-viscosity epoxy, M-bond 601 (Micro-Measurements), using a fixture. The other 

fabrication procedures were the same as Array 1. The last procedure was to cast the 

Figure 4.8 Schematic of Array 2 [54]. 
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double matching layer on the array’s front surface using the fixture and Epoxy 301. The 

schematic of Array 2 is illustrated in Figure 4.8 [54] and the fabricated phased-array 

prototype is shown in Figure 4.9. 

 

Figure 4.9 Photo of the fabricated Array 2 prototype. 

4.2.2  Characterization  

Figure 4.10 shows the electrical impedance and phase angle responses of a 

representative element while Table 4.6 shows the measured parameters. It is shown that 

three peaks appeared in the phase angle curve. The frequencies of the peaks were found 

to be 18.6 MHz, 12.2 MHz and 26.9 MHz, respectively. The peak at 18.6 MHz showed 

the largest phased angle shift and the values of other two peaks were remarkably small. 

Compared to the transition peaks (14 MHz, 22 MHz and 29 MHz) in Figure 4.1, the 

measured peaks of Array 2 were slightly shifted to lower frequencies. This may be 

1 cm 
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attributed to the thickness variant during the lapping procedure. The flexible circuit was 

an extra electrical path in which the actual effect of electrical response on each element 

could not be estimated, although the effect could be added in the simulation or 

eliminated by doing the calibration of the impedance analyzer [32].  

The simulated results are also listed in Tables 4.7. The impedance of Array 2 was 77.9

 @ 20 MHz, which was closer to the standard impedance requirement (50 Ω) than 

the simulated one. Thus, the energy transmission between the operation system and the 

array may be higher and the sensitivity of the array may also be enhanced.  

 

Ω

Figure 4.10 Array 2-Measured electrical impedance (black line) and phase angle (blue 
line) of a representative element. 
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Table 4.6 Array 2-Comparison of simulated and measured electrical properties of a 
representative element.  

 Measured Simulated 

Peak of phased angle, !! (MHz) 18.6 22.0 

Impedance (Ω) 77.9 @ 20 MHz 101 @ 20 MHz 

Resonance frequency, !! (MHz) 17.2 19.0 

Anti-resonance frequency, !! (MHz) 19.7 25.0 

Effective coupling coefficient, !!"" 0.53 0.69 

 

Figure 4.11 Array 2-Pulse-echo waveform and frequency spectrum of a representative 
element. 
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Figure 4.11 shows the pulse-echo waveform and frequency spectrum of a representative 

element of Array 2. Table 4.7 shows the measured results and compared with the 

simulated acoustic responses. Array 2 was shown to exhibit a -6 dB bandwidth of 91% 

with a frequency range from 12 MHz to 32 MHz. The bandwidth was extremely boarder 

than the simulated value and the reported results [31]-[34], [43]. 

 

Table 4.7 Comparison of simulated and measured properties of a representative element. 

 

The peak-to-peak value was 1.4 V with 26 dB gain received by the pulser/receiver. The 

pulse length of the array was 314 ns. The IL of the array was measured as 29 dB. The 

simulated (21.7 MHz) and measured (22.0 MHz) center frequencies agree well, 

resulting in the difference of only 0.3 MHz. The frequency discrepancy may be caused 

 Measured Simulated 

Center frequency, !! (MHz) 22.0 21.7 

Peak to peak voltage (V) 1.4 (26 dB gain) 11.3  (No Gain) 

-6dB Bandwidth (%) 91 78 

Pulse length (ns) 320 314 

Insertion loss (dB) 29 N/A 

×10−3
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by the thickness variant in each layer. Table 4.8 illustrates the dimensions of the 

fabricated and the designed arrays. The thickness of the piezo-layer was 70 !m, which 

was thinner that the designed value (80 !m). The thicknesses of the inner and outer 

matching layers were thinner than the expected values as well, so this also caused the 

center frequency shifted to a higher value. Nevertheless, the discrepancy is small that 

can be neglected. The sensitivity of the fabricated array (an insertion loss of 29 dB) was 

higher than the simulated value (an insertion loss of ~40 dB). It may be attributed by the 

lower electrical impedance of the fabricated array. The impedance was closer to 50 Ω 

such that the energy transition should be better between the operation system and the 

array, resulting in more energy for acoustic pulse emission. 

 

Table 4.8 Array 2-Designed and fabricated results in the pulse-echo waveform and 
frequency spectrum of a representative piezo-element. 

 

 

 Designed Fabricated  
Piezo-elements thickness  80 !m 70 !m 
Inner matching layer thickness  40 !m 38 !m 
Outer matching layer thickness 33 !m 30 !m 
Backing layer thickness  2 mm 2 mm 
Kerf width 20 !m 23 !m 
Piezo-element width 55 !m 52 !m 
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The most attractive result was the significantly bandwidth enhancement. The -6 dB 

bandwidth was 91% that was 10% wider than the simulated result. This may be 

attributed to the piezoelectric nature. From Table 4.8, the cutting kerf (22 !m) was 

wider than the designed one (20 !m), but the photolithographed electrodes remained at 

55 !m, so the active layer became a 2-2 composite rather than a pure bulk single crystal. 

The acoustic impedance of 2-2 composite was lower than that of the bulk material 

according to the investigation of Wang et al. at 2013 [58]. Besides, the thickness mode 

electromechanical coupling coefficient of the 2-2 composite ( 0.6) is higher than that 

of the bulk material (0.5) if the crystal volume fraction of the composite is larger than 

0.1 [59]. The piezo-elements with lower impedance would have a better impedance 

matching with the double matching layers, causing better transmission at high and low 

frequency ranges and wider bandwidth.  

The fabricated array was found to have 50% bandwidth enhancement when comparing 

with the reported transducers fabricated using piezoelectric ceramics or 

ceramic-polymer composite materials. The comparisons are illustrated in Table 4.9 

[31]-[34], [43]. The bandwidth of the phased-array transducer in this study was 10% 

wider than the linear-array transducer fabricated by Foster et al. (a -6 dB bandwidth of 

80%). Theoretically, the phased-array transducer should have the highest axial 

≥
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resolution. However, the fabricated transducer exhibited a higher IL (29 dB) than that of 

the linear-array transducer (25 dB). The sensitivity of the fabricated transducer may be 

lower. The echo with a longer path may not be detected by the transducer, causing 

shallower imaging depth and lower resolution particularly for objects far from the 

transducer. Nevertheless, the IL was still in the acceptable range because images were 

still reported to acquire using the array transducer with an insertion loss of 46.4 dB [34].  

According to Eqs. (3) and (4), the theoretical axial and lateral resolutions of Array 2 can 

be calculated as 37.46 !m and 16.04 !m at nf-ff distance, respectively. The axial and 

lateral resolutions are relatively high comparing with previous research. However, the 

calculation of lateral resolution does not consider the electronic beam formation, which 

can narrow the beam width depending on the number of elements and the focal length. 

The actual lateral resolution of the Array 2 should be significantly smaller than the 

calculated value.  
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 Table 4.9 Comparisons of the reported transducers and Array 2.  

 

 

The fabricated transducer has shown an impressively wide bandwidth in the pulse-echo 

measurement, but the imaging performance of the transducer has not been evaluated yet. 

Moreover, the successful rate of the transducer was lower than 80% that was not enough 

for obtaining the medical imaging. Although the bandwidth was wide, the resolution of 

the transducer may still be affected by other factors, such as the side beam effect. The 

side beam effect was not observed in the pulse-echo measurement, but its effect is still 

 Array 2  Linear-array 
fabricated by 
Nguyen-Dinh 
et al. 1996 
[34] 

Phased-array 
fabricated by 
Chiu et al. 
2014[33] 

Phased-array 
fabricated by 
Bezanson et 
al. 2014 [43] 

Linear-array 
fabricated 
by Stuart 
Foster et al. 
2009 [31], 
[32] 

Designed 
center 
frequency  

20 MHz 20 MHz 20 MHz 40 MHz 30 MHz 

Material  PMN-30%PT PZT-polymer 
composite 

PZT-5H PMN-32%PT PZT-polymer 
composite 

Number of 
element 

64 128 48 64 256 

Pitch  75 !m (1!) 110 !m 
(~1.5 !) 

37 !m 
(~0.5!) 

38 !m (~1!) 74 !m 
(~1.5!) 

-6 dB 
Bandwidth  

91% 50% 61% 55% 80% 

Insertion 
loss 

29 dB  46.4 dB N/A N/A 25 dB 
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unknown and may possibly affect the image acquisition. It is known that for a pitch 

lower than 0.5λ, the side beam effect can be totally neglected. To neglect the side beam 

effect, a transducer with the narrower pitch was highly desired to design and fabricate. 

On the other hand, the successful rate of was improved to higher than 80% for 

processing an image acquisition. The accomplishment of this work will be described in 

the next section.  

4.3 ARRAY 3  

4.3.1 Re-design the transducer with the narrower pitch 

Array 2 has shown an accomplishment on wide bandwidth. For further performance 

improvement, a few modifications were taken on the latest array (Array 3). The 

side-beam effect has to be neglected as possible to minimize its adversely effect on 

imaging. The pitch of the array was narrowed from 75  (1!) to 60 (0.8!) that 

was closer to the ideal value (0.5 ). In this case, the side-beam should appear at a 

larger angle. To remain the low electrical impedance of the array, the area of the 

elements should remain unchanged. Under this circumstance, the kerf was the only 

factor to be reduced. By using a new type of blade, which is called hub blade, the 

fluctuation of the blade during dicing can be reduced. The dicing kerf of the array was 

20 when using a 15  thickness hub blade (ZH05-SD2000, DISCO, Japan). 

µm µm

µm

µm µm
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Although the kerf width was narrower, the width of the elements was still reduced. 

However, even the impedance of the re-designed array is double (~300 Ω ) that of 

Array 2, the impedance can still be coupled to 50 Ω by using the electrical coupling 

system. The second matching layer was replaced by Parylene C because it can be 

deposited to cover the whole transducer directly by using the Parylene C deposition 

system (Specialty Coating System, Inc., USA). Besides, the acoustic impedance of 

Parylene C (2.6 MRayls) was closer to the required acoustic impedance (2.3 MRayls) of 

second matching than the Epoxy 301 (3.0 MRayls). Thus, Parylene C should have a 

better impedance coupling. In addition to the low acoustic impedance, the waterproof 

and chemical proof features of Praylene C can also prevent the transducer from 

short-circuited by the water invading into the transducer, which could enhance the 

successful rate of the transducer. With the above changes, a new simulation result was 

modeled by PiezoCAD. The piezoelectric properties of the used PMN-0.3PT material 

and the properties of acoustic layers are listed in Table 4.10 and 4.11 respectively, and 

the simulated acoustic and electrical results are shown in Figures 4.12 and 4.13, 

respectively. All the dimensions of the new designed array are shown in Table 4.12, 

respectively. 
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Table 4.10 Measured piezoelectric properties of PMN-0.3PT bulk material used in Array 3 

Material  PMN-0.3PT 

Longitudinal velocity !! (!!!!) 4038 

Density ! (!"!!!) 7920 

Clamped dielectric constant !!! 
!  621.6 

Piezoelectric constant !!! (pC/N) 1400 

Electromechanical coupling coefficient  !! 0.58 

Acoustic impedance ! (!"#$%&) 32 

Thickness (!") 500 

 

 
  

Matching layer number  1 2 Backing layer  

Material  2− 3!" Al2O3 powder 

 + Epoxy 301 

Parylene C E-solder 

Weight ratio 1.3:1 N/A N/A 

Acoustic impedance 

(!"#$%&) 
7.6 2.6 5.9 

Velocity (!!!!) 3320 2350 1850 

Density (!"!!!) 2295 1100 3200 

Table 4.11 Array 3-Properties of acoustic layers. 
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Figure 4.13 Array 3-Simulated electrical impedance (black) and phase angle (blue) spectra. 

Figure 4.12 Array 3-Simulated pulse-echo (black) and frequency (blue) spectra. 
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 Table 4.12 Array 3-Specifications. 

The simulated result showed a higher predicted -6dB bandwidth, which was 80.5%, 

comparing with the simulated result of Array 1. The peak-to-peak value was same as the 

previous simulation, and the center frequency was 19.9 MHz with an impedance of 367 

Ω at 20 MHz. The high electrical impedance was caused by the low clamped dielectric 

constant of the PMN-0.3PT material. The simulated results fulfilled the requirement of 

wide bandwidth (>70 %), so the new design of the transducer might be feasible.  

4.3.2  Fabrication process  

Most of the fabrication processes were similar as the previous Array 1. The changed 

steps are listed as following:  

Designed center frequency  20 MHz 
Number of elements 128 
Pitch  60 !m (0.8!) 
Elements width 42 !m 
Elements length 5 mm 
Elevation dimension  2.16 mm 
Azimuthal dimension 7.68 mm 
Kerf width 18 !m 
PMN-PT thickness  90 !m 
First matching layer thickness 42 !m 
Second matching layer thickness 28 !m 
Backing layer thickness 2 mm 
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1. Dice-and-fill process parameters: dicing separation ~ 60 !" (0.8! pitch), a kerf of 

20 !", a cutting depth of 150 !", and a dicing speed of 0.4 mm/s. The diced kerfs, 

shown in Figure 4.14, were captured by the built-in function of the dicing saw (DSD 

3220, DISCO, Japan). The dicing index was selected to be 60 !" and all 128 elements 

were diced in one dicing process. This can reduce the fabrication time by bypassing one 

of the lapping processes.  

Figure 4.14 The profile of kerfs diced by the mechanical dicing saw. 

2. Two custom designed flexible circuits with the trace separation double the array 

pitch were connected on both edges of the array by M-bond 610. The narrowest 

separation of the flexible circuit provided by the manufacturer is wider than the pitch of 

the array. Otherwise, the electrode traces of the flexible circuit would be shorted 

internally.  
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3. Only the first matching layer was casted on the front surface of the array. Then, a 

28 !"-thick Parylene C was deposited on the array as the second matching layer.  

4.3.3 Results and discussion  

During the fabrication, some issues were found. The bulk PMN-0.3PT sample should 

have a thickness of >0.5 mm before the dicing process. The thinner sample would bend 

after the epoxy was filled, which was due to the thermal expansion difference between 

the epoxy and PMN-PT. The bending would influence the photolithography or 

sub-dicing alignment. It was found that the bending would not occur if the sample 

thickness was larger than 0.5 mm. Besides, the cutting depth and cutting speed were 

limited at 150 !" and 0.4 mm/s. The elements dropped off easily from the sample if 

the cutting depth is too large. Actually, this pitch (!" !") reached the limitation of 

PMN-PT material by using the mechanical dicing method. Although the array was 

successfully fabricated, the failure rate was still high. 
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Compared to the previous array, the kerf width was narrower such that the air bubbles in 

the filled epoxy needed higher vacuum to remove thoroughly. The trapped bubbles 

would influence the Cr/Au etching process due to the sputtered Cr/Au on the bubbles 

could not be etched. To prevent the electrodes short-circuited, re-dicing was replaced by 

the photolithography and etching processes. It enhanced the feasibility of the array 

development. The fabricated Array 3 transducer prototype is shown in Figure 4.15. 

The insertion loss of all 128 elements have been investigated and shown in Figure 4.16. 

Figure 4.15 Top view of fabricated Array 3. 

1 cm 
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was higher than that of Array 2. 6 of 128 elements (elements #1, 3, 5, 51, 104 and 128) 

had much higher insertion loss than the average value, which indicate the disconnection 

feature of those elements. Besides, 8 of 128 elements (elements #59, 60, 66, 67, 112, 

113, 114 and 115) were short-circuited with each other, which showed relatively low 

insertion loss compared to the average value. 5 of 128 elements (elements #6, 8, 10, 12 

and 14) had slightly higher insertion loss than the average values, which was considered 

to be the weak-signal elements. According to the above observations, 109 of 128 

Figure 4.16 Array 3-Insertion loss of all 128 elements. 
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elements had the insertion losses of around the average value, thus the successful rate 

was around 85%. The successful rate exceeded 80% (higher than the previous Array 2), 

which shows Array 3 fulfills the requirement of image acquisition.  

 

For the electrical response, Figures 4.17 and 4.18 represent the electrical 

impedance-phase angle and capacitance-loss results of 109 of 128 elements, 

respectively. Both electrical responses show high uniformity among the elements under 

test. Table 4.13 shows that the impedance of a representative element was 401 Ω@20 

MHz that is slightly higher than the simulated result, and the peak of the phase angle 

Figure 4.17 Array 3-Electrical impedance (black) and phased angle (blue) of 109/128 
elements.  
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was located at 17.2 MHz. Besides, the higher impedance was found because of the 

lower clamped dielectric constant and the narrower pitch of Array 3. It is known that the 

clamped dielectric constant is a parameter directly related to the electrical impedance of 

the transducer. On the other hand, the narrower pitch causes the smaller aperture size of 

each element. Thus, the electrical impedance is further increased in the latest array 

design. The phase angle peaks shifted to the lower frequency when compared to the 

simulated value, which may be due to the thickness variant of layers during the array 

development.  

  

Figure 4.18 Array 3-Capacitance (black) and loss (blue) of 109 /128 elements.  
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Table 4.13 Array 3-Measured electrical impedance and phase angle properties of a 
representative element.  

For the capacitance and the loss curves, the peak of the loss was located at 17.3 MHz. 

This frequency was possibly the center frequency of Array 3. The capacitance at 20 

MHz was 13.22 pF that matched with the value calculated using the clamped dielectric 

constant and the aperture size of the element.  

In Figure 4.19, the pulse-echo response of Array 3 showed an amplitude of 1.38 Vp-p 

with a 26 dB gain, which is compatible with the performance of Array 2, although the 

electrical impedance of Array 3 was higher than that of Array 2.  

 

Peak of phased angle !! (MHz) 17.3 

Impedance (Ω) 401@20 MHz 

Resonance frequency !! (MHz) 14.71 

Anti-resonance frequency !! (MHz) 19.57 

Effective coupling coefficient !!"" 0.70 



RESULTS AND DISCUSSIONS 
              

THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Wong	Chi	Man	 Page	95	
 

  

Figure 4.19 Array 3-Pulse-echo waveforms of 109/128 elements. 

Figure 4.20 Array 3-Frequency response spectra of 109/128 elements. 
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Table 4.14 Array 3-Measured results in the pulse-echo waveform and frequency response 
spectrum of a representative element. 

Center frequency !! (MHz) 17.5 

Peak to peak voltage (V) 1.38 

!! (MHz) 10.11 

!! (MHz) 24.98 

-6dB Bandwidth (%) 84.8 

  

Table 4.14 shows that the center frequency of Array 3 was 17.5 MHz calculated by the 

two -6 dB frequency points. The center frequency matched with the electrical response 

in which the highest phase angle peak was at 17.3 MHz. The lower center frequency 

was probably due to the thickness variant in different layers. The pulse-echo waveforms, 

as shown in Figure 4.19, show the appearance of ring-down after one pulse period and it 

repeated twice with the continuous decreasing amplitude. Referring to the backing layer, 

the acoustic impedance may not be high enough for full acoustic pulse transmission, 

furthermore, the absorption of backing still have to be improved for lower the 

ring-down phenomena. The backing layer can be replaced by a mixture of powder and 

epoxy to tune the acoustic impedance and absorption at the required frequency via 
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changing the particle size of the powder and the ratio of components. According to 

Section 1.2.3.4, the particle size can control the wave scattering and reflection at 

different frequencies, respectively. By using the powders with the required particle size, 

the absorption improvement of the back reflected pulse can be predicted so as to further 

widen the bandwidth of the transducer. As shown in Figure 4.20, the responses at 

frequency of around 11 MHz showed the highest acoustic response when compared 

with those at other frequencies. Nevertheless, the frequency response was still steady in 

the frequency range within 11 MHz to 25 MHz. Although there was the ring-down with 

Array 3, the -6 dB bandwidth still accomplished almost 85%, which is higher than that 

of the PZT array developed by Stuart Foster et al. at 2009 [31], [32]. The maximum 

bandwidth of Array 3 was not higher than the array fabricated by Jiang et al. at 2010, 

but the results of Array 3 showed a significantly high uniformity such that the average 

-6 dB bandwidth is higher. The axial and lateral resolutions of the Array 3 were 

calculated as 50.44 !" and 10.03 !" so that the axial resolution is comparable and the 

lateral resolution is slight higher than Array 2, respectively.  
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The crosstalks of adjacent elements (both left and right sides) and one element next to 

the adjacent element of the representative element located at #100 in the Array 3 are 

shown in Figure 4.21. The adjacent elements on both left and right sides have nearly 

exact the same crosstalk against the frequency. This feature can also be seen on the one 

next to the adjacent elements. The crosstalks of the adjacent elements were around -45 

dB in the frequency range from 20 MHz to 37 MHz. The crosstalks were relative higher 

in the frequency range from 10 MHz to 20 MHz. The maximum crosstalk of -32 dB 

from the adjacent elements was located at around 15 MHz. The crosstalk of the one next 

to the adjacent elements had the similar trend of the adjacent elements, but the response 

Figure 4.21 Array 3-Crosstalk of adjacent elements (left and right sides) and one more 

next to the adjacent elements (left and right) of element #100. 

 



RESULTS AND DISCUSSIONS 
              

THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Wong	Chi	Man	 Page	99	
 

became flatter in the frequency range from 13 MHz to 40 MHz. Compared to the 

crosstalks of the adjacent elements, the crosstalks of the one next to the adjacent 

elements were higher that were around -35 dB. Guess et al. has reported the crosstalk 

feature of a 3-MHz array transducer in which the crosstalk of the next to the adjacent 

element had a -45 dB amplitude that was lower than that of the adjacent elements (-24 

dB) [60]. The measured crosstalk trend in this study was completely opposite to the 

result reported by Guess et al. The possible explanation is that the even number of 

elements was connected with the same flexible circuit attached with the source elements. 

It may generate higher crosstalk through the electrodes of the flexible circuit, and this 

phenomena has been observed from the 35-MHz linear-array developed by Cannata et 

al. in 2006 [9]. The crosstalk of the fabricated Array 3 is comparable with the array 

transducers using the PZT material, although the crosstalk of Array 3 had higher 

crosstalk than the previous Array 2.  
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CHAPTER 5 CONCLUSION  

In this study, three phased-array ultrasound transducers with high axial and lateral 

resolutions for biomedical imaging were studied. Table 5.1 summarizes the 

specifications of different arrays fabricated in this study. The accomplishments have 

been obtained by using the piezoelectric PMN-0.3PT single crystal material as the 

active layer of the 20-MHz transducer. A 64-element phased-array transducer has been 

successfully fabricated by the mechanical dicing method, which showed a very wide 

-6dB bandwidth of 91% and an insertion loss of 29 dB with a center frequency of 22 

MHz, but with a lower than 80% successful rate that does not fulfill the requirement for 

medical imaging. Another 128-element phased-array transducer using the PMN-0.3PT 

material has presented a wide bandwidth of 85% at the center frequency of 17.5 MHz. 

The bandwidth was slightly lower than the previous Array 2, and the frequency was 

lower than our initial design. The sensitivity of Array 3 is relatively low compared to 

Array 2, which had an average insertion loss of -45 dB. However, the overall result of 

Array 3 was better than that of the reported PZT array transducers.  

When comparing with other reported work and even the commercial array transducers, 

the fabricated phased-array transducer still has the widest bandwidth with a comparable 

sensitivity. The bandwidth of the fabricated Array 3 was 27% higher than that of the 
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20-MHz phased-array ultrasound transducer investigated by Chiu et al. [33], and ~34% 

higher than that of the 40-MHz phased-array developed by Bezanson et al. [59]. 

Theoretically, the wide -6 dB bandwidth is a direct evidence of high axial resolution, 

which means that the axial resolution of the fabricated 20-MHz PMN-PT phased-array 

should be higher than that of the other reported array transducers. The lateral resolution 

of the transducer depends on the beam width and the center frequency. By using the 

phased-array beam forming method with 128 elements at the center frequency of 17.5 

MHz, the transducer fabricated in this study should have the comparable lateral 

resolution with other studies. Moreover, 85% (109/128) of elements of Array 3 worked 

properly with an impressively high uniformity in performance. 
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Besides, the size of the transducer was ((L) 8 mm  (W) 5 mm  (H) 2.2 mm). 

Although it is not the smallest transducer and cannot be used for invasive imaging, it is 

still capable for small biomedical tissues imaging due to the features of high -6 dB 

bandwidth and high frequency. 

× ×

 Array 1 Array 2  Array 3 

First matching layer  N/A Al2O3 powder + 

Epoxy 301 

Al2O3 powder + 

Epoxy 301 

Second matching 

layer  

N/A Epoxy 301 Parylene C 

Backing layer  E-solder E-solder E-solder 

Number of element 64 64 128 

Pitch  75 !" ( ~1λ ) 75 !" ( ~1λ ) 60 !" ( ~ 0.8λ ) 

Bandwidth 41% 91% 85% 

Insertion loss  N/A 29 dB 45 dB 

Percentage of good 

elements 

<10% ~60% ~85% 

Table 5.1 Comparison of three different phased-array transducers. 
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CHAPTER 6 FUTURE WORK 

 

The measurement of axial and lateral resolutions and biomedical imaging has not been 

achieved by using the phased-array transducers fabricated in this study. The following 

investigation will be practically to use the fabricated Array 3 to acquire wire phantom 

imaging to determinate its axial and lateral resolutions. Furthermore, biomedical tissue 

imaging will be performed by using Array 3.  

The 20-MHz PMN-0.3PT phased-array has been successfully accomplished, however, 

20 MHz is the minimum frequency in the high frequency range. The center frequency of 

the phased-array transducer will be further increased for achieving a higher lateral 

resolution. Other fabrication method will be investigated to overcome the limitation of 

mechanical dicing on the PMN-PT material. 
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