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Abstract

Relaxor Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) based ferroelectric materials have
been significant interest for active transducer materials because of their superior dielec-
tric and electromechanical properties. However, there are some limitations for these
kinds of materials to implement into high frequency (20-100 MHz) ultrasound trans-
ducers, arising from the inability to fabricate fine scale features and degraded electrical
properties with increasing frequency. Therefore, this thesis deals with two important
topics. One is the improvement of the mechanical properties of relaxor-PTs to enable
the fabrication of high frequency transducers using these materials. The second is to
understand the mechanism of degraded electrical properties of these materials with in-
creasing frequency.

This thesis first presents the synthesis and characterization of fine (∼1 microns)
grained PMN-PT polycrystalline ceramics. Fine grain versions of piezoelectric ma-
terials have proven to be a great promise for high frequency transducers because of
their benefits, such as improved mechanical strength and property stability at high fre-
quency range. This thesis also includes the investigation of size and/or frequency de-
pendent properties of various relaxor-PTs to study their applicability to high frequency
ultrasound transducers. The compositions studied in this work include binary PMN-PT
polycrystalline ceramics and single crystals, as well as modified ternary based PMN-PT
single crystals.

The characterization of electrical properties of relaxor-PTs as a function of thick-
ness and/or frequency showed that fine-grained PMN-PT ceramics provide greater me-
chanical strength and improved property stability at small thicknesses less than 50 mi-
crons, which correspond to >40 MHz ultrasound frequencies. For single crystals, binary
PMN-PTs were found to exhibit significant property degradation in terms of dielectric
and piezoelectric properties with decreasing sample thicknesses. In contrast, modified
ternary based PMN-PT single crystals showed promise for a use in high frequency ultra-
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sound transducers, with no performance degradation with decreasing sample thicknesses
down to 40 microns. Analyses for thickness dependent permittivity at high temperatures
and domain observations revealed that the thickness dependent properties of relaxor-PTs
are closely related to the domain size with respect to the associated macroscopic scale
of the samples.

The influence of dicing damage on the properties was further studied and discussed
through the investigations of 1-3 relaxor-PT composites, which were fabricated by dicing-
fill technique. It was found that 1-3 composites showed further property degradation
compared to monolithic relaxor-PTs at the same thickness level. X-ray diffraction pat-
tern revealed that diced surface was covered with heavily stressed and damaged surface
layer, which implies that surface damage created by dicing could be the origin of prop-
erty degradation of 1-3 composites.
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Chapter 1
Introduction

1.1 Statement of the Problem and Motivation

Ultrasound imaging is a well-established medical imaging modality that provides

non-invasive diagnostic information of living tissue and organs. Traditionally, ultra-

sonic imaging has been used in the area of cardiology, obstetrics, and abdominal diag-

nosis. In these applications, the ultrasound frequency is below 10 MHz allowing deeper

penetration at the expense of resolution. Recently, there is growing need for higher

resolution, particularly in the areas of dermatology, ophthalmology and, intravascular

imaging (IVUS).[1–6]

In the ophthalmic eye imaging, for example, high frequency ultrasound can accu-

rately distinguish or determine various types of glaucoma, such as pupillary block glau-

coma and plateau iris syndrome. 50 MHz ultrasound eye images are shown in Figure 1.1,

which clearly displays the anterior region of the eye, allowing the analysis of the anterior

chamber depth (ACD) in patients with pupillary block and plateau iris syndrome.[7, 8]

For the case of dermatology, commercial ultrasound imaging system has been de-

veloped in the frequency range between 2 and 20 MHz. At these frequencies, however,
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the resolution was limited to approximately 200 µm at best. Attempts have been made

to develop high frequency ultrasound. Hoess et al.[9] and later Turnbull et al.[10] de-

veloped high frequency ultrasound operating over 50 MHz frequency, enabling clear vi-

sualization of cutaneous structures. In addition to providing basic measures of the skin

thickness, high frequency (>50 MHz) ultrasound imaging has allowed the assessment

of malignant melanoma and melanomas progression in mouse skin.[11–14]

High frequency ultrasound has also been successfully implemented in intravascu-

lar imaging (IVUS) for the assessment of vascular plaque and stenosis. It has been

reported that ultrasound imaging system operating at 45 MHz can clearly distinguish

the vessel structures such as the coronary intima and stent struts, identifying the initia-

tion of plaque.[15] These examples clearly demonstrate that high frequency ultrasound

(>20MHz) offers unique advantage for medical diagnosis, though several limitations

have been noted for high frequency ultrasound imaging.

One of limitations of high frequency imaging systems arises from a limited depth of

field (DOF) because of the short wavelength and fixed-focused transducers. The pene-

!"#"$%&'()#*)('"('+,-.

/+%0$%1',+("2"+.'+3'24-'*"#"$%&',%+*-((-('5!67

"%"(

*"#"$%&'8+1&
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!"#"$%&'()#*)('"('*#+(-1

Figure 1.1. Ultrasound biomicroscopy images of pupillary block (left) and plateau iris syndrome
(right). CP=ciliary process. The resolution is approximately 40 µm.[7]
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tration depth is also limited as a result of increased attenuation in tissues with increasing

ultrasound frequency. Improvement in signal-to-noise ratio (SNR) and transducer band-

width is one way to improve shallow penetration depth of high frequency ultrasound

imaging, which can be achieved with the improvement in transducer design and trans-

ducer properties.

A number of transducer materials have been emerged and investigated to strive for

better performance of ultrasound transducers. The figure of merit of a piezoelectric

transducer is electromechanical coupling factor. High coupling piezoelectric materials

allow effective energy conversion in both transmitting and receiving energy, improv-

ing bandwidth and sensitivity of the transducer response. The dielectric permittivity of

piezoelectric material is also an important consideration for the design of a transducer. In

order to obtain the maximum transmit and receive sensitivity, the electrical impedance

of the transducer should be close to the 50 Ohm imaging electronics. For ultrasound

single element and array transducers operating at high frequencies (>20MHz), such as

IVUS, very small aperture sizes (<1 mm diameter) are generally used, resulting in mis-

matched electrical impedance to the imaging electronics. Therefore, it is desirable to

use piezoelectric materials with high dielectric permittivity and high electromechanical

coupling factor.

Currently, soft PZT materials, such as PZT-5H, have been the mainstay for low fre-

quency (< 10 MHz) ultrasound transducers due to their high electromechanical prop-

erties (kt ∼0.50, k33 ∼0.72). With reducing grain size, PZT ceramics showed higher

mechanical strength and better dicing performance, enabling the fabrication of fine pitch

and high aspect-ratio piezoelectric elements. Furthermore, in contrast to conventional

PZT ceramics, fine-grained PZT ceramics retained their electromechanical properties at

high frequencies (>50 MHz), making them suitable for use as high frequency ultrasound

transducers.[16–18]
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Recently, relaxor-PT piezoelectrics, such as Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT),

have received attention because they can provide relatively higher dielectric permit-

tivities (εT33/ε0 ∼ 6000), nearly twice than that of conventional PZT ceramics, while

possessing comparable electromechanical coupling factors. Of significant contrast to

PZT ceramics, relaxor-PT piezoelectrics can grow a large size of single crystals, offer-

ing extremely a large piezoelectric coefficient (d33 >2000 pC/N) and electromechanical

coupling factor (k33 >90%).[19–24] (see Figure 1.2) A second generation of crystal

compositions in the ternary Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 (PIN-PMN-

PT) system, have been found to possess expanded temperature usage range (>120oC),

with higher coercive fields (∼5 kV/cm) than binary PMN-PT crystals, making them

more promising candidates for high frequency ultrasound transducers.[25]

Consequently, ultrasound transducers incorporating relaxor-PT single crystals showed

εT
33 /ε 0
≤ 3500

εT
33 /ε 0

εT
33 /ε 0 > 6000

~500-1000

Relaxor-PT
single crystals

PMN-PT
ceramics

Lead-free ceramics

PZTs

Figure 1.2. Dielectric permittivities of various piezoelectric materials as a function of elec-
tromechanical coupling.
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almost double bandwidth and sensitivity of the transducers compared to the conven-

tional ceramic transducers, resulting in significant improvements in ultrasound imaging

in terms of resolution and penetration depth, an example of which is demonstrated in

Figure 1.3.[22, 26]

However, as the transducer becomes very small, usually on the order of micrometers,

with increasing ultrasound frequency (>20 MHz), several issues, such as the reduction

of piezoelectric and electromechanical properties, have been addressed in several ferro-

electric systems, and it was proposed that the reduced extrinsic contributions resulting

from relatively large grain size are the main mechanism responsible for a decrease in

the electrical properties of ferroelectric systems.[16–18, 27, 28]

To date, however, little work has been done to provide sufficient understanding of

the size dependent properties of relaxor ferroelectric systems, including polycrystalline

ceramics and single crystals. Recent experimental data for PMN-PT crystal/epoxy 1-3

Figure 1.3. 40 MHz Phantom ultrasound images. (Left: a standard 40MHz PZT transducer;
right: 1-3 composite relaxor-ferroelectric crystal (PMN-PT) transducer.[26])
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composites operating at frequencies > 40 MHz have revealed a large decrease in elec-

tromechanical coupling, leading to the question of the origin of property degradation of

this system.[26, 29–33] Since the materials used in 1-3 composites were single crystals,

the degraded properties of 1-3 piezocrystal composites are not because of grain size ef-

fects, remaining the question for the origin of the property degradation of relaxor-PT

system.

1.2 Thesis Objectives and Outline

The purpose of this thesis is to investigate the performance of relaxor-PT piezoelec-

tric systems for high frequency ultrasound transducers by measuring their dielectric,

piezoelectric and electromechanical properties at high frequency range (>20 MHz). The

brief outline of this thesis is as follows. Chapter 2 provides relevant background infor-

mation of ultrasound imaging, with particular focus on the influence of the transducer

characteristics on the imaging performance. It also discusses the basic concepts of fer-

roelectric materials, with emphasis on perovskite type ferroelectric materials. Chapter

3 presents the synthesis of fine grained PMN-PT ceramics and the characterization of

synthesized ceramics with other relaxor-PT systems, including coarse grained PMN-PT

ceramics, PMN-PT single crystals and PIN-PMN-PT single crystals. Chapter 4 provides

the detail results of size dependent properties of monolithic relaxor-PT materials with a

discussion of the mechanism of property degradation of this system. Chapter 5 describes

the fabrication and characterization of low and high frequency 1-3 composites, and the

presence and effect of surface damage from machining on active piezoelectric elements.

Chapter 6 provides a final summary and the conclusions drawn from this research. It

also provides suggestions about possible future research directions.



Chapter 2
Literature Review and Background

This chapter describes the basic concepts of the ultrasound imaging and the princi-

ple of transducer operation. After discussing the general background of an ultrasound

imaging, this chapter will discuss the characteristics of the ultrasound transducer that

affect the performance of ultrasound imaging, such as transducer design and transducer

properties. The final section discusses the piezoelectric materials, focusing on the ferro-

electric materials. The basic definition and characteristics of ferroelectric materials are

discussed first, such as ferroelectric hysteresis and dielectric and piezoelectric proper-

ties of this class of materials. Lead zirconate titanate, one of the technologically impor-

tant materials, is then discussed, focusing on the mechanisms of enhanced piezoelectric

properties at morphotropic phase boundary. Background on the complex A(B1 B2)O3

type perovskites, referred to as relaxor-ferroelectrics, is then discussed, and the relevant

interest of this system is emphasised.
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2.1 Basic Ultrasound Imaging

2.1.1 Principle of Ultrasound Imaging

Ultrasound imaging is the most widely used imaging technique in the field of med-

ical diagnosis. There are several advantages of ultrasound imaging compared to other

imaging modalities, such as X-ray, computed tomography (CT) and magnetic resonance

imaging (MRI), and they can be summarized as follows: (a) it is non-invasive so it does

not utilize harmful electromagnetic radiation. (b) the spatial resolution of a high fre-

quency ultrasound image is higher than that of other imaging modalities. (c) Doppler

effect can be used to make quantitative measurements of blood velocity and to map

blood flow. (d) the equipments are comparatively small, so it is portable and hand-held

units. (e) ultrasound equipment is inexpensive, and the operating cost of an ultrasound

system is also relatively low, compared to computed tomography (CT) and magnetic

resonance imaging (MRI). (f) it is capable of real time observations of living tissues

such as the movements of heart and muscles.[4, 34, 35]

Diagnostic ultrasound imaging is based on the phenomenon of scattering of ultra-

sound waves at the interface of two media with different acoustic impedances. The

backscattered echo from acoustic interface is used to measure the distance of objects

by the analysis of time duration (A-mode) or generate image from the amplitude of re-

flected signal (echo) (B-mode). Frequency shift in the reflected ultrasound signal is used

to display flow information (Doppler).

A mode (amplitude mode) display is the earliest display mode, and was used to mea-

sure the distance from the transducer to the reflecting surface. The general principle of

A mode display is the result of piezoelectric effects, which can be defined as the linear

coupling between mechanical stress, X and polarization, P, or between electric field,

E and strain, x. For example, a piezoelectric transducer can be excited from electrical
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source, which induce the mechanical vibration as a result of the converse piezoelectric

effects (x=d·E, where d is piezoelectric coefficients, which is a third rank tensor (djkl),

but d is frequently expressed using reduced matrix notation (dij)). When the mechanical

vibration is coupled to the medium, elastic waves are generated. These elastic waves

are called ultrasonic waves because their frequencies are above the audible range (>20

kHz). When generated elastic waves encounter the changes in a tissue property along

the path, some of the energy is reflected and/or scattered, and the remaining is transmit-

ted ahead. The reflected waves travel back to the same transducer, then the ultrasound

transducer converts the vibrations to an electrical signal as a result of direct piezoelec-

tric effects (P=d·X). By analysis of the time of flight required for an echo to return from

reflector, a particular depth (d) can be obtained (i.e., 1/2×time×ultrasound speed). The

speed of ultrasound (c) in tissue can be determined by the tissue characteristics accord-

ing to the following equation 2.1.

c =

�
k

ρ
(2.1)

where k and ρ are the stiffness and density of tissue, respectively. In general, a speed

of ultrasound of 1540 m/s is typically used in soft tissues. Ultrasound speeds in various

tissues are listed in Table 2.1.

Table 2.1. Speed of ultrasound in soft tissues. [36]

Tissue Air Fat Urine Liver Blood Muscle

Speed (m/s) 330 1450 1490 1540 1570 1580

Due to the limitation of one dimensional representation for A-mode, most ultrasound

devices in modern medical imaging use B-mode (brightness mode) imaging. B-mode

images can be created by rapidly back and forth sweeping of a transducer over the
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region of interest. The image is, then, formed by a series of successive scan lines on a

black background, and the brightness level changes depending on the amplitude of echo

signals, allowing gray scale image on the image display.

2.1.2 Ultrasound Transducer

An ultrasound transducer is the most important component in an ultrasound imaging

system. The overall performance of an ultrasound imaging is mainly determined by the

transducer characteristics, since ultrasound transducers act as both a transmitter and a

receiver in the ultrasound imaging system. The quality of ultrasound images have been

greatly improved with improvements of transducer design.

There are various types of transducers used in ultrasound imaging. The simplest

type of a ultrasound transducer is a single element transducer, as schematically depicted

in Figure 2.1. The majority of uses for single element transducers is for non-imaging ap-

plications where only one line of information is necessary, such as the measurements of

eyeball length and skin thickness. B-mode imaging is also realized with single element

transducers by moving the transducer across the skin manually or mechanically. Most

of the high frequency (>20MHz) ultrasound imaging is based on the single element

transducer because it is relatively easy to fabricate compared to array transducers.

There are several disadvantages for uses of single element transducers in ultrasound

imaging systems. First, since focusing of single element transducers is utilized by me-

chanical lens, focal distance is fixed during manufacturing, resulting in limited the depth

of focus (DOF). Second, the frame rate is also limited because ultrasound beam must

be swept manually or mechanically, as opposed to the electronic scanning of an array

system. This makes it difficult or impossible to produce real time imaging because for

real time applications, each individual image must be generated as rapidly as possible,
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Piezoelectric
material

Matching layer

Single element

Backing

Focusing is utilized by lens

Beam pattern is narrow at all depths
Delay time

Phased arrays can electrically steer beam 

Beam steering

Phased arrays

Arrays

Figure 2.1. Schematic representation of a typical single element and array ultrasound transducer.
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for instance, 30 to 60 complete images per second.

The development of array transducers, which are composed of a group of closely

spaced multiple elements, provides the possibility of electronic focusing adjustable for

depth and electronic beam steering, enabling a variety of image display formats, such as

rectangular or fan shaped format, and real time imaging (see Figure 2.1). The common

types of automated real-time scanners are linear or curved arrays, and phased arrays.

Linear array transducers consist of groups of rectangularly shaped piezoelectric el-

ements arranged side by side, while a curved array is a modified linear array whose

elements are arranged in an convex curve shape. Due to the geometry of these arrays,

the resultant views from linear and curved arrays are rectangular and fan shape image,

respectively.

The number of separate piezoelectric elements (channel) for linear and curved arrays

are typically 128-512 channels. The importance of number of channels in transducer is

closely linked to the lateral resolution. Since beam width is inversely proportional to the

aperture size, the increased number of channels result in improved lateral resolution, but

the number of channels are often limited by the cost and fabrication difficulties.

The radiating ultrasound beam from the linear and curved transducers is formed by

a finite number of neighbouring elements (active aperture). Imaging of both linear and

curved arrays is achieved by sequentially transmitting and receiving ultrasound beam

starting from one end to the other end of the array. Electronic focusing is obtained by

controlling the number of elements and the sequence that the elements are excited. This

allows for the control of focal point at different depths (see Figure 2.1).[34, 36–40]

Like the two types of arrays, phased (or sector) arrays contain multiple piezoelectric

elements (channels). However, all elements for phase arrays are involved in producing

ultrasound beam, as shown in Figure 2.2; thus, the separate elements of phased arrays,
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Active aperture of 8 elements (a small
fraction of the full aperture) is used to 
form one line

Electrical pulses applied to each element 
in active aperture, with outer elements in
active aperture pulsed first

(a)

Electrical pulses applied to all elements,
with time delays designed to focus and 
steer the beam

(b)

Figure 2.2. Comparison of a typical a linear (a) and phased (b) array transducer operation (not
to scale).[41]
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typically 64 to 256 channels, are usually smaller than linear and curved arrays.

Since all elements of the phased array are used for the formation of ultrasound beam,

phased arrays can electrically steer the ultrasound beam in different directions with time

delay method, as well as they can focus electronically (dynamic focusing). Due to

the capability of beam steering, the phased array transducer is capable of producing

the widest field of view from a small aperture. Thus, they are particularly useful for

applications where the size of the arrays is limited by the entrance window, such as the

examination of heart, liver, or in other areas where access is limited.[38, 39]

One of the important considerations in the design of array transducers is the forma-

tion of grating lobes due to the constructive interference between elements. Therefore,

in order to avoid grating lobes, narrow closely spaced elements are required for phased

array transducers. In general, linear array transducers require 1.5 wavelength element

spacing or less, while phased array transducers require smaller element spacing, 1/2

wavelength or less, due to the requirement of beam steering. For instance, the wave-

length of 40 MHz frequency is approximately 40 micrometer (λ =c/f, where c is 1540

m/s). Therefore, the required element spacing of 40 MHz phased array transducer is less

than 20 micrometer, leading to the challenge for the fabrication of high frequency array

transducers.

Annular array transducer consists of several concentric circular ring elements, and

each element is electrically isolated from others, as shown in Figure 2.3. This design al-

lows for dynamic focusing at different points along the axis through element-to-element

time delay, similar to linear and phased array transducers. Therefore, annular arrays

have improved depth of field (DOF) in comparison with single element transducers. In

addition, required elements of annular arrays are far fewer than that of a linear or phased

arrays, which reduces fabrication difficulties associated with high frequency arrays.
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Electrical lead 3

Electrical lead 2

Electrical lead 1

Multiple focal regions by adjusting active aperture

1) center element only
2) center and first outer
3) all three elements

Figure 2.3. Schematic representation of an annular array transducer.[35, 42]
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One of the disadvantages of annular array transducer compared to linear and phased

array transducers is the transducer must be mechanically scanned along the scanning

direction to form an image, which limit the frame-rate of the imaging system. Therefore,

most of modern ultrasound transducers have been replaced by linear or phased array

transducers, but annular arrays has proven to be useful for high frequency ultrasound

transducer applications.[42–44]

2.2 Characteristics of Ultrasound Transducer

2.2.1 Ultrasound Frequency

One important aspect to determine the quality of ultrasound image is the spatial

resolution, which can be defined as the ability of an ultrasound transducer to differentiate

two independent objects. The spatial resolution of ultrasound transducer can be divided

in axial and lateral resolution depending on the direction in which the ultrasonic wave

propagates.

Axial resolution refers to the minimum spacing between reflectors in the direction

that the ultrasound wave propagates, which is mainly determined by the time response

of the transducer (pulse duration). Lateral resolution is the ability of a transducer to

distinguish two closely separated reflectors in the direction perpendicular to the axis

that ultrasound wave propagates, and is directly related to the beam width. Both axial

and lateral resolution are closely related to the ultrasound frequency. In general, high

ultrasound frequency provides better axial and lateral resolution.

The importance of a use of high frequency is apparent from the analysis of the ul-

trasound characteristics associated with spatial resolution. To produce an image, an

ultrasound beam is swept across the region of interest, and the image is obtained by the
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analysis of the time for an echo to return from reflectors. If echo pulse durations are

larger than the time gap (∆t) required for echo signals reflecting from two reflectors,

the echo pulses overlap and two reflectors can not be resolved, limiting the axial reso-

lution. However, if echo pulse durations are smaller than the time gap of echo signals,

they will arrive separately and to be resolved. Therefore, an improved axial resolution

can be obtained by generating pulse duration as short as possible.

Short pulses can be obtained either by damping the vibration (ringing) of trans-

ducer or by increasing ultrasound frequency. Damping the ultrasound transducer can be

achieved with the insertion of the high impedance backing material, whose impedance

is close to the impedance of an active material (piezoelectrics). However, undesirable

loss in sensitivity is, in general, accompanied with this method.[45] The relationship be-

tween pulse duration and frequency can be easily understood by the definition of pulse

duration, which is the time required for the ultrasound ringing. It is expressed as the

number of cycles (N) in the pulse divided by the ultrasound frequency (f). Thus, higher

ultrasound frequency results in shorter pulse duration, leading to improved axial resolu-

tion.

The dependence of lateral resolution on frequency is also apparent from the inves-

tigation of ultrasound beam characteristics. Figure 2.4 illustrates the ultrasound beam

pattern when a focusing lens is attached to the transducer. This illustration depicts the

relationship between lateral resolution and beam width. When the beam focus width

is larger than the scatter diameter, a transducer receive echos from the scatterer even

when it is off axis, giving stretched image. However, a transducer with a narrow beam

width will receive echoes from the scatterer only when that object is directly in front of

it, resulting in improved lateral resolution. Since higher frequency ultrasound generate

narrower beam in the focal zone with less divergence, high frequency ultrasound can

improve lateral resolution dramatically.
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However, it should be noted that a significant drawback associated with high fre-

quency ultrasound is the increased signal loss in tissue at high frequencies, limiting

imaging depth and image quality. The cause of signal loss with increasing frequency is

related to the frequency dependent attenuation in biological tissue.

In general, when ultrasound wave travels through tissue, its amplitude and inten-

sity (energy associated with wave) are gradually reduced with increasing distance trav-

elled, whose effect is termed as attenuation. The sources of attenuation in body tissue

are mainly associated with the reflection or scattering and absorption at interfaces of

impedance discontinuity (tissue). An important contribution of attenuation is absorp-

tion, where acoustic energy is converted to heat energy, meaning that the ultrasound

energy is lost and cannot be recovered. Therefore, when the attenuation of tissue is

large, the echoes returned from deep tissues are too weak to be detected.

Unfortunately, the attenuation in tissue is strongly dependent on ultrasound fre-

quency. The relationship between ultrasound frequency and attenuation in various tis-

sues is demonstrated in Figure 2.5. It is evident from this figure that in most cases, the

attenuation coefficient in tissue increases linearly with frequency, and frequency depen-

dence of attenuation shows variations depending on tissue type. This means that the

implementation of high frequency ultrasound requires detailed knowledge of the ultra-

sonic properties of target tissues.

2.2.2 Piezoelectric Properties

The operation of an ultrasound transducer is a direct consequence of piezoelectric ef-

fects. The direct piezoelectric effect is used in the ultrasonic receiver, while the converse

piezoelectric effect is used in the ultrasonic transmitter. The principle of piezoelectric-

ity was discovered by Pierre and Jacques Curie brothers in 1880. They discovered that
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certain crystals, such as quartz, tourmaline, cane sugar, and rochelle salt, develop sur-

face charges proportional to a mechanical stress. Soon after they also found that the

same crystals also exhibit mechanical strain with the application of electric field. The

two effects define piezoelectricity. The former is called direct piezoelectric effect, and

the latter is called converse piezoelectric effect.[46–48] Although a large number of

piezoelectric properties are involved with the performance of ultrasound transducer ap-

plications, the electromechanical coupling factor (kij), dielectric permittivity (εr), and

acoustic impedance (Z) are the key parameters that are directly associated with the per-

formance of ultrasound transducer applications. In the following, the definitions of

terms (kij , εr, and Z) and their relevance to the properties of ultrasound transducers

will be discussed.

Figure 2.5. Frequency dependence of attenuation for several types of tissues.[37]
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Coupling Factor

The material parameter, electromechanical coupling coefficient (or coupling factor)

is a measure of performance of a piezoelectric material as a transducer since electrome-

chanical coupling coefficient reflects the capability of the material to convert from one

energy to another. The physical meaning of electromechanical coupling coefficient can

be understood from the definition of electromechanical coupling coefficient, which is

the energy conversion rate between electrical energy and mechanical energy, as shown

below;

k2 = Stored mechanical energy/Input electrical energy

k2 = Stored electrical energy/Input mechanical energy
(2.2)

Alternatively, electromechanical coupling coefficient can be expressed as a mathe-

matical form using piezoelectric relations. Constitutive equations of piezoelectric ef-

fects can be expressed as follows:

D = εTE + d T (2.3)

S = sET + d E (2.4)

where D is the dielectric displacement (Coulomb/m2), E is the electric field, T the stress

and S the strain. εT is the dielectric permittivity under constant stress, sE is the com-

pliance when the electric field is constant and d is the piezoelectric coefficient of the

material.

When an electric field is applied under the condition T=0, the input electrical energy

is equal to the 0.5 D·E. Since there is no mechanical stress (T=0) on the system, D is
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equal to εT · E from the equation 2.3. Thus, input electrical energy is 0.5 εTE2. The

stored mechanical energy can be expressed as 0.5 S·T. Due to the absence of stress in the

initial stage, S is equal to d·E from the equation 2.4, and the generated stress (T) after

electric field is removed is equal to S/sE , which gives 0.5 (dE)2/sE for stored mechan-

ical energy. Therefore, from definition 2.2, the square of electromechanical coupling

coefficient can be expressed as follows:

k2 =
0.5(dE)2/sE

0.5εTE2
=

d2

εT sE
(2.5)

The equations 2.6-2.7 show the relationship between coupling factor and transducer

efficiency. This indicates that high coupling factor of an ultrasound transducer allows ef-

fective energy conversion in both transmitting and receiving an ultrasound wave. There-

fore, improved sensitivity and broad bandwidth of an ultrasound transducer can be ex-

pected from high electromechanical coupling coefficient of a piezoelectric material.

Transmit Efficiency =
kt

1− k2
t

εS33
cD33

(2.6)

Receiver Efficiency =
ktt

cD33ε
S
33

(2.7)

Electrical Impedance

Generally, the transducer is connected to the imaging electronics by a coaxial cable,

whose impedance is around 50 Ω. When the electrical impedance of piezoelectric ma-

terials is not matched to that of coaxial cable, the energy transfer is limited, resulting

in reduced sensitivity or signal to noise ratio (SNR).[49] In order to maximize energy

transfer in the frequency range of operation, the electrical impedance of a piezoelectric

material should be close to that of the coaxial cable.



23

The electrical impedance of the transducer can get a rough estimation by calculat-

ing the element of capacitance, C, and operating center frequency, fc according to the

equation 2.8.

Z =
1

jωC
(2.8)

where C and ω are capacitance and angular center frequency (2πfc), respectively. The

capacitance, C is can be computed by the equation 2.9.

C =
ε0εrA

t
(2.9)

where A is the area, t is thickness, ε0 and εr are the free space and relative dielectric

permittivity.

The equations indicate that the dielectric permittivity of transducer materials has a

major influence on the electrical impedance (Z) of a transducer. Thus, in order to im-

prove the electrical impedance matching between the transducer and imaging electron-

ics, the permittivities and the geometries of the piezoelectric elements in transducers

should be considered. In general, high frequency single element transducers require low

permittivity materials, while high frequency array transducers require high permittivity

materials.

Acoustic Impedance

Analogous to electrical impedance matching, the acoustic impedance of a piezoelec-

tric material should be matched to that of body tissue for an efficient transfer of acoustic

energy from the transducer to the tissue. Acoustic impedance (Z) can be computed by

the stiffness (k) and the density (ρ), or ultrasound speed (c) and the density (ρ), as shown

in equation 2.10.
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Z =
�

k × ρ = c× ρ (2.10)

The strength of the reflection at the interface can be computed with the difference

in acoustic impedance between the tissue and the piezoelectric transducer. When the

difference between the impedances is greater, the reflection of the incident ultrasound

wave becomes larger according to the equation in Figure 2.6. Thus, the best acoustic

impedance matching between the transducer and the tissue in body can be achieved by

using a piezoelectric material whose impedance is similar to the tissue impedance.

Transducer
Impedance Z1

Tissue
Impedance Z2

Transmitted beam

Incident ultrasound beam

Reflected beam (R=                 )Z2 − Z1

Z2 + Z1

Figure 2.6. Schematic representation of ultrasound reflection at the interface between a trans-
ducer and a tissue.

Unfortunately, ferroelectric materials generally have high density, and thus, high

acoustic impedance (greater than 30 MRayl) according to the equation 2.10. Since the

acoustic impedance of most soft tissues in body is around 1.5 MRaly, as shown in Table

2.2, a large impedance mismatch between soft tissues and a piezoelectric transducer is

expected, resulting in a large reflection at the interface.

This problem can be overcome by using one or two impedance matching layers.[50,
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51] In general, the optimum thickness of matching layer is one fourth of the ultrasound

wavelength in the layer, and the acoustic impedance of matching layer is intermediate

between the piezoelectric and the tissue impedance according to the following equa-

tions:

Single matching layer,

Zm =
�

ZpZa (2.11)

Double matching layer,

Zm1 = Z3/7
a Z4/7

p

Zm2 = Z6/7
a Z1/7

p

(2.12)

where subscipts p, m, and a, denote the piezoelectric element, the matching layer, and

the acoustic media, respectively, and Zm1, Zm2 denote the acoustic impedance of the

first and second matching layer, respectively.

The role of backing layer is similar to that of matching layer. With the application

of an electrical signal to the transducer, the piezoelectric element vibrate or ring on at

its resonance frequency, and the induced pulse of sound propagates both in the front and

back directions. Without damping the vibration of the transducer, the pulses will ring on

for many cycles (long pulse duration) than those with damping, causing reduced axial

resolution.

Backing materials of ultrasound transducers provide damping the transducer’s vibra-

Table 2.2. Acoustic impedance of various tissues. (MRayl = 106 × kg(m2s))[36]

Tissue Air Fat Urine Liver Blood Muscle Bone

Impedance
(MRayl)

0.0004 1.38 1.49 1.64 1.62 1.7 7.8
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tions by removing or absorbing vibration energy from the ultrasound transducer. In order

to fabricate a damped transducer, the backing materials should have an impedance close

to the piezoelectric materials, as well as sufficient attenuation coefficient and thickness.

This allows the energy to flow or to be absorbed by the rear face, reducing the reflections

at the interface between piezoelectric and backing layer.[45] In addition to damping the

transducer, backing layer also serves a mechanical support for the brittle piezoelectric

materials.

2.3 Piezoelectric Materials

As discussed previously, a piezoelectric material is the material that develop elec-

tric polarization through an applied stress, or conversely the development of a strain

upon the application of an electric field. Currently, many types of piezoelectric mate-

rials are available for ultrasound transducers. These include wurtzite-structured com-

pounds (ZnO and AiN), quartz, and ferroelectric materials. Each material has its own

advantages and disadvantages in terms of either electrical or mechanical properties, but

ferroelectric materials are of interest for ultrasound transducer applications since ex-

ceptionally high dielectric properties can be found in this crystal structure. Ultrasound

transducers would greatly benefit from the presence of high dielectric permittivity of

ferroelectric materials since high dielectric permittivity value allows the materials with

large piezoelectric properties according to the following equation 2.13.[52]

dij ∼ 2Qijε0εrPi (2.13)

where Qij is electrostrictive constant, ε0 is the permittivity of free space, εr is the relative

permittivity, and Pi is the remnant polarization.



27

Table 2.3 summarizes property comparison of non-ferroelectrics and ferroelectric

materials. It is evident from Table 2.3 that ferroelectric families generally possess high

dielectric and piezoelectric properties, and among them, perovskite-type ferroelectric

materials are of interest, offering much higher dielectric and piezoelectric properties.

Table 2.3. Room temperature dielectric and piezoelectric properties of various piezoelectric
materials.[53–58]

Material Structure Tc (oC) εT33/ε0 d33

(pC/N)
k33 Qm

Quartz (Single
crystal)

α-Quartz 573
(α− β)

4.5
(εT11/ε0)

2 (d11) 0.09 100,000

PVDF-TrFE[59]
(Polymer)

7.9 33 0.3

LiNbO3 (Single
crystal)

Corundum 1150 27.8 6
0.49(Y/36o-

cut)

10,000

Na0.5Bi0.5Ti4O15 Aurivillius 600 ∼140 18 0.15 100

(Pb,Ba)Nb2O6 Tungsten
Bronze

400 300 85 0.3 15

BaTiO3 Perovskite 120 1500 190 0.49 100

Undoped PZT[52] Perovskite 386 730 223 0.67 500

PZT 5H Perovskite 193 3500 590 0.73 65

PMN-33PT Perovskite 160 5000 690 0.73 75

PMN-PT (Single
crystal)

Perovskite 150 5500-
7500

1700-
2200

>0.9

2.3.1 Ferroelectric Materials

Ferroelectric materials can be defined as the materials that can display a sponta-

neous polarization (Ps) at least in two equilibrium states in the absence of an external

electric field. Spontaneous polarization (Ps) are, in general, temperature dependent,

thus, ferroelectric materials is a subgroup of pyroelectric materials. When Ps can be
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switched at least in two equilibrium states by electric field, pyroelectric materials are

called ferroelectric materials.[52, 60–62] Therefore, all ferroelectrics are pyroelectric

and all pyroelectrics are also piezoelectric, but not vice versa, as schematically shown

in Figure 2.7.

There are a wide range of ferroelectric materials, such as tungsten bronze, aurivillius

compounds (bismuth layer structured), illmenite ferroelectrics (LiNbO3 and LiTaO3)

and perovskite structures.[47, 61, 63] Among them, perovskite ferroelectric oxides are

the most technologically important class of ferroelectric materials due to high dielectric

and piezoelectric materials.

The composition of perovksite is generally described by the chemical formula ABO3.

Barium titanate and lead zirconate titanate are common examples for this ABO3 for-

mula. One of key characteristics for this class of materials is that they can undergo

a phase transition from a high temperature non-ferroelectric phase to a low temper-

ature ferroelectric phase as the cation ion (B) in the oxygen octahedra shift off the

center. This leads to a spontaneous polarization of a crystal even in the absence of

Ferroelectrics

Dielectrics

Piezoelectrics

Pyroelectrics

Figure 2.7. Venn diagram showing the relationship between different classes of dielectric mate-
rials.
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electric field, as illustrated in Figure 2.8, and the materials whose structures possess

non-centrosymmetric exhibit the phenomenon of piezoelectricity. At high temperature,

however, the perovskite structure is a centre of symmetry (cubic phase); thus, sponta-

neous polarization cannot be a unique direction, resulting in no spontaneous polarization

and piezoelectricity. The temperature at which the material transforms from ferroelec-

tric to non-ferroelectric phase is called Curie temperature (TC). At this temperature

(TC), the dielectric permittivity exhibits sharp first or second order phase transition, and

follows Curie Weiss law above TC .[62, 64–66]

Ferroelectricity is often determined by the measurement of the dielectric displace-

ment (D) as a function of electric field. Since ferroelectric materials have ferroelectric

domains, they exhibit dielectric hysteresis with the application of electric field. The

relationship between the polarization and the dielectric displacement is given by

D = ε0E + P (2.14)

Due to their high dielectric permittivity (ε) for most ferroelectric materials, polariza-

tion (P≈ ε0εE) is much larger than ε0E. Therefore, in ferroelectric materials, dielectric

displacement (D) is simply regarded to as the polarization (P). For non-ferroelectric ma-

terials, the dielectric displacement is directly proportional to the applied electric field ac-

cording to the equation (P≈ ε0εE), leading to a linear response as a function of electric

field. However, ferroelectric materials contain multiple domains that can be switched

by applying electric field, as schematically illustrated in Figure 2.9. When electric field

is applied to the ferroelectric material, the domains start to switch along the direction of

the electric field at the expense of other domains, and the polarization shows strongly

non-linear behavior (hysteresis). As the field is increased beyond the point where no

further polarization can develop, all of the domains are aligned in the direction of the
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Tetragonally distorted unit cell

Rhombohedrally distorted unit cell

Prototype Phase (Cubic)

T (oC) > Curie temperature (Tc)

No spontaneous polarization (Ps)

[111]

[001]

a = b = c
α = β = γ = 90o

a = b ≠ c
α = β = γ = 90o

a = b = c
α = β = γ ≠ 90o

T (oC) < Curie temperature (Tc)

Figure 2.8. Perovskite unit cell in the symmetric cubic state above Curie temperature, and
tetragonally or rhombohedrally distorted unit cell below the Curie temperature.
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electric field. This is corresponding to the region B in Figure 2.9. At this stage, the

ferroelectric behaves as a linear dielectric with further increasing electric field, and the

polarization is said to be saturated (Ps).

When the electric field is removed, the polarization does not go to zero but possesses

macroscopic polarization called a remnant polarization, Pr. If the material is a ideal

single domain crystal, Pr and Ps would be identical, but in polycrystalline materials

or multi-domain crystals, Ps is, in general, larger than Pr due to the complex domain

configurations resulting from the presence of boundary conditions and some elastic and

charged defects in the material. These mechanical boundary conditions may nucleate

new reverse domains and some domains will back-switch as the electric field is removed,

leading to lower macroscopic polarization (Pr) compared to saturation polarization (Ps).

To reach the zero polarization, reverse electric field need to be applied, and the electric

field to bring the polarization to zero is called the coercive field, Ec. Application of an

oppositely directed electric field larger than coercive field will, thus, cause the material

Ps

Pr

A

B
C

D

Figure 2.9. Schematic representation of a hysteresis loop of a ferroelectric material.[65]
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to saturate in the opposite direction. Therefore, in an ideal situation, the hysteresis loop

induced by electric field is symmetrical, displaying the equal quantities of coercive field,

remnant polarization in the positive and negative directions.

Lead zirconate titanate

The perovskite structure is tolerant of a wide range of substitution on both A-site and

B-site, allowing for the synthesis of a large number of complex compounds. Currently,

there are a large number of ferroelectric solid solutions. Among them, lead zirconate

titanate (PZT), the compound of PbZrO3 and PbTiO3, is of great importance since they

are the most widely used piezoelectric materials for electromechanical devices owing to

their superior piezoelectric and electromechanical properties.

At room temperature, PbZrO3 belongs to an anti-ferroelectric material with orthorhom-

bic crystal structure; thus there are no piezoelectricity. PbTiO3 belongs to the ferro-

electric material with tetragonal phase, but PbTiO3 possess low piezoelectric activities.

However, the solid solution of these two compositions (PZT) exhibits the excellent di-

electric and piezoelectric properties near a morphotropic phase boundary (MPB), as in-

dicated in phase diagram of PZT (Figure 2.10). Since the phase transition is induced by

chemical composition, the coexistence of two phases is not sensitive to the temperature,

which results in stable composition over a wide range of temperatures.

The origin of the maximum dielectric and piezoelectric response for MPB com-

position has been a topic of research studies. The most widely accepted explanation

for enhanced properties in the MPB composition has been attributed to the increased

number of possible directions for spontaneous polarization, Ps.[67, 68] For instance,

PZT was believed to have 14 possible directions for Ps in the phase coexistence region

(MPB) since the tetragonal phase (PbTiO3) has six possible direction of Ps along <100>

directions, and rhomboehdral phase (PbZrO3) has eight possible direction of Ps along
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MPB

Figure 2.10. Structural phase diagram for the (1-x)PbZrO3-xPbTiO3 (PC-paraelectric cubic
phase, FR ferroelectric rhombohedral phase, FT -ferroelectric tetragonal phase)[52]
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<111> directions. This can substantially enhance the alignment of randomly oriented

ferroelectric domains, allowing optimum polarization under an applied electric field.

Polarization rotation is another theory for the mechanism of high dielectric and

piezoelectric properties near MPB. As for PZT systems, due to the absence of PZT

single crystals, the intrinsic properties of PZT have been obtained by using theoretical

analysis based on Landau-Ginzburg-Devonshire (LGD) approach.[69–72] According to

the theoretical calculations, a large increase in dielectric softening occurs along the di-

rection of incipient crystal structure as the crystal transforms from one phase to another

near MPB. For example, when tetragonal phase transforms to rhombohedral phase, di-

electric softening occurs <111> directions, while rhombohedral phase transforms to

tetragonal phase, dielectric softening occurs <001> directions. Consequently, this leads

to the maximum dielectric and piezoelectric response at the boundary through averaging

of the anisotropy properties (see Figure 2.11).

MPB

%mol PbTiO3 PbTiO3PbZrO3
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Figure 2.11. Dielectric permittivity perpendicular and parallel to polar axis as a function of
concentration in systems.[73]
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Relaxor-ferroelectrics

A(B1 B2)O3 type perovskites, referred to as relaxors or relaxor-ferroelectrics, are

another very important class of oxides, and are distinguished from normal ABO3 type

ferroelectric materials due to different characteristics from normal ferroelectrics. For

instance, as can be seen in chemical formula, A(B1 B2)O3, the B site of relaxors is oc-

cupied by a mixture of cations, such as a low-valence cation (Mg2+, Fe3+, Sc3+ or

Zn2+...) and a high valence cation (Ta5+, Nb5+ or W6+...). These random occupa-

tions of the B-site in same crystallographic sites lead to the onset of relaxor behaviors,

such as a diffuse phase transition over a Curie temperature range, and strong frequency

dependent dielectric permittivity.[74, 75]

The usefulness of relaxors for ultrasound transducer applications is from the discov-

ery of the piezoelectric properties when B site ions of relaxors, such as Pb(Mg1/3Nb2/3)O3

(PMN) or Pb(Zn1/3Nb2/3)O3 (PZN), are substituted with normal ferroelectrics, such as

PbTiO3 (PT). The incorporation of PT into PMN or PZN system leads to MPB solid

solutions, subsequently exhibiting the enhanced dielectric and piezoelectric properties,

analogous to PZT system. Figure 2.12 shows the phase diagram of PMN-PT. MPB in

PMN-PT is situated at approximately 33% PT, but in contrast to PZT, MPB in these

materials displays strongly curved near Curie temperature, resulting in phase transition

below Curie temperature. This indicates that high piezoelectric response of MPB com-

position of PMN-PT can be achieved with the expense of more temperature dependent

properties. In addition, the Curie temperature of these materials is quite low (∼150oC),

compared to PZT system, whose Curie temperature is approximately 350oC. Since all

piezoelectric properties are lost when the piezoelectric material is heated above Curie

temperature, a low Curie temperature of relaxor ferroelectric materials is one of disad-

vantages for piezoelectric applications operating at high temperatures.
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Figure 2.12. Phase diagram of PMN-PT solid solution system.[76]
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The advantages of relaxor-ferroelectric solid solutions over normal ferroelectric ma-

terials can be attributed to their higher dielectric permittivity and comparable piezoelec-

tric properties to PZT system. Most importantly, relaxor-ferroelectrics can be grown

as large single crystals by variety of methods, which can offer significantly high elec-

tromechanical coupling factor, exceeding 90% of k33, resulting in a large improvement

in overall performance of ultrasound transducers.

The mechanism of such a high piezoelectric response of relaxor-PT single crystals

has been explained with polarization rotation effect. Park et al.[19–24] investigated the

properties of rhomobohedral compositions of PZN-4.5PT as a function of the crystal-

lographic orientations, and found that <001> oriented relaxor single crystals exhibited

extremely high piezoelectric responses, strain over 1.7%, piezoelectric constant d33 over

2000 pC/N, electromechanical coupling factor k33 over 90%, with almost anhysteretic

strain-field behavior. However, with increased deviation from <001> direction, an in-

crease in strain hysteresis and a decrease in piezoelectric response were observed from

the same crystal materials. The results indicate that <001> oriented rhombohedral

relaxor-PT crystal creates four degenerate domain variants, which can be aligned along

any one of the four equivalent <111> directions. This leads to the stable multi-domain

configurations; therefore, poling with small external electric field has little effect on do-

main reorientation, resulting in low strain hysteresis. However, the application of large

electric field rotates polarization vector from the <111> toward <001>, leading to

the phase instability in this crystal, contributing to the large dielectric and piezoelectric

properties, similar to the mechanism of enhanced properties of PZT in the MPB region.



Chapter 3
Ceramic Processing and

Characterization of Relaxor-PTs

3.1 Introduction

Ferroelectric ceramics, represented by PZT ceramics, have been the material of

choice in many ultrasound transducers due to their high electromechanical coupling

factors and a wide range of dielectric permittivities. Unfortunately, typical ferroelectric

ceramics have grain size in the range of 4 to 10 microns. Such a large grain size of

ferroelectric ceramics is too coarse to allow accurate machining of small feature size,

making them unsuitable for high frequency ultrasound transducers.

Fine grained (≤ 1 microns) ferroelectric ceramics have been an enabling technol-

ogy for high frequency ultrasound transducer applications. The effects of grain size on

mechanical properties of PZT ceramics have been studied over the years, and experi-

mentally found that fine grained ferroelectric ceramics have higher mechanical strength

with high Weibull modulus (m) and better dicing performance than coarse grained

counterparts.[77, 78] One of examples is demonstrated in Figure 3.1. From the fig-
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ure, the element width of these materials is approximately 70 µm, and the operating

frequency for this design is less than 10 MHz. Even at this low frequency surface dam-

age of commercial PZT (Motorola 3203 HD) are evident, exhibiting a number of grain

pull-outs in the kerf wall. It can be easily imagined that for high frequency (40 to 50

MHz) ultrasound transducer, whose element width is only 10-20 microns, coarse grained

PZT ceramics have very few grains across the width with a large portion of damaged

surfaces, degrading the performance and reliability of the materials.

One issue associated with fine grained piezoelectrics is, however, a reduction in grain

size (<1 micron) can suppress extrinsic contributions to piezoelectricity, e,g., clamping

of domain wall motion, and the consequence is reduced piezoelectric activities. Several

studies regarding the effects of grain size on piezoelectric properties have been reported,

showing that fine grained piezoelectric materials, whose grain sizes are less than 1 mi-

crons, generally possess reduced piezoelectric properties compared to normal grain size

of ferroelectric ceramics.[27, 28, 79–81]

As the size of aperture becomes very small with increasing ultrasound frequencies,

there is increasing concern about electrical impedance mismatch between the transduc-

50 µm 50 µm

Fine grained PZT Motorola 3203 HD

Figure 3.1. Cross section of a diced array of fine grained PZT and commercial PZT (Motorola
3203 HD).[35]
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ers and imaging electronics. This leads to a demand of piezoelectric materials with

a high dielectric permittivity because the electrical impedance inversely proportional

to the dielectric permittivity of the piezoelectric element. Among various piezoelec-

tric materials, PMN-PT based piezoelectrics are of interest, offering superior dielectric

permittivity than other piezoelectric materials, with comparable electromechanical cou-

pling factors to PZT ceramics.

The objective of this work is to develop fine-grained (≤1 micron) PMN-PT ceram-

ics without compromise of dielectric, piezoelectric and electromechanical properties.

This chapter describes the synthesis and processing of fine grained PMN-PT ceramics,

followed by the characterization of synthesized materials. In addition to the charac-

terization of polycrystalline PMM-PT ceramics, the dielectric, piezoelectric and elec-

tromechanical properties of bulk binary and ternary PMN based single crystals were

also characterized, and quantitatively compared with those of polycrystalline ceramics.

3.2 Experimental Methods and Materials Preparation

3.2.1 Preparation of Powders and Ceramic Specimens

Fine-grained (≤1 micron) PMN-PT polycrystalline ceramics were fabricated using

PMN-PT powder obtained from TRS technologies Inc. Sub-micron particles prepared

from attrition milling for 8 hours to break into sub-micron particles. Commercial disper-

sant, Darvan 821A (R.T.Vanderbilt Company Inc., CT), which was 40 wt% ammonium

polyacrylate in solution was used for the preparation of the well-dispersed slurry. The

pH was adjusted with ammonium hydroxide solutions (NH4OH) to 9-10. To minimize

contamination, high purity and high strength zirconia media balls were used during

milling process. The characteristic size of particles of the milled powder was performed
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by scanning electron microscope (S-3500N, Hitachi, Tokyo, Japan), and a Zetasizer in-

strument (Malvern Instruments, Malvern, UK). In order to provide the strength to the

green body, the milled powder was mixed with binder (Rhoplex), as rotating a plastic

bottle containing powder, ethanol and binder for 3 ∼ 4 hours. The powder was then

sieved through a 80 mesh screen to obtain desirable powder flowability as well as to

maintain strength for pressing. The granulated powders were uniaxially pressed into

pellets of 20 mm in diameter and 2∼3 mm thickness. Once the desired shape is formed

by pressing, thermal debinding method was used to remove the organic phase of binder.

In order to prevent defects during debinding, burn out processs was performed by slow

heating at 325oC for 1 hour and then 550oC for 2 hours. The burn out samples were then

pressed by cold isostatic pressing (CIP) in order to increase the green body densities.

The green samples were placed on platinum foil in a closed alumina crucible to

prevent a reaction between the samples and the alumina crucible. Because of the volatile

nature of PbO, a PbO rich atmosphere was maintained with the self source powder

(TRS-HK1 powder) during sintering process. Dense ceramic samples were produced by

conventional sintering using various temperatures (1160 ∼ 1250◦C) for 2 hours in air.

Since the porosity leads to a problem in processing very thin samples, as the electrodes

can short across a pore if it is large enough, the pellets were hot isostatically pressed

(H.I.P) at 1080◦C for 2 hours in an O2/Ar atmosphere to eliminate any porosity. Figure

3.2 summarizes the steps to prepare fine grained PMN-PT ceramics.

The prepared samples were coated with gold using a sputtering machine for electri-

cal measurements, and poled in silicone oil at room temperature at an electric field two

times the coercive field of each material. After poling, the samples were aged at room

temperature overnight prior to the electrical measurements.



42

Attrition milling

Drying at 120 oC for 24 hours

Mixing

Seiving (80 mesh)

Sintering at 1180˚C with 5˚C/min for 2 h

Pressing

Binder Burnout

Cold Isostatic Pressing (C.I.P)

H.I.P at 1100˚C for 2h

Characterization of particle szie
by using SEM

Mixing with HK1 powder, dispersant (Darvan 821A), NH3, H2O for 8 hours

Add 1.5wt% of binder (Rhoplex)

Drying at 120 oC for 24 hours

Final Product

Characterization of grain szie
by using SEM

Figure 3.2. Schematic flow chart of fine grained PMN-PT ceramics
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3.2.2 Characterization of Physical and Electrical Properties

Scanning Electron Microscope (SEM)

A scanning electron microscope (SEM, S-3500N, Hitachi, Tokyo, Japan) was used

with an accelerating voltage of 20 kV for imaging of the particle and grain sizes of PMN-

PT materials. For sample preparation, the powders and fractured piece of bulk materials

were put on the carbon tape, and mounted on the sample holder. To prevent them from

charging during scans, powders and the surfaces of prepared samples were coated with

a thin layer of gold using sputtering prior to load them into vacuum chamber.

Electrical Properties Measurements

Free and clamped dielectric permittivity were determined using an HP4284 multi-

frequency LCR meter (Hewlett-Packard) and/or HP4294A impedance analyzer (Hewlett-

Packard). The free and clamped dielectric permittivity were calculated from capacitance

measurements according to the following equation 3.1.

ε33/ε0 =
C · t
A · ε0

(3.1)

where ε33 and ε0 are the relative and free space dielectric permittivities, A is the area

of the sample, C is the capacitance measured at 1kHz frequency (for εT33) and at the

frequency above 2 times anti-resonance frequency, fa (for εS33), where the sample is

essentially clamped. A typical plot of dielectric permittivity of piezoelectric materials

as a function of frequency is shown in Figure 3.3, exhibiting the regions of free and

clamped dielectric permittivity of the samples.

The dielectric-temperature measurements were performed to determine the temper-

ature related dielectric parameters such as transition temperatures (TC or TO−T ) and
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Figure 3.3. Measurements of dielectric permittivity. εS33 is determined in the constant region
between the first and third resonances, whereas εT33 is calculated in the indicated region below
the first harmonic (1kHz).

maximum dielectric constant. The dielectric measurements were carried out with an

automated system consisting of an HP multiple frequency LCR meter interfaced with

an HP desk top computer, which also controlled the Kanthal-wound resistance furnace.

Capacitance and dissipation factor of the samples were measured pseudo-continuously

at frequencies of 0.1, 1, 10 kHz as the sample heated from 30 to 300 oC at a rate of 5oC

per minute.

To determine electromechanical properties, the samples were prepared in the differ-

ent geometric shapes based on IEEE standard, which are described in Figure 3.4.[82]

The magnitudes of electromechanical coupling factors (kp, kt and k33) were calculated

from the measured fr and fa using an HP4294A impedance-phase gain analyzer, based

on the equations in Figure 3.4.

Polarization hysteresis and unipolar strain hysteresis were measured at 1 Hz fre-

quency using a modified Sawyer-Tower circuit and linear variable differential transducer
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Figure 3.4. Schematic representation of the measurements and equations for electromechanical
properties.[82]
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(LVDT) driven by a lock-in amplifier (Stanford Research Systems, Model SR830). The

remnant polarization Pr and coercive field Ec were determined from the hysteresis loops

at a driving field of 20 kV/cm. High field piezoelectric coefficient (d33) were measured

from the slope of strain / field curves driven with a unipolar signal at the driving field of

10 kV/cm, and strain hysteresis were calculated from the equation in Figure 3.5.
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Figure 3.5. Schematic representation of unipolar strain hysteresis. xmax is the maximum strain
and ∆x is the strain deviation during the rise and fall of the field at half of the maximum electric
field
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3.3 Results and Discussion

3.3.1 Characterization of Powders and Sintered Ceramics

SEM images of received powders (TRS-HK1) are shown in Figure 3.6. From fig-

ures, agglomerates in received powders are apparent, and the particle size varied widely,

which can cause the problems for the synthesis of uniform fine grain microstructures.

Figure 3.7 shows the particle size distribution and SEM image of the milled powders.

After attrition milling, particle aggregates were ground and crushed by the media, re-

sulting in a narrow particle size distribution with smaller particle sizes compared to

as-received powder. The average particle size of the milled powder was found to be

∼300 nm.

An optimized sintering temperature was determined from the highest density as well

as the analysis of microstructure. Densities were measured by Archimedes method.

Densities of more than 95% of theoretical value were achieved above 1180 oC. With

further increasing sintering temperature, weight loss and grain size were increased. Ta-

ble 3.1 summarizes the obtained results from the sintering process.

Based on the physical properties of sintered samples, the samples were fired at 1180

oC for 120 minutes. The microstructures of PMN-PT ceramics sintered at 1180 oC were

investigated using SEM, and shown in Figure 3.8. For comparison, the microstructures

of the commercial TRS-HK1 ceramics (hereafter designated, coarse grained PMN-PT)

were also investigated using the same method, and shown in Figure 3.8. The average

grain size of synthesized PMN-PT at 1180oC was found to be on the order of 1 µm,

whereas that of coarse grained PMN-PT was approximately from 5 to 7 µm.
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Figure 3.6. SEM images of as-received PMN-PT powder.
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Figure 3.7. SEM image and particle size distributions of milled PMN-PT powder. The distribu-
tions were obtained using Zetasizer instrument.
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Table 3.1. Sintering conditions and properties of PMN-PT ceramics depending on sintering
temperature.

Sintering conditions Weight loss Densitya Average grain sizeb

Temperature
(oC)

Heaing rate
(oC/min)

Times
(min.)

(%) (g/cm3) (µm)

1150 5 120 0.5 6.8 0.8

1180 5 120 1 7.7 1

1200 5 120 2 8 2

1250 5 120 2.2 7.9 5

aDensities measured by Archimedes method
bAverage grain size determined by intercept method from SEM images

Figure 3.8. SEM images for (a) fine and (b) coarse grained PMN-PT ceramics.
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3.3.2 Characterization of Electrical Properties

Dielectric Properties

At room temperature, the dielectric properties of synthesized fine-grained PMN-

PT ceramics were found to be comparable values to those of coarse grained PMN-PT,

approximately 4500 for dielectric permittivity and 0.03 for dielectric loss (tanδ) at 1

kHz. After poling, both samples exhibited an increase in dielectric permittivity (εT33/ε0 )

and a decrease in tanδ. Poled εT33/ε0 and tanδ of fine and coarse grained PMN-PT

samples were found to be on the order of ∼6000 and ∼2%, respectively. The clamped

dielectric permittivity (εS33/ε0) of fine-grained PMN-PT samples were found to be on

the order of 2500, which are also comparable to that of coarse grained PMN-PT.

For PMN-PT and PIN-PMN-PT single crystals, the magnitude of permittivities were

found to be smaller than those of polycrystalline ceramics before poling. εT33/ε0 of

<001>-poled PMN-PT crystals was found to be ∼3200, while that of <001>-poled

PIN-PMN-PT crystals was ∼2700.

Upon poing, similar to the polycrystalline ceramics, increases in εT33/ε0 were ob-

served in both PMN-PT and PIN-PMN-PT crystals, exhibiting ∼6000 of εT33/ε0. As

expected, <001>-poled single crystals exhibited low dielectric losses (< 1%), which

are much lower than those of polycrystalline materials as a result of the optimum do-

main engineering. For clamped dielectric permittivity (εS33/ε0), single crystals exhibited

lower values than polycrystalline PMN-PT ceramics, on the order of ∼900 for both

PMN-PT and PIN-PMN-PT samples. The obtained dielectric properties of relaxor-PT

materials are summarized in Table 3.2.

The increased dielectric permittivity after poling can be account for the result of

a large dielectric anisotropy of the relaxor-PT crystals. It is well known that lead

(Pb)-based ferroelectric materials, such as PZT and PMN-PT, possess large dielectric
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Table 3.2. Dielectric properties of relaxor-PT polycrystalline ceramics and single crystals. Free
dielectric permittivity and dielectric loss were measured at 1kHz. ∗ refers to unpoled dielectric
properties at 1kHz.

Materials Cut Grain Size (µm) εT33/ε0 εS33/ε0 tanδ

1 5800 2500 0.025
PMN-PT ceramics ∗4500 ∗0.031

5-7 6100 2700 0.016
∗4800 ∗0.022

001 6000 900 0.004
PMN-PT crystals ∗3250 ∗0.02

110 4500 730 0.008
∗3239 ∗0.025

001 5600 900 0.006
PIN-PMN-PT crystals ∗2760 ∗0.03

110 3300 650 0.01
∗1620 ∗0.04

anisotropy near morphotropic phase boundary (MPB), and generally exhibit highest

value along the perpendicular to the polar axis, i.e., ε⊥ > ε�.[73] Therefore, when

the crystals are unpoled states, the crystals are macroscopically cubic (m3m); thus, have

an intermediate value between the maximum and minimum of dielectric permittivity of

the crystals.[83] However, with poling along non-polar directions (e.g., <100>), opti-

mized domain configurations are occurred in crystals, leading to an increase in dielectric

permittivity.

Similarly, a change in dielectric permittivity of polycrystalline materials after poling

can also be explained by the domain reorientations. Turik et al.[84] states that when

180 o domain reorientations are dominant over non-180 o domain rotations during the

poling process, the dielectric permittivity is, in general, increased since the presence of

180 o domains causes domain clamping, leading to a decrease in dielectric permittivity.

Therefore, an increase in dielectric permittivity of PMN-PT ceramics after poling indi-

cates that there are a large fraction of the 180 o domains in relaxor-PT ceramics before

poling, and most of 180 o domains are realigned after poling. This process also results



53

in a decrease in dielectric loss since the dielectric loss is mainly originated from domain

wall motions.

Figure 3.9 shows temperature dependence of dielectric properties of relaxor-PT sam-

ples at three different frequencies (0.1kHz, 1kHz, and 10kHz). From the figures, it can

be observed that coarse grained PMN-PT ceramics exhibited sharp, high dielectric max-

imum, while fine grained PMN-PT ceramics exhibited a little broader and lower dielec-

tric maximum at Curie temperature (TC), indicating clamping of domain wall motion

of fine-grained ceramics due to the conditions of more neighbouring grains and grain

boundaries. However, the TCs of both fine and coarse grained PMN-PT materials were

found to be similar, around ∼150 oC.

In contrast to polycrystalline PMN-PT materials, PMN-PT and PIN-PMN-PT single

crystals showed dielectric anomalies below the Tc, which indicates the ferroelectric-

ferroelectric (F-F) phase transition temperature, where the crystal transforms to the

tetragonal phase from rhombohedral phase (TR−T ). It has been reported that piezoelec-

tric properties of single crystals significantly decreased above the F-F phase transition

temperature.[25, 85–88] Thus, the phase transition temperature, TR−T , often indicates

the maximum usage temperature of relaxor-PT single crystals. Higher Curie temper-

ature (Tc) and F-F phase transition temperature (TR−T ) were found on PIN-PMN-PT

crystals, compared to PMN-PT crystals. The TR−T and TC of <001> PMN-PT crystals

were found to be ∼95 oC and ∼135 oC, while those of <001> PIN-PMN-PT crystals

were ∼105 oC and ∼178 oC.

Ferro- and Piezo- electric Properties

Ferroelectric polarization-electric field (P-E) hysteresis loops for each material are

shown in Figure 3.10. All samples exhibited well saturated P-E hysteresis loops. Com-

pared to coarse grained PMN-PT ceramics, fine grained PMN-PT exhibited higher co-
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Figure 3.9. Dielectric permittivity and loss as a function of temperature for relaxor-PT materi-
als. Solid and dash line represent dielectric permittivity and dielectric loss, respectively. With
increasing frequency, dielectric permittivity and dielectric loss were decreased and increased,
respectively.



55

ercive field (Ec) and lower remnant polarization (Pr). An increase in coercive field and a

decrease in remnant polarization of fine grained PMN-PT are a consequence of domain

wall clamping by neighbouring grains and grain boundaries.

For relaxor-PT single crystals, it was found that <001> oriented crystals exhibited

lower Pr, when compared to <110> oriented crystals, which is the result of crystal

anisotropy. Theoretically, the polar direction of spontaneous polarization (Ps) of rhom-

bohedral crystals is along [111], and the magnitude of P∗
s

along non-polar direction can

be estimated according to the following equation 3.2.[83]

P ∗
s
= Pscosθ (3.2)

Since the angles (θ) between [111] and [001] and between [111] and [110] are 54.7o

and 35.3o, respectively, P∗
s
s of <001> and <110> oriented crystals are 0.58 and 0.82 of

Ps, respectively. Therefore, Pr of <001> oriented crystals is lower than that of <110>

oriented crystals.

High field piezoelectric properties of relaxor-PT materials are also shown in Fig-

ure 3.10. High field piezoelectric coefficients (d∗
33) were calculated from the slopes of

unipolar strain curves, and the properties were compared with the d33 values directly

measured from Belincourt meter.

For polycrystalline ceramics, both fine and coarse grained PMN-PT ceramics were

found to be comparable piezoelectric coefficients (d33), being on the order of 800 pC/N

with the error range of ±50. However, as can be seen in the figure, fine grained PMN-

PT ceramics exhibited higher strain levels than coarse grained PMN-PT samples. The

calculated d∗
33s of fine grained PMN-PT samples are on the order of ∼ 900pm/V, while

those of coarse grained PMN-PT were around ∼800 pm/V.

As expected, the piezoelectric properties of single crystals were superior to those
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Figure 3.10. Polarization-electric field hysteresis loops and unipolar strain curve for relaxor-
ferroelectric polycrystalline and single crystal materials at room temperature.
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of polycrystalline ceramics as a result of optimum domain orientation. In particular,

<001> oriented single crystals including PMN-PT and PIN-PMN-PT crystals exhib-

ited much higher piezoelectric coefficients, d33s >1700 pC/N, when measured by Be-

lincourt meter. Similarly, high field piezoelectric coefficients, d∗
33s also exhibited over

1800 pm/V for both <001> oriented PMN-PT and PIN-PMN-PT crystals. For <110>

oriented crystals, however, the piezoelectric coefficients including d33 and d∗
33 exhibited

lower values than those of <001> oriented crystals, being on the order of ∼1100 pC/N

for <110> oriented PMN-PT crystals and ∼900 pC/N for <110> oriented PIN-PMN-

PT crystals.

The strain hystereses of the single crystals including <001> and <110> orienta-

tion were significantly lower than those of polycrystalline ceramics owing to the en-

hanced stability of the domain- engineered 4R (<001>) and 2R (<110>) structures, as

illustrated in Figure 3.11. Those unique domain configurations of single crystals limit

domain wall motions, resulting in the almost anhysteretic response.

!"""

!##" !""#

$%& $'& $(&

Figure 3.11. Illustrations of multi-domains of rhombohedral crystals. (a) single domain state
with electric field in <111> direction (b) 4-domain state with electric field in <001> direction
and (c) 2-domain state with electric field in <110> direction.[89]
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Electromechancial Properties

The impedance-phase spectrum of fine grained PMN-PT ceramics were recorded

using impedance analyzer and shown in Figure 3.12. The resonant frequency (fr) cor-

responds to minimum resistance component (Z), while the anti-resonant frequency (fa)

corresponds to the maximum of resistance component in the impedance curve. High

electromechanical coupling factor corresponds to a large value of the frequency gap

from fa to fr. The average values of kp and kt of fine grained PMN-PT ceramics were

found to be 0.60 and 0.50, respectively, which are the similar coupling factors as coarse

grained PMN-PT ceramics. A longitudinal coupling factor (k33) of fine-grained PMN-

PT ceramics also exhibited the similar k33 of coarse grained PMN-PT ceramics, being

on the order of 0.72.

For single crystals, the electromechanical coupling factors were found to be higher

than those of polycrystalline PMN-PT ceramics. Thickness mode coupling factor, kt,

was found to be 0.60 for PMN-PT crystals, and 0.56 for PIN-PMN-PT crystals. As

expected, the longitudinal couplings (k33) of <001> oriented single crystals were sig-

nificantly higher than polycrystalline PMN-PTs, being > 90% for both PMN-PT and

PIN-PMN-PT single crystals, as shown in Figure 3.13.
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Figure 3.12. Impedance and phase spectrum measured from a disk and a bar geometry of fine
grained PMN-PT ceramics.
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Figure 3.13. Impedance and phase spectrum of <001> oriented PMN-PT single crystals.
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3.4 Conclusion

Dense PMN-PT ceramics with fine grains were synthesized by reducing starting

particle sizes. Sub-micron particle sizes (∼300 nm) of PMN-PT powders, were obtained

using attrition milling, as confirmed by SEM analysis and particle size measurements.

The resultant grain size of synthesized PMN-PT ceramics was found to be on the

order of 1 microns, and their dielectric and electromechanical properties were found to

be comparable to those of coarse grained PMN-PT ceramics. The dielectric and elec-

tromechanical properties of PMN-PT single crystals were also characterized and com-

pared with polycrystalline PMN-PT ceramics. <001> oriented PMN-PT single crystals

exhibited higher piezoelectric and electromechanical properties (d33 >1800pC/N, and

k33 >0.9) than polycrystalline PMN-PT ceramics (d33 ∼800pC/N, and k33 >0.72). In

particular, ternary PIN-PMN-PT single crystals showed higher temperature usage range

(>120oC) with higher coercive fields (∼4-5 kV/cm) than binary PMN-PT crystals, while

possessing comparable dielectric and electromechanical properties to the binary PMN-

PT crystals. The material properties obtained here are summarized in Appendix A.



Chapter 4
Size Effects and Electrical

Properties of Relaxor-PTs

4.1 Introduction

For high frequency >20 MHz transducers, the selection of a suitable piezoelectric

material is very important as the thickness of a piezoelectric material becomes very thin,

typically on the order of a few microns. It was reported that the machining of such a fine

scale resulted in the issues of domain instability of ferroelectric ceramics, consequently

degrading the various electrical properties. PZT ceramics, as an example, have been

demonstrated that several piezoelectric properties degraded with increasing frequency,

as a result of domain clamping effects; however, they showed less scale/frequency de-

pendent characteristics by reducing the grain size.[16–18]

To date, however, the frequency dependence of high permittivity relaxor-PT ferro-

electric ceramics and single crystals have yet to be investigated. In this chapter, the

detail results of scale/frequency dependent dielectric and electromechanical properties

of polycrystalline and single crystal relaxor-PT ferroelectric materials were presented.
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Special attention is devoted to demonstrating the origin of property degradation of these

materials at high frequency range (>20MHz).

4.2 Experimental Methods and Materials Preparation

4.2.1 Sample Preparation

For the measurements of thickness dependent properties, various sample thicknesses

were prepared by lapping and polishing. Initial lapping utilized 15µm Al2O3 powder

suspended in a distilled water medium. Final lapping was done with a 0.05µm diamond

to minimize surface damage that can deteriorate the material properties. Gold sputtering

was then used to deposit electrodes on both surfaces. The samples were then drilled or

cut to the desired dimensions with diameter to thickness ratio of 20-30. This ensured

that any lateral harmonic frequencies would not interfere with the fundamental thickness

mode. All samples were then annealed at 400oC for 5 hours in order to alleviate mechan-

ical stress from polishing and lapping. Samples were then poled at room temperature at

an electric field two times the coercive field of each material.

4.2.2 Characterization of Physical and Electrical Properties

Optical Microscope

The samples were prepared by polishing to the thicknesses of 50-100 microns using

diamond paste (1 micron). The domain structure of poled single crystals were then

examined using a polarizing light microscope (Olympus BX60) in transmission mode.
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Measurements of Electrical Properties

Various dielectric, piezoelectric, and electromechanical properties were measured

by the techniques described in chapter 3.

4.3 Results and Discussion

4.3.1 Dielectric Properties

The free εT33/ε0 and clamped εS33/ε0 dielectric permittivities of various polycrys-

talline and single crystal samples, with thicknesses ranging from 500 microns to 30

microns, are plotted in Figure 4.1. Each value is the average of 3-5 samples, and the

error bar represents the standard deviation. The corresponding thickness mode reso-

nance frequencies of the various crystals are also added on top of the X-axis of Figure

2, ranging from thickness resonance frequency of 2 MHz to 100 MHz.

For polycrystalline ceramics, fine grained PMN-PT ceramics were found to be no

noticeable change in free and clamped dielectric permittivity even in the high frequency

range (20-100 MHz). As reported previous studies of frequency dependent PZT samples,[16,

18, 35] fine grained PMN-PT also showed improved mechanical performance as a re-

sult of an enhanced mechanical integrity of fine grains, allowing the fabrication of much

higher frequency (>100 MHz) compared to coarse grained PMN-PT ceramics.

In contrast, coarse grained PMN-PT ceramics were found to have reduced free di-

electric permittivities below 100 microns of their thicknesses. Meanwhile, below 50

microns, the strength of coarse grained samples became problematic. They often crum-

bled apart during polishing and lapping, limiting the fabrication and investigation of

coarse grained PMN-PT ceramics above 40 MHz frequency.

For single crystals, the clamped dielectric permittivity of both PMN-PT and PIN-
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Figure 4.1. Clamped and free dielectric permittivities of relaxor-PT materials as a function of
thickness and corresponding ultrasound frequency.
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PMN-PT samples were found to maintain similar values as a function of thickness.

However, the free dielectric permittivity of PMN-PT crystals was found to be degraded

with decreasing thicknesses. At a thickness of 40 micron, only half the original value

of the free dielectric permittivity was observed for PMN-PT crystals. Of particular

significance, the free dielectric permittivity of PIN-PMN-PT samples exhibited minimal

thickness dependence, even for the thicknesses less than 50 microns.

Figure 4.2 shows free dielectric permittivities of [001]- and [110]- poled crystals as

a function of thickness/frequency. It can be seen that [110]-poled PMN-PT crystals ex-

hibited a similar decrease with decreasing thicknesses. For [110]-poled PIN-PMN-PT

crystals, no degradation was observed even the thicknesses were as thin as 30 microns,

similar to [001]-poled PIN-PMN-PT crystals. This indicates that different domain con-

figuration (i.e., 2-domain state for <110> and 4-domain state for <001>) does not help

improving the stability of dielectric permittivity for PMN-PT crystals at high frequen-

cies.

4.3.2 Electromechanical Properties

The laterally clamped thickness mode coupling factor (kt) of relaxor-PT materi-

als were evaluated using the resonance technique. The calculated thickness frequency

constant (Nt) and kt of each sample from resonance measurements were summarized

in Figure 4.3 as a function of frequency/sample thickness. For comparison purpose, re-

ported kt of commercial PZT (EC-65) and fine grained (∼0.9µm) PZT were also plotted

as a function of frequency in Figure 4.3.[17, 35]

For polycrystalline PMN-PT ceramics, although the magnitude of kt was found to

decrease slightly with increasing frequency, kt of coarse grained PMN-PT at high fre-

quencies (>20MHz) were much higher than those of coarse grained (∼0.9µm) PZT at
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Figure 4.2. Free dielectric permittivities of [001] and [110] poled PMN-PT and PIN-PMN-PT
crystals as a function of thickness.
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the same frequency range. At 40 MHz of resonance frequency, kts of coarse grained

PMN-PT ceramics were found to be in the range of 0.45-0.47, while reported kt of EC-

65 PZT was ∼0.4. Similar to fine grained PZT, fine grained PMN-PT also exhibited

stable kts in the frequency range studied, exhibiting no degraded kts (0.49-0.50) up to

80 MHz of resonance frequency.

For single crystals, kts of PMN-PT crystals were found to be slightly higher than

those of PIN-PMN-PT crystals over the frequency range studied. kts of PMN-PT crys-

tals exhibited in the range of 0.55 to 0.60, while those of PIN-PMN-PT crystals were in

the range of 0.54 to 0.58.

It is somewhat surprising that PMN-PT crystals did not show thickness dependence

of kt since εT33/ε0 of PMN-PT crystals showed a large decrease with decreasing thick-

ness. Considering the error in the measurement techniques, the kts of all samples at

different frequencies were the same, indicating that kts of relaxor-PT materials were not

affected by the sample size. The resonance characteristics of PMN-PT single crystal

samples with different thickness are shown in Figure 4.4, observing a strong and clear

resonance and anti-resonance peaks even in the high frequency range (>20 MHz) with

no degraded kts.

4.3.3 Ferro- and Piezo- electric Properties

Measurements of polarization versus electric field (P - E) hysteresis loops were per-

formed to examine the influence of the sample thickness on the domain swithcing be-

havior of each sample. Figure 4.5 shows P - E hysteresis loops for relaxor-PT ceramics

and single crystals with different thicknesses.

For fine grained PMN-PT ceramics, the average remnant polarization, Pr, was calcu-

lated to be ∼ 28 µC/cm2 for thin samples (thickness < 50 microns) with a coercive field,
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Figure 4.5. Thickness dependent domain switching for relaxor-ferroelectric materials.
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EC , of ∼6 kV/cm, which are comparable to the bulk values (30 µC/cm2 and 5.5 kV/cm,

respectively, for thickness > 500 microns). For coarse grained PMN-PT ceramics, tilt

P - E loops were observed with decreasing thickness. When the thickness decreased

from 500 microns to 50 microns, Pr decreased from 32 µC/cm2 to 27 µC/cm2, while Ec

increased from 5 kV/cm to 6 kV/cm, indicating the clamping/pinning of domain wall

motion at small thicknesses (<100 microns).

For PMN-PT single crystals, the clamping/pinning of domain wall motion is more

evident, exhibiting a noticeable change in EC and Pr with decreasing thickness. The

Pr and EC of thick PMN-PT crystals (500 microns) were initially 27 µC/cm2 and 2.5

kV/cm, respectively, changing to 20 µC/cm2 and 3.5 kV/cm when the thickness reduced

to 50 microns. In contrast, similar to the fine grained PMN-PT ceramics, PIN-PMN-PT

crystals showed subtle changes in hysteresis loops with decreasing thickness.

The high-field piezoelectric behavior for the polycrystalline and single crystals with

different thicknesses are given in Figure 4.6 and 4.7, respectively. From the figure, it was

observed that the strain levels of fine-grained PMN-PT ceramics were almost constant,

exhibiting approximately ∼900 pm/V of high-field piezoelectric coefficients (d33) with

decreasing thicknesses. However, an increase in strain hysteresis was observed with

decreasing thickness, reaching 30 % for 20 micron samples from 12 % for 500 micron

samples.

For coarse-grained PMN-PT ceramics, the high-field d33 maintained similar values

with decreasing thicknesses down to 100 microns with 10-15 % of strain hysteresis.

Then, a decrease in maximum strain level was observed when the sample thicknesses

were less than 100 microns. At a thickness of 50 micron, the high-field d33 were found

to be 650 pm/V with 30 % of strain hysteresis.

For PMN-PT single crystals, the high field d33 was found to degrade significantly,

with the values being on the order of 1800 pm/V and 1000 pm/V for 500 micron and
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40 micron samples, respectively, with increased strain hysteresis from 5% to 15 %. In

contrast, ternary PIN-PMN-PT single crystals maintained original strain levels down to

40 micron thicknesses. However, it should be noted that PIN-PMN-PT crystals also

exhibited an increase in strain hysteresis from 7% to 25 % with decreasing thicknesses.

4.3.4 Discussion

A reduction in dielectric and piezoelectric properties could be associated with the

ferroelectric domains. In order to delineate the influence of ferroelectric domains on the

observed degraded properties, the dielectric permittivity of PMN-PT single crystals with

different thicknesses were investigated as a function of temperature. If the ferroelectric

domain is a primary origin for degraded properties, it can be expected that the permittiv-

ities of thin PMN-PT crystals in the paraelectric state (above TC) exhibit similar values

as those of normal size PMN-PT crystals, where no domains exist.

Figure 4.8 shows the dielectric permittivity and loss of PMN-PT crystals and PIN-

PMN-PT crystals as a function of temperature. In the temperature range below the

rhombohedral to tetragonal phase transition (TR−T ), the dielectric permittivity of PIN-

PMN-PT crystals was found to show nearly thickness independent dielectric behavior,

while for PMN-PT crystals, the permittivity of the 50 micron sample was found to be

much lower than that of thick samples. The results are the same behavior as seen from

thickness dependence of room temperature dielectric permittivity of PMN-PT and PIN-

PMN-PT crystals (Figure 4.1).

However, in the region between TR−T and TC , where the crystals are in the tetragonal

phase region, the thickness dependent behavior was found to be opposite to those of

rhombohedral phase crystals. It was found that both 50 micron thickness of PMN-PT

and PIN-PMN-PT crystals exhibited higher permittivities compared to 500 micron thick
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samples, indicating that the single domain state in tetragonal phase became unstable at

small thicknesses.[90]

As the temperature approached to TC , the dielectric permittivity of 50 micron thick-

ness of PMN-PT samples exhibited broader peaks as well as depression of dielectric

maximum, compared to thick PMN-PT samples. In contrast, 50 micron thickness of

PIN-PMN-PT crystals exhibited comparable dielectric maxima to 500 micron thickness

of PIN-PMN-PT crystals. The results suggest that there were severe domain clamping

for PMN-PT crystal samples with decreasing thickness.

For temperatures well beyond TC , where no domains exist, the dielectric permittivi-

ties of both thin and thick PMN-PT and PIN-PMN-PT crystals showed similar dielectric

properties with temperature. This indicates that the degraded properties of PMN-PT sin-

gle crystals at room temperature are closely associated with the domain effects.

The above results demonstrate that ferroelectric domains are the primary origin of

the degraded properties of PMN-PT crystals at small thicknesses. The fact that the ori-

gin of a large dielectric and piezoelectric response of <001>-poled relaxor-PT single

crystals is closely related to the domain engineered 4R structures and polarization ro-

tation mechanism.[73, 91] For instance, on the microscopic scale, poling along [001]

in rhombohedral relaxor-PT crystals creates four degenerate domain variants, and the

dipoles in domains can be aligned along any one of the four equivalent <111> di-

rections. Since four polarization directions are energetically equivalent, four types of

domains will be equally populated under the small electric field, leading to the stable

multidomain (4R) configuration. Due to a large transverse dielectric permittivity in

single domain rhombohedral relaxor-PT crystals, the polarization can be freely rotated

from <111> to <001> under <001> electric field, leading to the free energy insta-

bility and structural (phase) instability, resulting in a large longitudinal dielectric and

piezoelectric properties of <001>-poled relaxor-PT crystals. However, when the phys-
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ical size of the samples becomes of the same order as the domain size, it is possible that

the surface boundary conditions may disrupt the equilibrium 4R domain structures and

impede polarization rotation effect. This might explain an increase in strain hysteresis

of relaxor-PT crystals at small thicknesses, as seen from Figure 4.7 since anhysteretic

strain-field behavior of <001>-poled relaxor-PT crystals is the consequence of stable

4R domain structures.

Therefore, the different thickness dependent properties of relaxor-PT materials at

room temperature may be associated with their respective domain sizes. It was re-

ported that compared to polycrystalline ceramics, the domain sizes of PMN-PT crystals

are much larger, with sizes being reported on the order of 10-100 microns.[92] Con-

sequently, due to the comparable sample sizes to domain sizes of PMN-PT crystals,

both“extrinsic”, i.e., contribution of the irreversible domain wall motion, and “intrinsic”

from polarization rotation can be suppressed by surface boundary conditions, result-

ing in the degraded dielectric and piezoelectric properties when the sample thicknesses

were less than 100 microns. For the case of PIN-PMN-PT crystals, since no degraded

dielectric permittivity was observed in the thickness range from 500 to 30 microns, it

can be believed that ternary PIN-PMN-PT single crystal possess much smaller domain

size when compared to binary PMN-PT crystals.

Optical microscope was used to confirm the different domain sizes of poled PMN-

PT and PIN-PMN-PT single crystals. Figure 4.9 shows the optical micrographs taken

through crossed polarizers. It is evident from these figures that the domain sizes of poled

PIN-PMN-PT crystals are much smaller, being on the order of 1 micron, compared to

those of poled PMN-PT crystals, being on the order of 10-20 micron, indicating that a

large thickness dependence of PMN-PT crystals are associated with their domain size.
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Figure 4.9. Domain structures for PMN-PT and PIN-PMN-PT single crystals using optical
microscope.
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4.4 Conclusion

The properties of fine-grained (≤1micron) PMN-PT ceramics were investigated as

a function of thickness and/or frequency. Compared to coarse-grained materials, whose

grain size is around 5-7 microns, fine-grained PMN-PT ceramics showed improved me-

chanical strength and performance at high frequency (>20 MHz) range, showing no

degraded electrical properties with decreasing thickness.

For single crystals, it was found that domain size plays a dominant role in property

degradation with decreasing thickness. Degradation in dielectric and piezoelectric prop-

erties was observed in PMN-PT crystals with decreasing thicknesses due to the increased

surface boundary effects. In contrast to PMN-PT crystals, PIN-PMN-PT exhibited ex-

cellent property stability at high frequencies (>20MHz), with minimal thickness depen-

dence down to 40 microns, due to their relatively smaller domain sizes. The results

suggest that fine-grained PMN-PT ceramics and ternary PIN-PMN-PT single crystals

are promising candidates for high frequency ultrasound transducer applications.



Chapter 5
Piezoelectrics/Epoxy 1-3

Composites

5.1 Introduction

The properties of relaxor-PT piezoelectric materials are of interest for ultrasound

transducers, offering high dielectric and electromechanical properties. In particular,

relaxor-PT piezoelectrics have excellent longitudinal coupling factors (k33), for exam-

ple, k33 >0.72 for polycrystalline ceramics and >0.90 for single crystals. Composite

technology enables the use of high electromechanical coupling factors of these mate-

rials in both single element and array transducers, contributing to the transducers with

broad bandwidth and high sensitivity.

As ultrasound transducers become smaller with increasing frequency, there is in-

creasing awareness of the effects of surface damage introduced during composite ma-

chining because the damage layer volume becomes increasing in relation to the active

piezoelectrics. However, as yet little is known of the performance of high frequency

relaxor-PT composites fabricated by dicing-fill technique.
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This chapter begins with a brief review of composite materials, focusing on the ad-

vantages of composites, as well as issues of high frequency 1-3 composites. Following

that is a description of the fabrication of low and high frequency relaxor-PT composites

with 1-3 connectivity performed in this study. Measured properties from the fabricated

1-3 composites are presented as a function of scale/frequency with a discussion of degra-

dation mechanism in relaxor-PT composites.

5.2 Piezoelectric/Polymer Composites

Piezoelectric/polymer composites have a number of distinct advantages over tradi-

tional piezoelectric ceramics, taking advantages from both piezoelectric ceramics and

polymer. In general, the transducer performance is limited by trade-off between high

piezoelectric activity and low density with mechanical flexibility. Although lead-based

ferroelectric materials offer high electromechanical properties, such as high coupling

factor and dielectric permittivity, a critical issue of this system for ultrasound trans-

ducers is its high acoustic impedance (Z) as a result of its high density (∼8.0 g/cm3),

which impede the energy flow between transducer and tissue. Piezopolymers, on the

other hand, have advantages of low density and mechanical flexibility, but their low

piezoelectric properties have limited their implementation into ultrasound transducer

applications.[93]

Piezoelectric composites, which consist of a matrix of piezoelectric elements and

soft epoxy, are typically flexible and have lower density. This can reduce acoustic

impedance of ferroelectric materials, alleviating acoustic impedance matching prob-

lems. Moreover, several electrical properties of piezoelectric materials can be tailored

to specific device requirements by varying volume fraction of the portions of ferroelec-

tric materials, offering a new range of material properties (see Table 5.1 and Figure
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5.2).[59, 94–96]

The enhanced usefulness of composites for ultrasound transducers is related to opti-

mized connectivity of the piezoelectrics and polymer phases. To date, the most widely

used composite connectivities for ultrasound transducers are 1-3 and/or 2-2 connectiv-

ity. The composites with 1-3 connectivity are comprised of individual active phases

(piezoelectrics) embedded in a passive (polymer) matrix, while 2-2 composites consist

of alternating layers of the two phases, as illustrated in Figure 5.1.

The 1-3 composites have emerged as superior structures since they can effectively

utilize the geometrical advantages of piezoelectric materials, as evident in Figure 5.1.

The composite with 2-2 connectivity is also an important connectivity for ultrasound

transducers since this pattern is often used in linear arrays, and also offers better elec-

tromechanical coupling value (k�
33) compared to pure thickness mode (kt) of a piezo-

electric material (see Figure 5.1).

It is interesting to note that the electromechanical coupling factor of a composite ma-

terial does not significantly vary with volume fraction of piezoelectric element compared

Table 5.1. Comparison of the material properties for piezoelectric ceramics, polymers, and
composites. (Positive and negative sign indicate advantage and disadvantage for ultrasound
transducer applications, respectively.) [59, 96]

Parameter Ceramic Polymer Composite

Coupling factor 0.45-0.55 (+) 0.1-0.3 (-) 0.5-0.75 (+)

Acoustic impedance
(MRayl)

30 (-) 1.5-4 (+) 10 (can be tailored)
(+)

Dielectric
permittivity

200-5000(+) 6-10 (-) Proportional to
volume fracture

Spurious modes Many (-) Weak (+) Weak (+)
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to other properties, such as dielectric permittivity and acoustic impedance, as shown in

Figure 5.2. This means that high electromechanical coupling of an active piezoelectric

material can be retained over a wide range of volume fractions.

Such a behavior can be attributed to the presence of soft polymer matrix because

the elastically soft polymer phase provides the condition of the piezoelectric bars to

freely expand or contract in the lateral direction, as evident in Figure 5.2, exhibiting

that composite materials using a stiff polymer have lower values of electromechanical

coupling factors than those with a soft polymer. [59]

One of difficulties for piezoelectric/polymer composites is associated with the ma-

chining capability, especially at high frequency range. In the case of 1-3 piezocompos-

ites, for example, the most widely used method to fabricate piezocomposites is dice-fill

method, where a mechanical dicing saw is used to machine kerfs into a piece of bulk

piezoelectric material and subsequently filled with an polymer, usually epoxy. In order

for the piezoelectric materials to vibrate over 20 MHz frequency, the required thickness

of composite materials, such as PZT-polymer composites, is approximately less than 50

Electrode

kt =0 .50

Poling direction

Thickness mode
k33 =0 .65

Sliver mode

k33 =0 .70

3-3 mode

1-3 Composite

2-2 Composite

Figure 5.1. The geometrical dependence of electromechanical coupling factor for PZT-5H.[97]
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microns. The thickness-to-width aspect ratio for each piezoelectric elements should be

high, more than 2, in order for the lateral mode frequency to push outside the operating

frequency bandwidth. This condition requires less than 20 micron piezoelectric element

width. Such a fine scale requirement is one of the challenges to fabricate high frequency

1-3 piezocomposites.[50, 51, 98–105]

5.3 Experimental Methods and Materials Preparation

5.3.1 Sample Preparation

For the fabrication of 1-3 piezocrystal/epoxy composites, the samples were diced

using an automatic dicing machine, K&S 982-6 (Kulicke & Soffa Industries, Willow

Grove, PA) with different sizes of blades depending on the frequency of interest. For

transducers operating below 10 MHz, 1-3 composites were machined with a 50 × 762

µm2 nickel bond dicing blade (Dicing Blade Technology, Inc.), and a 26 × 586 µm2

nickel bond dicing blade (Asahi Diamond, Inc.). For transducers operating above 10

MHz, the samples were diced using 2 - 4 µm grit, 12 × 343 µm2 nickel bonded diamond

blade (Asahi Diamond, Inc.). The samples were first diced along one direction with a

spindle speed of 30,000 rpm and a feed rate of 1.5 mm/sec. The samples were then diced

in the perpendicular direction using the same dicing conditions. A low viscosity epoxy

(Epotek 301, Bellerica, MA) was then backfilled into the kerfs in vacuum for 30 min,

and subsequently cured at room temperature for 24 hours. After the epoxy was cured, the

fabricated composites were polished until the piezoelectric posts were exposed. Then,

gold electrodes were sputtered on both surfaces. The composite samples were poled

at room temperature at an electric field two times the coercive field of each material.

Schematic representation of dice-and-fill method for this study is shown in Figure 5.3.
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Relaxor-PT materials

Dicing

Diced Posts for 1-3 Composite

Lapping to Remove Polymer

Epoxy Fill of Saw Kerf

Figure 5.3. Schematic representation of 1-3 composite fabrication method (dice-fill
method).[31]
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5.3.2 Composite Characterization

Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM, S-3500N, Hitachi, Tokyo, Japan) was used to

obtain the dimension of 1-3 composites, such as the size of post and kerf width. For

sample preparation, composites were polished using 1 micron Al2O3 powder suspended

in a distilled water medium. The prepared composites were put on the carbon tape, and

mounted on the sample holder. To prevent them from charging during scans, the surfaces

of prepared samples were coated with a thin layer of gold using sputtering prior to load

them into vacuum chamber.

Field Emission Scanning Electron Microscope (FESEM)

For imaging of the diced surfaces of 1-3 composites, field emission scanning electron

microscope (FESEM; JSM-5900LV, JEOL) was used in order to obtain higher resolution

of damaged surface of 1-3 composites. Operating accelerating voltages of FESEM were

varied between 1 and 5 kV. Conducting tape was used to adhere the samples on the

sample holder as well as to minimize charging.

X-ray Diffraction Measurement (XRD)

X-ray analysis was carried out using a X-ray diffractometer (PANalytical) and Cu

Kα radiation equipped with XPert Pro MPD. The operation voltage and current are 40kV

and 40 mA, respectively. Zero background holders were used to analyze the prepared

samples. The measurement range of 2θ and step scanning rate were varied based on the

purpose of analysis.
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Electrical Measurement

Dielectric properties of prepared 1-3 composites were determined using an multi-

frequency LCR meter (HP4284A). The permittivities of the piezoelectric elements can

be obtained using the parallel mixing rule:

εc = Vfεf + Vpεp (5.1)

where εc is the permittivity of composite, and Vf and Vp are the volume fractions of the

ferroelectric and polymer dielectric phase, respectively (Vf + Vp=1). In the case where

εf � εp, the composite permittivity can be written as follows:

εc = Vf (εf − εp) + εp � Vfεf (5.2)

Resonance characteristics were measured using an HP4294A impedance- phase gain

analyzer. Electromechanical coupling properties were calculated by the standard reso-

nance method (IEEE)[82]

5.4 Results and Discussion

5.4.1 Characterization of PMN-PT Ceramic 1-3 Composites

Dicing of polycrystalline PMN-PT ceramics was performed using 70 micron dia-

mond blades for <5 MHz PMN-PT ceramic 1-3 composites. The post width was ∼200

micron, and the cut depth was greater than 800 micron. To avoid lateral mode coupling

within the operating frequency bandwidth, the final thicknesses of the composites were

polished to ∼400 microns. The representative ceramic 1-3 composite structures are

shown in Figure 5.4. From the image, the kerf and post width of ceramics were found to
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be 70-80 and 200 microns, respectively, and the volume fractions of the ceramics were

approximately 40%.

The average free and clamped permittivities of both fine and coarse grained PMN-

PT 1-3 composites were found to be on the order of 1800 and 800, respectively, which

are lower than the values predicted from the equation 5.2. The electromechanical prop-

erties of PMN-PT ceramics 1-3 composites calculated from the resonance data revealed

similar kts, ranging from 0.68 to 0.70, regardless of grain size and ∼1650 Hz.m of thick-

ness frequency constant (Nt). A decrease in kt and an increase in Nt of 1-3 composite

materials, compared to the values of monolithic piezoelectric elements (k33 ∼ 0.72 and

N33 ∼ 1400), can be attributed to the clamping of ceramics by the surrounding epoxy

phase. Plots of impedance and phase spectrum for polycrystalline PMN-PT ceramic

composites are shown in Figure 5.5.

5.4.2 Single crystal 1-3 Composites

Thickness frequency constant (Nt) of single crystal 1-3 composites were found to

be lower than that of ceramic 1-3 composites. Nts of both PMN-PT and PIN-PMN-PT

single crystal 1-3 composites were found to be ∼1000 Hz.m. This indicates that for the

same frequency range, the required thickness of crystal composites should be smaller

than ceramic 1-3 composites.

The different designs were applied on single crystal composites. The width of crys-

tal element was designed with one half of that of ceramic element, ∼100 micron, with

>600 micron cut depth. The dicing was performed using ∼50 micron diamond blades.

The composites were polished to the thicknesses from 250 to 500 microns, which are

corresponding to the frequency range of 2 - 4 MHz. The SEM image of the representa-

tive single crystal 1-3 composite structures is shown in Figure 5.6.
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Figure 5.4. The picture of 1-3 composites fabricated using the dice-and-fill technique..
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Figure 5.5. Measured electrical impedance (solid line) and phase (dashed line) for PMN-PT
ceramic 1-3 composites with different thickness.
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Figure 5.6. SEM image of single crystal 1-3 composites fabricated using the dice-and-fill tech-
nique.
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Dielectric properties of both PMN-PT and PIN-PMN-PT crystal 1-3 composites

were found to be lower than ceramic 1-3 composites, being on the order of 1100 for

free and 300 for clamped dielectric permittivity. Considering that free dielectric per-

mittivity of monolithic PMN-PT ceramics and single crystals are similar, approximately

6000, a decrease in dielectric properties of crystal 1-3 composites might be associated

with small lateral size of piezoelectric elements (∼100 microns), with surface damage

from dicing.

Figure 5.7 shows the plots of impedance and phase of 1-3 composite materials. The

electromechanical coupling factors of both single crystal composites were found to be

in the range of 0.79-0.84. These values are higher than those of ceramic 1-3 composites,

but lower than those of monolithic samples (k33 > 0.90 for monolithic single crystals).

The lower coupling values of single crystal 1-3 composites can also be attributed to the

clamping of the single crystal elements by the polymer phase, as well as the influence

of surface damage created by mechanical dicing.

High frequency (∼20 MHz) PMN-PT and PIN-PMN-PT 1-3 piezocomposites were

fabricated using the same dicing-fill technique. The designs of both samples were 30-

35 micron wide of crystal elements by 130 micron deep using 17 micron blade. The

thicknesses of finished composites were around 70-80 micron. The image of 1-3 single

crystal composites is shown in Figure 5.8.

Both single crystal 1-3 composites showed a decrease in dielectric properties. PMN-

PT 1-3 composites showed ∼450 of free dielectric permittivity and ∼200 of clamped

dielectric permittivity. For PIN-PMN-PT 1-3 composites, the free and clamped dielec-

tric permittivity were found to be ∼900 and ∼320, respectively.

Figure 5.9 summarizes the results of obtained electromechanical coupling factors of

PMN-PT and PIN-PMN-PT 1-3 composites as a function of frequency. For comparison

purpose, the longitudinal coupling factors (k33) of the monolithic samples, including
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Figure 5.7. Measured electrical impedance (solid line) and phase (dashed line) for single crystal
1-3 composites with different thickness.
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Figure 5.8. SEM images of single crystal 1-3 composites.
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PMN-PT polycrystalline ceramics and single crystals and PIN-PMN-PT single crystals,

were calculated from the permittivities using equation 5.3 and plotted as a function of

frequency. In addition, reported experimental data of high frequency PMN-PT single

crystal/epoxy 1-3 composites, fabricated by dry etching method, were also included in

Figure 5.9.

k33 =

�

1− εS33
εT33

(5.3)

From Figure 5.9, due to their respective thickness dependence of dielectric prop-

erties, monolithic fine-grained PMN-PT ceramics and PIN-PMN-PT crystals exhibited

original k33 values at high frequencies (>20 MHz), while the monolithic PMN-PT crys-

tals exhibited a notable decrease in k33 with increasing frequency, which caused by the

domain size/surface boundary effect as discussed in previous chapter.

PMN-PT single crystal 1-3 composites were also found to decrease in couplings

(k33) with increasing frequency, however, it should be note that the level of the decrease

in coupling of PMN-PT crystal composites in this work are larger than those of mono-

lithic samples. This might be due to the result of surface damage on the piezoelectric

elements during dicing, causing further property degradation.

As expected, PIN-PMN-PT/epoxy 1-3 composites were found to maintain higher

electromechanical coupling factors, being on the order of 0.79-0.80. The measured

impedance and phase spectrum is shown in Figure 5.10. It is believed that less fre-

quency dependent properties of PIN-PMN-PT 1-3 composites compared to PMN-PT

1-3 composites are due to the smaller domain sizes of PIN-PMN-PT single crystals, as

discussed in the previous chapter.
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Figure 5.9. Frequency dependence of electromechanical coupling factors (k33) for relaxor-PT
materials. Data for PMN-PT/epoxy composites fabricated by dry etching (PC-MUT) are ob-
tained from Ref[31–33].
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Figure 5.10. Measured electrical impedance (solid line) and phase (dashed line) for PIN-PMN-
PT single crystal 1-3 composites.
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5.4.3 Surface Damage

As discussed previously, the dielectric and electromechanical properties of piezo-

electrics can be degraded upon machining. Experimentally, the surface properties have

been measured to be smaller than those of bulk materials, and a series capacitance

model, in which non-ferroelectric layers exist in series with the normal ferroelectric

layer, has been used to explain degraded various properties of ferroelectric materials at

small dimensions.[106–118]

Figure 5.11 shows SEM images of diced edge microstructures for fine and coarse

grained ceramics 1-3 composites without epoxy filling. For fine grain materials, the im-

provement in dicing performance was observed in terms of surface roughness, exhibit-

ing much cleaner edges and minimal chipping. In contrast, surface damage on coarse

grained PMN-PT ceramics is clearly evident, showing grain pull-outs on the edge of the

diced cut.

Surface damage of 1-3 composites was further investigated using X-ray analysis.

Experimentally, it has been reported that the properties of ferroelectric materials de-

graded with the formation of surface damage layers, and surface damage can be in-

vestigated using X-ray since the penetration depth of X-ray is on the order of a few

microns.[119–122]

Figure 5.12 shows an X-ray profile of a fine-grained PMN-PT polycrystalline ce-

ramic prepared by final surface finishing with 0.05 micron particles. For comparison,

Figure 5.12 also includes an X-ray profile of the same ceramic prepared by dicing. Note

that the X-ray profile of coarse-grained PMN-PT is not included here due to the same

X-ray results as fine-grained PMN-PT.

As can be seen in Figure 5.12, after poling, the sample prepared by polishing showed

a noticeable change in the intensity ratio of (200) and (002) X-ray reflections, while the
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Figure 5.11. SEM images of diced fine and coarse grained PMN-PT ceramics.
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Figure 5.12. X-ray diffraction of the surfaces of fine-grained PMN-PT ceramics.
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Figure 5.13. X-ray diffraction of the surfaces of PMN-PT and PIN-PMN-PT single crystals.
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samples prepared by dicing did not exhibit the change in intensity ratio after poling. The

results suggest that mechanical dicing can change domain orientations in the surface

regions. It is well known that poling process leads to the domain realignments parallel

to the applied electric field, meaning that the switch of the intensity peak after poling is

the result of domain realignments. For the case of diced surface, however, poling did

not cause the change in domain orientations because mechanical dicing already induced

domain rotation well beyond that attained by the electric field.

Figure 5.13 demonstrates the XRD profiles taken from the polished surface of PMN-

PT and PIN-PMN-PT single crystals. For comparison, the diced surfaces were also x-

rayed and included in Figure 5.13. Compared to the XRD profiles of polished surfaces

of single crystals, those of diced surfaces of both samples exhibited broad peaks in the

2 θ angles from 20 to 120o, indicating surface damage on the diced surfaces.

The above observations clearly demonstrate that mechanical dicing can induce sur-

face damage on the samples, resulting in degraded electrical properties of piezoelectric

materials when the sample thickness approaches the dimension associated with surface

damage.

5.5 Conclusion

1-3 relaxor-PT piezocomposites were fabricated and their properties were investi-

gated as a function of thickness/frequency. As expected, coarse grained PMN-PT ce-

ramics showed the issues of fabrication of high frequency 1-3 composites, exhibiting

chipping and grain pull-outs during machining, while fine grained PMN-PT ceramics

showed improved machinability.

SEM investigation of relaxor-PT single crystal 1-3 composites revealed that there

were no macroscopic damage, but high frequency (20MHz) PIN-PMN-PT 1-3 piezo-
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composites were found to possess lower coupling factors when compared to their mono-

lithic counterparts (∼84% at 2 MHz), due to dicing induced surface damage and/or low

polarizable surfaces, as confirmed by XRD. Of great potential is, however, their high

couplings, being 80% at 20 MHz, much higher when compared to PMN-PT 1-3 piezo-

composites, being only 72% at the same frequency, making PIN-PMN-PT single crystal

system as a promising candidate for high frequency ultrasound transducers.



Chapter 6
Conclusion and Future Work

6.1 Summary and Conclusion

Fine grained PMN-PT polycrystalline ceramics were synthesized using high energy

milling with hot isostatic pressing. The optimum processing conditions were determined

by investigating their density and microstructures. The dielectric and electromechani-

cal properties of synthesized materials were found to decrease when the grain size was

well below 1 micron. The detail property measurements revealed that fine grained (∼1

micron) PMN-PT ceramics showed comparable electrical properties to those of com-

mercially available TRS-HK1 ceramics (i.e., coarse grained PMN-PT ceramics). This

makes fine grained PMN-PT ceramic a promising candidate for a use in high frequency

ultrasound transducers that require fine scale features.

The properties of relaxor-PT single crystals, <001> oriented PMN-PT and PIN-

PMN-PT, were also characterized. It was found that both PMN-PT and PIN-PMN-PT

single crystals poled along the <001> crystallographic direction offer similar piezo-

electric and electromechanical properties; the piezoelectric coefficients, d33 were in the

range of 1700 - 2000 pC/N, with electromechanical coupling factors, kt ∼ 0.6 and k33
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∼0.9.

The dielectric, piezoelectric and electromechanical properties of each material, whose

thicknesses correspond to resonance frequencies in the range of 2 to 80 MHz, were in-

vestigated as a function of thickness/frequency to evaluate their applicability for high

frequency ultrasound transducers. Various thicknesses of relaxor-PT materials includ-

ing polycrystalline ceramics and single crystals were prepared by fine polishing in order

to minimize or eliminate surface damage caused by polishing.

As expected, fine grained PMN-PT ceramics showed greater mechanical strength

and improved machinability in comparison with coarse grained counterpart, allowing

the fabrication and characterization of much thinner samples (less than 20 microns).

Fine grained PMN-PT ceramics also exhibited the improved stability of dielectric and

piezoelectric properties at small thicknesses, resulting in minimal property degradation

at high frequencies. In contrast, coarse grained PMN-PT ceramics became problematic

with decreasing thicknesses. When the thicknesses were less than 50 microns, cracks

were initiated across grain boundaries, with the property degradation when the thick-

nesses were below 100 microns.

Binary PMN-PT and ternary PIN-PMN-PT single crystals were also investigated

as a function of thickness/frequency. PMN-PT single crystals showed a large decrease

in dielectric and piezoelectric properties with decreasing sample thicknesses, regard-

less of different crystal orientations. In contrast, ternary PIN-PMN-PT single crystals

showed less thickness dependent dielectric, piezoelectric and electromechanical proper-

ties. Temperature dependent dielectric behavior and the domain size investigation using

optical microscope suggest that the observed thickness dependence in PMN-PT single

crystals is closely related to their large domain size, > 20 microns.

High frequency 1-3 piezocomposites were fabricated and their properties were com-

pared with those of low frequency 1-3 piezocomposites. Similar to the results of thick-
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ness dependent properties from the monolithic samples, PMN-PT crystal 1-3 composites

exhibited degraded properties at high frequency (∼ 20 MHz), while fine grained PMN-

PT ceramics and PIN-PMN-PT crystal 1-3 composites showed less degraded piezoelec-

tric properties. However, the observed couplings of PIN-PMN-PT crystal 1-3 compos-

ites, being on the order of 80% at 20 MHz, were lower than expected values. Based

on the x-ray diffraction results, showing peak switching and broadening on diced sur-

faces, it can be concluded that mechanical dicing can cause the surface damage on active

piezoelectric elements, and this surface damage is believed to be the origin of further

property degradation of 1-3 piezocomposites in the high frequency range, as the volume

of surface damage increases with increasing frequency.

6.2 Future Work

This thesis is intended to investigate thickness dependent dielectric and piezoelectric

properties of relaxor-PT materials for possible uses in high frequency ultrasound trans-

ducers. From this study, it was found that the domain sizes play an important role in the

property variation. The degradation in dielectric and electromechanical properties of

fine grained PMN-PT ceramics and PIN-PMN-PT crystals was significantly lower than

that of other relaxor-PT materials (coarse-grained PMN-PT and PMN-PT crystals) with

decreasing thickness due to their relatively smaller domain sizes with respect to their

sample thickness.

However, as seen in the results of 1-3 composites, the level of couplings for PIN-

PMN-PT 1-3 composites was found to decrease with decreasing thickness, in contrast to

monolithic PIN-PMN-PT samples. This indicates that dicing can deteriorate the piezo-

electric properties as a result of surface damage. Therefore, future studies should involve

the investigation of the influence of surface damage on property degradation. X-ray
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diffraction studies conducted in this study have limited the resolution and incapability

of in-situ observation with electric field, which make it difficult to identify the extent

of surface damage on each sample. High-energy, high-penetration neutron or X-ray

diffraction data as a function of sample depth would be useful to reveal the extent of

surface damage and internal domain populations of relaxor-PT materials. In addition, it

would be interesting to investigate in-situ observations of domain evolution with electric

field using optical microscope and/or SEM, which will greatly improve understanding

of the role of domain sizes in the properties of piezoelectric materials.

Investigation on the properties of high frequency (>20MHz) composites is also nec-

essary to ensure the performance of ultrasound transducers at high frequencies. The

present studies have limited to below 20 MHz due to the limitation of the width of cur-

rent dicing saw (17 microns). A variety of methods have been emerged over the years

in order to fabricate high frequency (>20 MHz) 1-3 or 2-2 composites. An overview of

proposed fabrication methods and materials for ultrasound transducer is schematically

shown in Figure 6.1. For 2-2 composites, tape-casting, stacked plates or lamination

techniques and interdigital phase boding have been demonstrated to be effective fabri-

cation techniques to create high frequency transducers (20-40MHz).[123–125] For 1-3

composites, micromolding technique has allowed for the fabrication of high frequency

composite transducers above 20 MHz.[126, 127] Thick and thin film techniques[127]

allow for the fabrications of very high frequency (>100MHz) ultrasound transducers.

Recently, the novel lithography based micromachining technology has been success-

fully used to fabricate high frequency 1-3 PMN-PT single crystal composites beyond 60

MHz.[26, 29–33] The advantage offered by this technique lies on the ability to realize

narrow channels or kerfs less than 10 microns, enabling high aspect ratio of piezoelectric

elements. In addition, lithography based micromachining technology uses dry etching

method, which might result in less surface damage on the samples compared to the
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composites using conventional dicing-fill method. This suggests that high frequency 1-

3 composites fabricated by dry etching method could be achieved with minimal property

degradation.

1 MHz 10 MHz 100 MHz 1 GHz

Nano Piezos
Domain Eng. Single Crystals

Single Elements
Thick/Thin Films

1000 µm 100 µm 10 µm 1 µm

N=f × tscale ~1000 Hz.m
Scale

Ultrasound 
frequency

Fine Grain Pizeoelectrics

Dicing-fill method

Extrusion and Injection Molding

Thin film Deposition

Tape Casting
Interdigital phase boding

Micromachining

Figure 6.1. Enabling piezoelectric materials and/or fabrication methodologies as a function of
ultrasound frequency and/or scale.



Appendix A
Material Properties

The dielectric, piezoelectric, and electromechanical properties of investigated mate-

rials described in Chapter 3 are presented here.

Table A.1. Characterization of PMN-PT polycrystalline ceramics. Free (εT33/ε0) dielectric per-
mittivity was measured at 1kHz, and clamped (εS33/ε0) permittivity was measured at the fre-
quency of 2fa (thickness mode anti-resonance frequency). High field d∗33 was measured by
unipolar strain at a driving field of 10 kV/cm.

Material Grain Size TC εT33/ε0 εS33/ε0 tanδ d∗33 d33

(µm) (oC) (pm/V) (pC/N)

Fine Grain PMN-PT 1 150 5800 2500 0.025 920 820

Coarse Grain PMN-PT 5-7 150 6100 2700 0.016 820 800

Material kp kt k33 Pr EC

(µC/cm2) (kV/cm)

Fine Grain PMN-PT 0.6 0.5 0.72 30 5.5

Coarse Grain PMN-PT 0.62 0.51 0.74 32 5
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Table A.2. Characterization of PMN-PT and PIN-PMN-PT single crystals. Free (εT33/ε0) di-
electric permittivity was measured at 1kHz, and clamped (εS33/ε0) permittivity was measured at
the frequency of 2fa (thickness mode anti-resonance frequency). High field d∗33 was measured
by unipolar strain at a driving field of 10 kV/cm.

Material TR−T TC εT33/ε0 εS33/ε0 tanδ

(oC) (oC)

<001> PMN-PT 95 135 6000 900 0.004

<110> PMN-PT 90 135 4500 730 0.008

<001> PIN-PMN-PT 105 178 5600 900 0.006

<110> PIN-PMN-PT 115 171 3300 650 0.01

Material d∗33 d33 kt k33 Pr Ec

(pm/V) (pC/N) (µC/cm2) (kV/cm)

<001> PMN-PT 1800 1800 0.6 0.90 27 2.5

<110> PMN-PT 1130 1100 0.51 34 3.2

<001> PIN-PMN-PT 1850 1700 0.58 0.91 27 4

<110> PIN-PMN-PT 800 900 0.50 37 4.4
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