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Abstract

Transducer arrays operating above 15 MHz enable real time high resolution imaging
of tissue, capable of resolving features below 200um. Clinical applications such as
oncology and gastroenterology could significantly benefit from the improved
resolution for high frequency ultrasound (HFUS) characterization of tissues. However,
this is presently challenging due to the limited penetration depth of HFUS and limited

acCcCess.

Since the device dimensions scale with imaging wavelength, it becomes feasible to
integrate HFUS arrays with interventional tools such as biopsy needles. Although there
are many design and fabrication challenges associated with incorporating transducers
with interventional tools such as biopsy needles, it creates opportunities for timely and

accurate characterisation of tissue, leading to in-vivo pathology.

This study reports progress in the development of fabrication processes for miniature
linear arrays suitable for integration with biopsy needles. While patterning high
frequency transducer arrays based on piezocomposites has been shown to be feasible,
there remain many challenges to miniaturize the interconnect and cabling of an
ultrasound probe suitable for in vivo pathology. Novel packaging techniques for
integrating an ultrasound array into a needle were developed. Wafer scale fabrication

was adopted to reduce the overall cost of fabrication.

Microfabrication and precision micromachining processes were developed to
overcome the technical challenges in fabricating miniature arrays operating up to 25
MHz. Array elements are defined by precision dicing and the necessary external flex
circuit cabling was fed through the needle. A flexible printed circuit is connected to

back surface electrodes using low-temperature bonding methods.

A flex circuit connected to the 1-3 piezocomposite was patterned with 60 um pitch to
define array elements suitable for a 25 MHz linear array. The polyimide flexible
printed circuit, with fine pitch traces, was twisted into a helical structure so that it can
fit within the core of the biopsy needle and permit large numbers of elements and

electrode traces.



The spiral-helical flexi-circuit design was developed as a way to fit multiple
conductive tracks into a needle. The definition of fine-pitch conductive tracks on
polyimide polymer was achieved using dry-film photoresist and the application of a

megasonic transducer to provide agitation and small bubbles for copper etching.

Investigation and evaluation of low temperature bonding methods was undertaken.
This overcomes the problem of using high temperature methods on the temperature
sensitive single crystal materials. Bonding techniques such as ultrasonic bonding and

magnetically aligned anisotropic UV curable epoxy were investigated.

A Resolution integral was applied to simulated beam plots as a way of evaluating
transducers at a design stage. This considers the ultrasound beams and a measure of
the beam at -6 dB is taken as the lateral resolution. This is measured over the depth of
field. A transducer with a higher resolution integral would have a narrow beam over a

long distance

The process was validated with a single element transducers made from fine-scale
single crystal composites involving PMN-PT and Manganese doped Lead Indium
Niobate-Lead Magnesium NiobateLead Titanate (Mn-PIN-PMN-PT). These were
fabricated using the conventional dice and fill method, and incorporated into needles
and tested. These composites had pitches as small as 50 pm with kerf of 18 um.

Images were generated using these transducers.

Arrays operating at 5 MHz and 15 MHz were fabricated. The fabrication process
development and testing demonstrated the feasibility of a linear array integrated into a

biopsy needle. The extension of the fabrication processes to higher frequency arrays.
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Below is a list of symbols and abbreviations used in this Thesis. Other expressions
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COMPOSITE AND THE BACKING WITH TUNGSTEN FILLED EPOXY euvvuiiiiiiiiiiiiiri ittt sa s aeeas 145

FIGURE 6. 4: A TRANSDUCER SHOWING MATCHING LAYER, BACKING LAYER, ACTIVE COMPOSITE, CONDUCTIVE EPOXY FOR
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CHAPTER 1

Introduction

Chapter profile

This chapter gives a general overview of medical ultrasound imaging, explaining
where it started and the current trends as well as predicting the future developments.
It also presents the rationale of the thesis, detailing the main aims of the research. The

thesis structure, the statement of original work and are also outlined in this chapter.

1.1 Medical Ultrasound Imaging

Ultrasound is defined as sound waves operating at frequencies above the human
hearing frequency limit of 20 kHz (Lutz and Buscarini 2011). Conventional medical
diagnostic ultrasound transducers have an operational frequency of between 1 MHz
and 15 MHz (Szabo 2004), with the current commercially available systems using
arrays of piezoelectric transducers to produce two-dimensional (2D) or three-
dimensional (3D) images of the region of interest. The transducer is excited by a pulsed
voltage and in response it emits ultrasound pulses, which travel through the tissues and
organs. The reflected echoes from the tissues and organs are detected by the same
transducer and converted into a voltage. These electrical signals are used to reconstruct

the image of the tissues in the path of the sound waves.

1.1.1 History of ultrasound

The application of ultrasound as a medical diagnostic tool is credited to the second half
of the twentieth century. The physics and principles of operations have however
existed as early as 1842 when Christian Doppler published his work on what is now
known as the Doppler shift (Doppler 1842; Censor 1984; Hagen-Ansert 2006; McNay
and Fleming 1999). In 1877 Lord Rayleigh published the theory of sound, with the
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piezoelectric effect being described in 1880 by the brothers; Jacques and Pierre Curie
(Strutt 1877; Curie and Curie 1880b; Curie and Curie 1880a; Mason 1981; Ballato
1996). These and many other findings contributed substantially to what is now used as
medical ultrasound. The 1950s saw great steps towards what is the present-day
ultrasound imaging system when Professor lan Donald along with Mr Tom Brown
carried out experiments to produce A-scan images of human tissue. These images were
able to provide convincing evidence of differences in the signals obtained from solid
and simple cystic tissues (Donald et al. 1958; Hagen-Ansert 2006; McNay and
Fleming 1999). Donald and Brown also developed practical early B-scan technology
and investigated obstetric applications for ultrasound. Another notable name in the use
of ultrasound in medicine is Karl Theodore Dussick in Austria who published his
preliminary findings in 1942 (Dussik 1942), suggesting that he was able to use
ultrasound for detecting intracranial tumours by 1947 (Dussik 1947; Shampo and Kyle
1995).

Most early work using ultrasound in medicine was undertaken on obstetrics and
gynaecology patients but ultrasound has since expanded in its applications now
including, but not limited to tumour growth, blood flow measurements and blood
vessel blockage detection. The discovery and integration of microchips into ultrasound
systems in the 1970s facilitated exponential growth in processing power, leading to
the introduction of faster and more powerful systems with digital beam-forming, signal
processing, and new ways of developing and displaying data (Lyons 2004). These
developments triggered a movement from mechanical scanning with single element

transducers to the use of electronically controlled arrays for obtaining images.

1.1.2  Current ultrasound usage

The newest ultrasound imaging systems have advanced functions such as elastography
and harmonic imaging which give more information about the tissue of interest. Three-
dimensional imaging is also among the recent advances to be introduced in clinical
ultrasound systems. Increased interest in the use of ultrasound has led to identification
of numerous areas of application and led to improvements in the overall performance

the systems. The future of ultrasound imaging is predicted to produce 3D tomography,
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picking up small details that are missed by the current 4D systems. The 4D technology
permits taking a 3-dimensional image in real time (Nelson 2006). The 4" dimension is

time.

The medical application of ultrasound is rapidly growing and now closely follows X-
rays as the most commonly used imaging modality around the world (Shung 2011;
www.researchandmarkets.com 2012). The current global market for medical
ultrasound is approximately US$5.6 billion with a projected increase to US$8.1 billion
by 2017 which gives a compound annual growth rate of 6.2% (Foster et al. 2000).
Trolley-based systems are the most common but there is a developing trend of device
miniaturisation. This miniaturisation trend is seen in the transducers themselves and
the imaging systems as a whole, as the trolleys become laptop-type portable systems.
The miniaturisation of devices correlates closely with developing systems that use high

frequency ultrasound for obtaining high resolution images.

1.1.3  High resolution ultrasound

When technological advances in ultrasound imaging are used in combination with high
frequency transducers, more avenues for clinical applications are opened. The main
advantage of using high frequency ultrasound is improved resolution, which is related
to the transducer wavelength (Lockwood et al. 1996). The resolution is improved from
approximately 1 mm of the conventional transducers to better than 100 pm with
transducers operating above 25 MHz. The improved resolution has the potential to
help in identifying small features such as tumours on the order a few cells thick. The
limitation of the high frequency transducers however, is that the penetration into the

tissue is reduced.

There is an unmet clinical need for imaging fine-scale features such as small tumours
deep in the tissue or body. High resolution images from such regions would enable
easy collection of biopsies or a potential for in-vivo pathological investigation if the
probe can be made small enough and positioned close to the tissue region of interest.
The size of an ultrasound transducer scales with the imaging wavelength, which is
inversely proportional to the operational frequency. Therefore, increasing the

frequency leads to smaller transducer dimensions. This has over the years presented
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great challenges in achieving high frequency transducers, particularly arrays operating
above 20 MHz. With recent advances in piezoelectric materials and microfabrication
techniques, it has now become possible to explore the development of entire devices

with millimetre scale dimensions for imaging well beyond sub-millimetre resolution.

1.2 Needle biopsies

Existing imaging modalities such as MRI, CT and X-rays are limited in their
application. In instances such as prostate cancer, the most used modality is ultrasound
imaging (Chopra et al. 2008). This however, is limited to the lower (~1 mm) resolution
of the current commercially available transducers and the probe design does not allow

easy access to the region of interest.

Biopsies of tissue are commonly collected where further examination of tissue or
staging of disease using optical microscopy is required. Biopsy needles are positioned
by a clinician in the region of interest, often using guidance from an imaging modality.
Breast imaging is routinely done using low-dose X-rays but these present low
resolution images. Magnetic resonance imaging (MRI) provides high resolution
images of breast scans but the problem of breathing moves tissue out of position,
making it difficult to accurately pin-point micro-features in the region of interest.
Spinal epidural procedures are performed based on touch and feel techniques and they
would benefit from imaging guidance. MRI is used to guide biopsy needles for

collecting tissue samples in specific regions (Chen et al. 2004).

With all the existing imaging technologies, there is still a need to take a large number
of biopsy samples from locations other than the disease focal points. This means that
multi-location samples are taken and in many cases patients need to return to hospitals
for second or third biopsies due to regions being missed in earlier samples. Biopsy
needles come in different shapes and sizes based on their applications. The largest
biopsy needle is a 14 gauge and this translates to 2 mm outside diameter (Helbich et
al. 1998). A larger needle would collect more tissue but is also likely to cause more
collateral damage to normal tissue. In very sensitive areas such as lymph nodes,

smaller needles are used to collect biopsies.
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The main impetus for the current research is the limitations of existing modalities for
accurately pin-pointing regions for biopsy. This research aims to integrate an imaging
device on the tip of a needle which would enable practitioners to visualise tissue at
very close proximity to where the tissue samples are taken. Ultrasound presents a
viable option for this technology since high frequency transducers are small enough to
fit on needles and other interventional tools. The end application of the work in this
thesis is to obtain a high resolution image of the whole structure, potentially giving

more information than the biopsy on its own.

1.3 Rationale, Aims and objectives

The work presented in this thesis focuses on solving the limitation of low frequency
ultrasound. Figure 1.1 shows how high frequency ultrasound can have a practical
application, overcoming its own limitations. Conventional arrays similar to that in

Figure 1.1(a) are limited in two ways:

e First, at lower frequencies, they have a poor spatial resolution particularly with
features in the tissue structures of interest at the sub-millimetre scale.
Generally, the spatial resolution is related to the wavelength, with shorter
wavelengths corresponding to higher frequencies and providing better
resolution (Lutz and Buscarini 2011). Thus, imaging can be improved by
increasing the frequency (Figure 1.1(b)), assuming other system factors also
change correspondingly.

e Second, the penetration depth is reduced when the frequency is increased, due
to increased ultrasound energy absorption in tissue (Cannata et al. 2003; Foster
et al. 2000). This can only be overcome fundamentally by placing the array
closer to the target as illustrated in Figure 1.1(c). An example is to place the

array on a needle to be inserted into the patient.

The approach of incorporating ultrasound arrays on the tip of an interventional tool
(Figure 1.1(c)) such as biopsy needle is the main focus of this thesis, which sets out
to provide a solution to both of the two limitations detailed above. By inserting the
array at the tip of a biopsy needle, application-specific, high frequency, high
resolution transducers can be used, and the limitation of sound energy attenuation by

tissue at high frequencies can be overcome. This also changes the nature of the



Chapter 1: Introduction

diagnosis from non-invasive to invasive; however, clinicians often claim that such
invasion would be worthwhile (Larsen 2002). The ultimate use would be to replace
biopsy collection where possible with high resolution in vivo diagnosis using newer
tissue characterisation techniques such as elastography that can be used to distinguish
cancerous tissue. The potential applications of devices overcoming these challenges

are numerous in oncology and their development is therefore worthwhile.

Conventional External High frequency  Miniature arrayon a
Ultrasound Probe probe biopsy needle

* /'\
Figure 1.1: Illustration of limitation of conventional and external high frequency ultrasound
transducers. The conventional probe shown in (a) has a limitation of low resolution but penetrates
deep in the tissue. The external high frequency probe (b) has the benefit of high resolution but

limited tissue penetration. The miniature array on a needle (c) overcomes both the problem of
resolution and tissue penetration.

There are three main challenges to overcome:
o first, the need for a small package;
e second, the need for a high performance, high frequency array to achieve high
resolution images;

e and third, the need for economical means of manufacturing.

According to the first challenge, the complete array must be packaged to fit within the
dimensions of a needle. This thesis aims to contribute to the development of a package
which fits within a 14 Standard Wire Gauge SWGQG) (2.032 mm diameter) needle. It is
important to note that this is presently taken as the maximum size, with smaller

diameters being better for patient comfort.
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High frequency transducers have a wide use in catheters for high resolution imaging.
Many commercially available catheter transducers use single element transducer
which are mechanically rotated to obtain a radial image of the region of interest (van
der Steen et al. 2006). Arrays with relevant dimensions have been produced previously
for intravascular ultrasound (IVUS), but their configurations are generally different
and, more importantly, their dimensions are bigger. For example, the AcuNav (Proulx
et al. 2005) sideways-looking phased array (Siemens Healthcare, Mountain View, CA,
USA) is available in 8French (F) (2.7 mm diameter) and 10F (3.3 mm diameter)
versions. On the other hand, a catheter requires a significant insertion length; 110 cm
for the AcuNav, which requires long cabling. The typical solution is to have some
electrical switching or signal processing on a chip integrated within the probe. These
custom electronic chips are very expensive but there are then minimal signal cables
running the length of the catheter. However needle in vivo pathology allows a much
shorter length between the array and the end of the needle, potentially down to just a
few centimetres. Because of this, the work in this thesis assumed a positive,
simplifying effect on the design by assuming hard-wiring from the flexi-circuit

attached to the array head to external instrumentation.

According to the second challenge, a high frequency array is needed. A transducer
with an operational frequency of 15 MHz would theoretically yield a lateral resolution
of 200 - 600 um (Baun 2010). Although there are other factors contributing to the
image resolution, the operational frequency plays the biggest part. Other factors
include: element dimensions, properties of matching and backing layers, as well as
focusing with a lens. Transducers with even higher frequencies, towards 100 MHz,
will resolve features close to a few cells thick. The main challenge with increasing the
frequency is the reduction in the dimensions of the transducer. The layers that make a
transducer are all determined by the operational frequency. These micro-scale features
present many challenges during the fabrication. In the work reported in this thesis, the
target is to fabricate a 15 MHz ultrasound array in a needle. Another study was
undertaken prior to this project to demonstrate the feasibility of fabrication of array
prototype transducers operating up to 100 MHz (Demore et al. 2009), but this did not
consider packaging into small probes and the overall dimensions were large. Various

means to achieve such high frequencies are being explored. A key part of this thesis
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describes devices made with ultrahigh performance, lead magnesium niobate-lead

titanate (PMN-PT) piezocrystal composite material for high frequency applications.

According to the third challenge, the devices must be made economically. To this end,
techniques were explored which lend themselves to small wafer-scale manufacturing
and to efficient mass manufacturing of other components. For example, spirally-
wound flexible circuits for the external connections were investigated along with
initial considerations of using kerfless arrays in the future. Automated and mask-based

design techniques were also under active investigation.

1.3.1 Aims

The main aim of the work presented in this thesis is to investigate the feasibility of
integrating ultrasound imaging arrays within needles for in-vivo pathological

investigation.

The second aim is to develop a process for fabricating high frequency arrays

incorporated into interventional tools.

1.3.2 Objectives

The objectives of this research are:

1  Development of novel packaging techniques for integrating an ultrasound array
into a needle. Wafer scale fabrication is adopted to reduce the overall cost of
fabrication.

2 Designing a flexi-circuit to connect multiple tracks through a small diameter
needle.

3 Define fine-pitch conductive tracks on polyimide polymer. This is to permit
fabrication of high frequency transducer.

4  Fabrication of fine-scale single crystal composites involving PMN-PT and
Manganese doped Lead Indium Niobate-Lead Magnesium NiobateLead Titanate
(Mn-PIN-PMN-PT) using the conventional dice and fill method, and incorporated
into transducers. These composites with pitches as small as 50 pm with kerf of 18

um would allow for an operational frequency of above 15 MHz.
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5 Investigation and evaluation of low temperature bonding methods. This
overcomes the problem of using high temperature methods on the temperature
sensitive single crystal materials. Bonding techniques such as ultrasonic bonding
and magnetically aligned anisotropic UV curable epoxy were investigated.

6 Investigating the resolution integral as applied to simulated beam plots as a way
of evaluating transducers at a design stage. This considers the ultrasound beams
and a measure of the beam at -6 dB is taken as the lateral resolution. This is
measured over the depth of field. A transducer with a higher resolution integral

would have a narrow beam over a long distance

1.3.3 The ISPUD partnership

The work in this thesis was done under the Integration of Silicon and Piezoelectric
Ultrasound Devices (ISPUD) project. This project involved experts from different
fields from three universities and three companies. The main work was done at
IMSaT, University of Dundee, by the author of this thesis, who undertook the main
fabrication and packaging of the ultrasound transducer in a needle. The author’s

formal affiliation is to the University of Strathclyde.

The flexi-circuit fabrication and investigation of bonding techniques used in the
prototypes was led by MISEC, Heriot-Watt University. Different expertise input was
contributed from transducer building to dicing and lapping. The author of this thesis
was fully involved in all aspects of the work done in this thesis such as the design and
fabrication of the flexi-circuit and experimenting with the different bonding

techniques.

1.4 Thesis structure

Chapter 2 compiles a review of literature, explaining the working principles of medical
ultrasound transducers, drawing on the physics and engineering mechanisms. A
comprehensive review of ultrasound transducers is detailed, focusing on the trend

towards high frequency transducers: applications of these transducers are highlighted.
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Chapter 3 explains the different design approaches used for this research. Trade-offs
are explained to enable the feasibility of the transducer. Techniques for characterising

the active and passive materials as well as the finished prototypes are described

Chapter 4 discusses, with in-depth results, the different stages of fabrication with
results such as impedance of plates and composites as well as the passive material
velocities and attenuation. Characterisation of materials, active and passive, leading
to one dimensional modelling (ODM) and virtual prototyping for the ideal transducer
are presented in this chapter. The effects of limiting the transducer dimensions to fit in
the needle are examined through simulation with beam patterns for the single element,

linear and phased arrays explained

Chapter 5 explains in detail the process development for integrating a high frequency
ultrasound transducer incorporated into a biopsy needle. The micro-fabrication
methods employed are explained. The process for making high frequency
piezocomposites from PMN-PT single crystals using low temperature processes, to
maintain the high performance of the material, is explained. The design and
fabrication of the flexi-circuit is also presented. Results investigating different bonding

methods are also presented in this chapter.

Chapter 6 illustrates the fabrication of single element transducers focusing on small
pitch single crystal composites. Low temperature techniques are presented as the basis
for fabricating with single crystal materials. Dicing parameters for fine-scale single
crystal composites are presented. Electrical matching with a micro-coaxial cable is
explained and demonstrated. Results of characterising the transducers including

impedance, pulse-echo and tissue imaging are illustrated.

Chapter 7 presents results from arrays at 5 MHz and 15 MHz. Results are shown
demonstrating the steps of wafer scale fabrication, highlighting some of the challenges
and how they are overcome. Flexi-circuit design and fabrication are also presented.
The 5 MHz array is fitted into a needle and tested. Results from images of simple wire

targets and tissues are shown.

10
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Chapter 8 draws together the conclusions from the thesis, highlighting the successful

steps and those requiring further improvements are discussed as future work.
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CHAPTER 2

Background Theory and Literature
Review

Chapter Profile

The development and use of medical ultrasound transducers has continued for over 50
years, with ultrasound closely following X-rays as the most commonly used imaging
modality. High resolution ultrasound imaging is one of the areas that have received
much attention in recent years with researchers now focusing on translational research,
investigating how the devices can be applied clinically. Such devices use high

frequency transducers to obtain high resolution images.

This chapter begins with an overview of common imaging modalities, and illustrates
the benefits of ultrasound. The working principles of medical ultrasound transducers
are explained, drawing on physics and engineering mechanisms. An overview of the
advances in ultrasound transducer development is given, focusing on the trend of high

frequency transducers. Applications of these transducers are highlighted.

2.1 Overview of Medical Imaging Modalities

Medical imaging has provided a platform for examining the anatomy without the need
for invasive surgical techniques. Since its discovery, medical imaging has changed the
ways through which medicine is practised (Leiserson 2010). Techniques involving
radiography, magnetic resonance imaging (MRI), positron emission tomography
(PET) and ultrasound have been used over the years to assist in accurately diagnosing
a wide range of diseases, abnormalities or structural defects in the body. One of the
most frequent uses of imaging is in oncology, where tumours are routinely diagnosed.
In some cases, such as use of X-rays to diagnose a fracture, one imaging modality
provides sufficient information to obtain good medical conclusions. However, due to

limitations of each imaging modality, it is becoming more common to use two or more
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modalities with still a further investigation at a central biochemistry laboratory needed
(Curiel et al. 2007). It is therefore useful to review the most common imaging

modalities with their associated strengths and weaknesses.

A good medical imaging modality must accurately depict anatomical structures at a
useful resolution, with high contrast and without any adverse side effects. Different
structures are investigated using different modalities due to inherent capabilities and
limitations of each modality. It is important to know what needs to be diagnosed and
choose the appropriate imaging modality. The widely available modalities are
radiography (X-rays and computed tomography (CT)), positron emission tomography
(PET), magnetic resonance imaging (MRI), ultrasound, and optical coherence
tomography (OCT). Most of these imaging systems produce a 2D representation of 3D
structures but there is a trend towards obtaining volumetric images (Sakas 2002). A

comparison of the different imaging modalities is summarised in Table 2.1.

Table 2. 1: Comparison of medical imaging modalities (Szabo 2004) (http://usedophthalmology.com)

Modality MRI CT OCT X-ray Ultrasound
What is Biochemistry Mean tissue  Optical Tissue Mechanical
imaged absorption scattering absorption properties
(density) (density)
Access Circumferential ~Circumferential Surface 2 sides Small window
Around body Around body or needed
external
tissues
Spatial ~ lmm ~ lmm 0.02mm  ~ Imm Frequency and
resolution depth
dependent
(0.05-3mm)
Penetration Excellent Excellent Poor Excellent  Frequency
dependent
(3-25 cm)
Safety Very good Ionising radiation ~ Very Tonising Very good
good radiation
Maximum 10 frames/sec Y% minute to 27,000 minutes 100 frames/sec
Speed minutes A-scans
per sec
Cost $555558$ $$5$ $$ $ $
Portability Poor Poor Good Good Excellent

2.1.1 Radiography

Radiography employs electromagnetic radiation from the x-ray region of the spectrum
to generate an image based on how it is absorbed by the tissue. X-rays are absorbed
more by tissues with higher density, so the images effectively show the relative density

of tissues. The application of X-rays originates from their discovery by the physicist
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Wilhelm Roentgen in 1895 (Roentgen 1895; Rontgen 1972). It was quickly adopted
for medical imaging. The current systems used have an image resolution of
approximately 1 mm (Szabo 2004), and this depends on the beam width and the
detectors or films used to acquire the image. The current systems are moving from film
to fully digital imaging X-rays and do not have sufficient contrast for differentiating
between soft tissues, however they provide excellent contrast between soft tissue and
dense tissue such as bone. They are commonly used for detecting bone fracture (Szabo
2004). Employing radioactive contrast agents permits the imaging of blood vessel
through this modality. The main drawback of X-rays is that they are ionising radiation.
The dose can be cumulative and therefore effective precautions are taken to avoid
unnecessary exposure. X-rays are cheap and relatively straight forward to use which

has made them the mostly commonly used modality.

The first successful implementation of CT scanners in medicine was in 1972 by G N
Hounsfield (Hounsfield 1973; Kalender 2006). Computed Tomography (CT) imaging
also involves the use of X-rays with the application of mathematical reconstruction to
produce slices of tomographic views. In effect, CT produces images with better
contrast for soft tissues than those obtained by conventional X-rays. CT scanners are
most commonly used in the diagnosis of neurological disorders including tumours or
haemorrhage. The resolution depends on the slice thickness, number of pixels,
algorithms, data sampling as well as computer hardware. Conventional scanners have
resolution of over 0.44 mm?> (Mollet et al. 2005). There are also scanners in the micro-
CT category and these can produce resolutions as good as 1 um with the capability of
imaging both soft tissues and bones (Zagorchev et al. 2010). However these are limited
to only ex-vivo examination of tissue with a total volume of 1 cm?®. The main
drawbacks of CT scanners are that a much higher dose of radiation must be used to

obtain the high resolution images, and it is expensive and not portable.

2.1.2  Positron Emission Tomography (PET)

Developed in the 1970s, PET uses scintillation detectors surrounding a patient to detect
positrons to produce an image. A radionuclide is either swallowed or injected into the
body causing positrons to be emitted when there is interaction with positron emitting

radioisotopes found in the body, for instance, ''C, *N and '>O. Due to poor spatial
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resolution and signal to noise ratio (SNR), PET is mainly used for metabolic function
studies, which cannot be effectively done using the other modalities (Acharya et al.

1995).

2.1.3 Magnetic Resonance Imaging (MRI)

This modality, also known as nuclear magnetic resonance, was discovered in 1946 and
was thereafter adopted as a medical diagnostic tool (Acharya et al. 1995; Geva 2006).
The spatial resolution is dependent on the number of pixels in a given area, which in
turn depends on the signal sensitivity of the scanner. When the resolution of an MRI
image is increased, the signal to noise ratio is greatly reduced. It is the strength of the
magnet that gives the signal strength which leads to a good resolution. It is argued that
MRI currently provides the bench mark for medical imaging; it is non-ionising,
minimally invasive with the capability to distinguish between soft and hard structures
in the body; it provides spatial resolution of approximately 1 mm (Szabo 2004) but at
research stages, strong magnets are used to yield a much better resolution. The
drawbacks to using MRI are not many but very significant: it is very expensive
requiring above £700,000 (Price et al. 2008) for installation along with high running
and maintenance costs; it is not portable; artefacts are produced due to movement of
the patient in the machine and therefore it is not real-time; people with metallic
implants cannot be imaged with MRI; it is known to cause dizziness, with increased
strength of magnetic fields. MRI in the form of functional MRI (fMRI) can be used to

monitor haemodynamic activities in the brain but it is not real time.

2.1.4 Optical Coherence Tomography (OCT)

In this technique, low-coherence interferometry is used to generate images of the
optical scattering of the microstructures in tissue. It scans in the same way an
ultrasound pulse-echo device works. It is credited for its outstanding spatial resolution
of below 2 um, with commercial devices being utilised in ophthalmology (Gabriele et
al. 2011; Fujimoto et al. 2000). The drawback of OCT is the limited depth of
penetration with the maximum being around 2 mm in high scattering tissues such as
skin and small blood vessels (Schmitt 1999). In optically translucent tissues similar to

the eye and frog embryos, it has been reported to have a penetration of about 2 cm
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(Schmitt 1999). However, the tissues of interest for in vivo pathology are not optically

translucent and therefore the penetration depth is limited to 1 — 2 mm (Schmitt 1999).

2.1.5 Ultrasound Imaging

Medical ultrasound imaging is an imaging modality for soft tissue which uses the
pulse-echo technique to form images of the structures. The pulses of ultrasound are
emitted into the object of interest as shown in Figure 2.1. The sound energy propagates
through the object until there is discontinuity in the acoustic impedance of the material.
The energy is reflected back at the interface and the time taken for the echoes from the
object to return to the transducer is used to determine its position. The amplitude of

the received signal determines how reflective the structure is to the ultrasound energy.
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Figure 2. 1: Pulse-echo imaging showing A-mode scan of structures at different times t1,t> and ts.
The signal is received as a voltage with a specific amplitude (courtesy S. Cochran, University of
Dundee).

The information obtained by the ultrasound probe can be displayed in form of A-mode
or B-mode. A-mode: A-mode is also called the amplitude mode and is where the
information is represented by amplitude according to the strength of the signal. In B-
mode, the strength of the signal is represented by brightness. This is the most common

mode and is more commonly referred to as 2D mode.

Conventionally, diagnostic ultrasound has an operational frequency below 15 MHz
(Szabo 2004; Smith and Fry 2004) corresponding to a minimum imaging wavelength
of 100 um in tissue, with equivalent best resolution. As a non-invasive diagnostic tool,

ultrasound uses real-time B-mode for application in various fields of clinical medicine
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(Schmid-Wendtner and Dill-Miiller 2008). These include, among many others,
internal medicine, gynaecology, and ear, nose and throat conditions. The ultrasound
scans can also be used to monitor the effectiveness of a given therapy such as
chemotherapy or radiotherapy by monitoring the size of tumours. It should be noted
however that currently it is difficult to identify malignant tumours with ultrasound
scans, and tissue specimens are typically needed to definitively diagnose cancer type
or staging by pathologists. The tissue property that ultrasound imaging detects is the
change of acoustic impedance. The acoustic impedance is the opposition to the flow
of sound waves through a surface. Typical acoustic properties of tissue are shown in
Table 2.2. Although human soft tissues have similar acoustic impedances, the high
sensitivity and corresponding high image contrast detect scattering due to differences

in the tissues.

Table 2. 2: Typical human tissue acoustic properties (Azhari 2010)

Density Speed of Sound Acoustic Impedance
Tissue or Material {glem?) (m/sec) [kg/(sec-m®)] = 10°
Water 1 1450 1.48
Blood L0535 1373 1.60
Fat .95 1430 1.38
Liver L& 1390 1.69
Kidney L.05 1370 1.65
Brain L3 1330 1.60
Heart Li45 1370 1.64
Muscle (along the fibers) 1065 1575 168
Muscle {across the fibers) 1065 13901 1.69
Skin 1.15 1730 1.5
Eye (lens) L4 1630 .74
Eye (vitreous humor) 1.01 15325 1.54
Bone axial (longitudinal 1.9 40=0 15
Waves)
Bone axial (shear waves) 1.9 2800 532
Teeth (dentine) 21 3600 (A
Teeth (enamel) 29 3300 15.95

The particular imaging application normally dictates the size and configuration of the
transducers. Most common types have a large footprint and obtain images
transcutaneously from outside the body. With increased research in material science
and micro-fabrication techniques, new classes of transducers have been developed.
These are small transducers that can access small areas via endoscopes and are also

used in minimally invasive surgery (Zhou et al. 2011). As a result of the size of these
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transducers, their operational frequencies (10-50 MHz) are in some cases considerably
higher than the conventional transducers. These high frequency ultrasound transducers
(HFUS) have applications in areas where high resolution images are required. Such
applications include ophthalmology, dermatology and intravascular (IVUS) imaging
(Lockwood et al. 1996) where they are used as single element mechanically scanned
devices. The mechanical scanning happens when the transducer is either rotated by a

motor or moved in translational way to collect information for forming an image.

Dermatology and Ophthalmology can use fairly big probes, but need the high
frequency. In these instances these applications have adopted HFUS earlier. It has
been easier to fabricate such probes, usually using single element transducers and

mechanical scanning rather than arrays.

Figure 2.2 illustrates a summary of the common imaging modalities comparing the
resolution and the depth of penetration through the tissue. The resolution of ultrasound
varies with operational centre frequency and also depends on the size of the active
aperture of the transducer, the transducer bandwidth, the focal depth and pulse length
(Szabo 2004). The resolution of HFUS can be comparable to OCT but penetrates
deeper into the tissue although one of the drawbacks of these HFUS devices is the
increased attenuation, with increased frequency, which leads to reduced level of
penetration into the tissue. The attenuation comes mainly from increased scattering at
the high frequency due to a short wavelength. Transducers operating at about 50 MHz
can image up to a depth of 20 mm as opposed to the conventional ones operating at

about 3.5 MHz that can be beyond 150 mm.
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Figure 2. 2: Comparison of imaging modalities in terms of resolution and imaging depth

The advantage of using high frequency ultrasound imaging over other modalities can

be summarised as follows:

e [t is non-destructive, non-ionising

e Probes can be integrated into clinical tools

e Images show differences in mechanical properties

e [tis relatively cheap and mobile

e [t provides images in real-time imaging

e [t also has the possibility to build up a 3D image by moving or rotating a 2D
probe.

These properties mean that HFUS would be the most suitable for integration into a

biopsy needle, which is the focus of this thesis.

2.2 Transducers Stacks and Ultrasound Generation

A medical imaging transducer is composed of a piezoelectric material, a backing
medium, matching layers and cables to transmit power and information. The
piezoelectric material is excited with a short voltage pulse and as a result, it expands
and contracts to emit an ultrasound wave. The thickness of the piezoelectric material

is a half of the wavelength, A, in the piezoelectric material at the operating frequency
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of the transducer, f. The wavelength and frequency are related by the speed of sound

in a particular material, ¢, by the equation:

(o

f= P 2.1
Medical diagnostic ultrasound uses a pulse-echo technique, which uses the same

transducer for transmitting and receiving signals (Hunt et al. 1983; Hendree and

Ritenour 2002).

Ultrasound transducers can either be single element or array based with many
independent elements in one probe. A single element transducer with its important
components is shown in Figure 2.3. There are many design rules to consider when
developing a new transducer. The primary design considerations are discussed below

and in the following sections.

Coaxial cable for power

Outer casing and data

Backing Shielding

Electrodes -._

Matching Piezoelectric material

Acoustic lens

Figure 2. 3: The structure of an ultrasound transducer with details of different layers. It show the
active layer which is the piezoelectric material, the matching, backing and other components

The ultrasound waves generated by the piezoelectric material are transmitted to the
tissue through matching layers, which allow efficient transfer of ultrasound energy.
They are designed with an acoustic impedance which lies between that of the
piezoelectric material and the tissue to be imaged. In order to have a broadband
transducer, a backing material is used and this improves the resolution.

Radiofrequency (RF) interference is limited by shielding with a conductive medium.

2.2.1 Passive Materials
The acoustic impedance of the transducer must be effectively coupled with human
tissue for smooth energy transfer. The design of passive matching and backing layers

is useful in improving the resolution of the system through increasing the transducer
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bandwidth (Gururaja and Panda 1998). Passive materials are usually polymers often

filled with particles to achieve the desired acoustic properties.

Backing layers are dense, acoustically lossy materials (Wang et al. 2001). They
provide structural support to the transducer and also are most importantly used to
improve the bandwidth of a transducer. Using a backing layer with similar acoustic
impedance as the active substrate will damp down the vibration and therefore reduce
the mechanical Q of the transducer as illustrated in Figure 2.4. The lower Q results in
an improved image resolution since it signifies reduction of reflections within the
transducer that otherwise would generate longer signals and consequently a longer
pulse-echo response for the image. It also damps ringing and gives wider bandwidth.
It however reduces the sensitivity by absorbing much of the energy. A trade-off is
therefore needed between resolution and sensitivity. Typical backing layers are

polymers filled with heavy metal particles such as tungsten.

Better resolution (Low Q)

Poor resolution (High Q)

Figure 2. 4: A sketch of an A scan showing how the resolution improves with matching and
backing layers. The backing and matching layers lowers mechanical Q which improves the
resolution.

Matching layers are commonly polymers filled with alumina particles (Draheim and
Cao 1996; Zhou et al. 2009). There can be as many as four of these layers sitting
between the active piezoelectric substrate and tissue. They are designed to be a quarter
of a wavelength thick and at the operating frequency are used to improve the
transmission of energy between the low acoustic impedance of tissue, which is

approximately 1.5 MRayl, to match that of the piezoelectric material, which is usually
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greater than 15 MRayl. An ideal matching layer design and selection is to achieve
maximum sensitivity with the shortest ring down. The details of how the matching

layers were designed for the devices in this thesis are given in Chapter 4.
The lens is use for focusing the beam so that the resolution is improved.

2.3 Piezoelectricity and Piezoelectric Materials

Medical imaging ultrasound transducers use the inverse piezoelectric effect to generate
ultrasound waves, and the piezoelectric effect to receive mechanical echoes which are
transformed into an image. Piezoelectricity, identified by the Curie brothers in 1880,
is a phenomenon where certain materials produce an electric potential difference upon
application of pressure. Piezoelectricity is closely linked to crystal asymmetry and
polarity, and is not present in completely isotropic materials. The charge created on
the surface of the material is approximately proportional to the mechanical stress
applied. These materials are known as piezoelectric materials. They also exhibit the
inverse piezoelectric effect, where applying a voltage to these materials creates a

deformation (Madou 1997).

The material either expands or contracts based on the polarity of the applied electrical
field. By applying an alternating current, the material will continuously resonate
generating a mechanical wave. The resonance will be at a frequency which is based on
the mechanical properties of the material. This resonance frequency can be detected
by measuring the electrical response of a device with a network analyser or impedance

analyser.

The behaviour of piezoelectric materials is characterised by electromechanical
properties. These properties are anisotropic and the piezoelectric constitutive
equations take into account the varying mechanical, electrical and the different
piezoelectric properties in directions of action (Cobbold 2007). The mechanical
variables (stress 7 and strain §), which are second rank tensors, are related to the
electrical variables (electric displacement D and the electric field £), which are vectors,

through the four equivalent forms of the constitutive equations (Smits 1976) below:
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where, s£ and s” are the specific elastic compliances at constant electric field and
displacement respectively; cF and cP are the elastic stiffness at constant electric field
and displacement respectively; &' and €5 are the permittivity at constant stress
(unclamped) and constant strain (clamped) respectively; and BT and BS are the inverse
permittivity at constant stress and strain respectively; and the suffix, ’, symbolises the
transpose of the tensor. The variables e and /4 are piezoelectric stress constants and d

and g are piezoelectric strain constants.

The displacement of the piezoelectric material depend on the applied electric field, the

piezoelectric material used and the length.

2.3.1 Types of Piezoelectric Materials

There are a few classes of piezoelectric materials each with different properties.
Among these are polymers, ceramics, single crystals and composites (Smith 1986). All
these classes have been studied for medical imaging, each having some advantages
and drawbacks. Among the desired material characteristics for imaging transducer
materials are: acoustic impedance close to that of tissue to enable efficient energy
transfer into the tissue; high electromechanical coupling coefficient (k) for efficient
conversion between electrical and mechanical energy; high clamped (constant strain)
dielectric permittivity (€33) for easy electrical matching to power cables and low or

moderate mechanical Q for improved axial resolution. The clamped dielectric
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permittivity is used to determine the electrical operating impedance of the transducer.
Table 2.3 compares one type of single crystal material, PMN-PT and a common
piezoelectric polymer, poly(vinylidene fluoride) (PVDF) to a common type of

piezoelectric ceramic material, PZT-5H, that is very widely used in medical imaging

transducers.

Table 2. 3: Comparison between PZT, PVDF and single crystal properties

Property Symbol PZT-5H PMN-29PT PVDF
(Units) (Ming Lu and (Single (Foster et
Proulx 2005) crystal) al.  2000;
(Qiu et al. Dargaville
2011) et al. 2005)
Relative  permittivity at 3% 1300 3026 6.0
constant strain
Relative  permittivity at e3'/e 3800 8266 10
constant stress
Transmission coefficient ds3 (C/N) 593 1380 25
x1012
Reception coefficient g33 (VmNT) 28.2 30.33 230
Thickness mode coupling k¢ 0.50 0.57 0.15
coefficient
Longitudinal coupling ki3 0.70 0.89 0.20
coefficient
Density p (kg/m%) 7450 8050 1780
Acoustic Velocity ¢ (m/s) 3970 4660 2200
Acoustic impedance Z (MRayl) 30 37.9 3.9
Curie Temperature Te (°C) 190 150 195 °C

PVDF is a piezoelectric polymer material that is more commonly used for imaging
applications above 15 MHz ( Foster et al. 2000). Among the desirable characteristics
are: it can easily be made into thin films; has low acoustic impedance close to human
tissue; and can be easily focused without the need of lenses. However, it has very low
electromechanical coupling coefficient which compromises efficiency. Crucially, the
very low permittivity means they would not be suitable for making arrays, which are
the main focus of this thesis.

The most commonly used piezoelectric materials for imaging transducers are lead
zirconate titanate (PZT) ceramics. These are polycrystalline ceramic materials with
crystalline grains of 1-10 pm randomly fitted together. The random arrangement
means that the overall piezoelectric effect is cancelled out in the material and it is
reintroduced upon application of a large electric field, usually near the Curie
temperature, in a process known as poling. This aligns material domains in the

direction of the applied field. Removing the electric field will leave the ceramic
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material with a remnant polarisation, making it piezoelectric. The material is
anisotropic, with the poling axis showing different properties to the other axes. PZT
materials have an acoustic impedance of around 30 MRayl and have a permitted device
fabrication temperature of slightly above 100°C (Ming Lu and Proulx 2005). This
temperature is % of the Curie temperature T. which is the temperature at which a
piezoelectric material de-poles. The PZT materials are made with different dopants to
tailor the performance for specific applications. PZT-5H (Navy Type VI) ceramic,
which is one of the PZT materials, is suitable for small elements of the transducer array
areas due to its large dielectric permittivity (Shung et al. 2007). This makes it easier to
match to the resistance of the driving electronics and hence more efficient at

transferring signals. This property makes it suitable for medical imaging applications.

Single crystals piezoelectric materials on the other hand have no grain boundaries. For
imaging applications, they exhibit considerably higher performance than other
piezoelectric materials. The materials have a high electromechanical coupling
coefficient (k¢), permittivity and transmission coefficient. The main drawback is that
the current single crystal materials need lower temperatures, below 60°C, during
fabrication processes because of the lower Curie temperatures and a crystal symmetry
phase transition at about 80°C (Qiu et al. 2011). They are also significantly more
expensive than the other materials. They are brittle and easy to break due to lack of
grain boundaries. Recently, much research is pointing towards using single crystals.
They have superior properties than the other materials but their limitation lies in them
being very difficult to work with. To this end, an extensive review on fabrication of

transducers with single crystals is given in Section 2.6.5.

Lead magnesium niobate-lead titanate (PMN-PT) is a binary material and it is a
relatively new generation of single crystal piezoelectric material with the desired
improved properties. It has gained much interest, with many researchers and
companies using it in new transducers. It can only withstand a working temperature of
60°C (Qiu et al. 2011) and it is very brittle. An even newer type of this material
(Neumann et al. 2011), manganese doped lead indium niobate-lead magnesium
niobate lead titanate (Mn:PIN-PMN-PT) is a doped ternary material and has improved

Curie temperature and also a higher phase transition temperature. This means it can be
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worked upon at over 80°C. It is, however, more expensive and have not yet achieved
wide use. Because of their improved properties, these two types of single crystal
materials were chosen to evaluate the fabrication of prototype arrays in this thesis. The
fabrication process developed is based on the fabrication temperature limitations of
binary PMN-PT single crystal since it is more common and cheaper than the doped

ternary material.

Piezoelectric composites used in ultrasound transducers incorporate a union of passive
polymers and a piezoelectric material (Figure 2.5) (Smith 1986; Smith 1990). The
optimal structure is the 1-3 connectivity where piezoelectric pillars are surrounded by
a passive polymer matrix. The addition of a polymer lowers the acoustic impedance,
from about 36 MRayl to below 17 MRayl, depending on the volume fraction. This is
a benefit of composites. Another primary benefit is that the coupling coefficient is
close to the pillar longitudinal coupling coefficient (ks3), which is always higher than

the thickness mode coupling coefficient (k).

Polymer {matrix)
Piezoelectric

pillar & & & &

3

2
Piezoceramic
1 base

Figure 2. 5: A schematic representation of a 1-3 composite. The piezoelectric material pillars are
surrounded by a polymer material.

For any of the materials, composites can take advantage of the desired properties while
minimising the poor qualities. They provide the best compromise among all the
properties of the materials including acoustical impedance, bandwidth, dielectric
properties, electromechanical efficiency and signal-to-noise ratio for single-element

and array transducers (Foster et al. 2000).
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Due to the advantages of piezoelectric composites, they will be used in the devices

developed and discussed in this thesis.

2.3.2  Electrical Impedance and matching

The electrical impedance is a factor in ultrasound transducer design and fabrication. It
is one of the ways to characterise the performance of a transducer starting from the
piezoelectric material itself and the effect of adding other layers and cables.
Introducing a matching or backing layer will damp the resonance, which will give a
wide and broader profile. This is an indication of increased bandwidth. A typical
electrical impedance spectrum is shown in Figure 2.6. It shows the resonance modes
of a transducer obtained from a simulation of a PZT plate to show the main modes of
resonance. When a voltage is applied across the piezoelectric material, it vibrates at a
given frequency. The resonance (electrical) frequency is the frequency at which the
material vibrates at its natural frequency. At this frequency, the piezoelectric material
vibrates with the minimum impedance (maximum admittance). The maximum
impedance (minimum admittance) frequency is the anti-resonance (mechanical)
frequency. The electrical impedance is a measure of the opposition to current upon
application of a voltage. Impedance has both phase and magnitude and it applies to

AC circuits. Admittance is the inverse of impedance.
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Figure 2.6: Electrical impedance plots showing a typical magnitude and phase for a piezoelectric
ceramic plate resonating in thickness-mode: (a) A plate without matching and backing layer; (b)
the same plate with matching and backing layer.

When the piezoelectric plate thickness dimensions are close to the width or the length
of the peizoceramic, a second, unwanted, resonance corresponding with the lateral
dimension is seen close to the frequency range of interest (Demore 2006). This leads
to a reduction in the sensitivity of the thickness-mode resonance and gives a poor
pulse. It is therefore necessary to have a width-to thickness (or length-to-thickness)
aspect ratio of less than 0.6 for a thin, tall pillar in a composite (Liu et al. 2001), or

more than 3 for a wide, flat plate in order to allow only thickness mode resonance.

The plot gives an indication of how the electrical impedance magnitude matches to the

transmit and receive circuit electronics. A well electrically matched transducer leads
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to efficient transfer of signals through the transmission cables. In order to eliminate
reflections in the signal cable, the electrical impedance of the transducer should ideally
be matched to 50 Q, which is the characteristic electrical impedance of the transmission
cables. Arrays with small elements can have large electrical impedance since the
electrical impedance magnitude has an inverse proportional relationship with the
transducer area. A small transducer element would need a material with a large
dielectric constant, €, since the electrical impedance is also inversely proportional to

the dielectric constant of the transducer substrate.

2.3.3  Electromechanical coupling coefficient
The coupling coefficient is a commonly used property of the piezoelectric material. It

measures the efficiency of conversion of the electrical energy to mechanical energy
and vice-versa. Higher coupling coefficient signifies a more efficient material or
transducer. For a thickness mode material, the coupling coefficient, ki, is given by (Liu

et al. 2001):

fr T fa—fr
k= |[ZZtgnill 2.6

PTN2fe 2 fa
Where f; and f, are the resonance and anti-resonance frequencies respectively as

illustrated in Figure 2.6.

When matching and backing layers are used to increase the damping the distance
between the resonance and the anti-resonance frequencies increases (as illustrated in

Figure 2.6, and there increasing the k¢ of a transducer.

2.4 Transducer Design and Performance

Apart from choosing the right materials for the transducers, there are many other
factors to be considered in order to produce a good image. The driving factor is to get
a good contrast resolution with the anatomic features easily distinguishable (Cobbold
2007). The image quality depends on three main performance criteria: axial resolution;
lateral resolution; and dynamic range in the image. These in turn depend on three main
design criteria: the design of the transducer layers; the geometry; and the image

processing system.
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2.4.1 Axial Resolution
Axial resolution of a transducer is the ability to distinguish between closely placed
reflectors along the wave propagation direction. This is determined by the duration of
the pulse-echo response of the transducer. The axial resolution Ra is given by the
equation:

1
Ry =3Zvitp 2.7

where v is the sound velocity in tissue and t, is the time duration for the pulse
amplitude to decay to -6 dB of its maximum amplitude shown in in Figure 2.7. This is
improved by effective design of the matching and backing layers since it is affected
by the resonance frequency and damping of the resonance. A heavily damped
transducer will have a very short pulse length and therefore improved resolution and
bandwidth of the transducer (Qiu et al. 2011). However the heavy damping also

reduces the sensitivity of the transducer.

Transmitted Target
s Pulse
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Transducer
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Detected
Signal :
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Figure 2. 7: A diagram illustrating the pulse-echo response of a transducer and the pulse
length t, which is used to determine the axial resolution (Demore 2006)

2.4.2  Beam profile and lateral resolution
The shape of a beam from a circular transducer is illustrated in Figure 2.8. The

ultrasound beam depends on the aperture size. The aperture of the single element is
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the element size whereas that of an array means all the elements activated
simultaneously. A larger aperture produces a narrow beam which improves the
resolution at a given frequency. For this, the aperture needs to be much larger than
wavelength at the transducer operating frequency. A beam from a small element
aperture will diverge more compared to that with a larger aperture and there will be
larger side lobes. Side lobes are unwanted parts of the ultrasound beam emitted off
axis that produce image artefacts due to error in positioning the returning echo (Paul
et al. 1997). They are multiple beams of low-amplitude ultrasound energy that project

from the main beam axis.

The lateral resolution is the ability to separately detect closely placed reflectors in a
line perpendicular to the transducer. The size of the transmit and receive aperture
greatly affects the performance of the transducer. Large aperture size leads to
improved lateral spatial resolution in a focused transducer. Single element transducers
can be fabricated with a geometric curve to enable focusing at a given depth along the
axis of the beam. The width of the beam determines the spatial resolution and
therefore, at the focused region, the resolution of the transducer will be maximised.
Some single element transducers and arrays use lenses for focusing. In this respect the
lens must be acoustically matched to the tissue. The focusing power of a transducer is

determined by the f-number (f #) which is given by:

2.8

" r
*=3
where r is the focal length and D is the aperture diameter; this is in turn used to

determine the lateral resolution Ry, by: 29

r
Ry, =A== Af#
L=A5=Af
where r is the focal distance, which is the distance from the transducer to the focal
point; D is the diameter of the transducer; and and A is the wavelength. For planar
transducers, the beam generated by an ultrasound transducer has two separate regions:
the near field (Fresnel), which is the region between the transducer and the focal point;

and the far field (Fraunhofer) which is after the focal zone. The width dimension of
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the focal zone, also termed the depth of field, defines a region over which the pulse-
echo signal is within -6 dB of the maximum at the focal point. This is the region that
can be used for imaging with a focused single element transducer. The better the

resolution, the smaller the depth of field in single element transducers.

The length of the near field N, can be approximated by:

2 2.10
D
P’\‘r -

41
This approximation fits best to continuous mode application but can also be used for
pulsed systems.
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Figure 2. 8: Beam profile of a single element circular transducer (Bushberg et al. 2011)

2.4.3  Sensitivity and image contrast (or dynamic range)

Sensitivity is the ability of a transducer to detect reflectors in the imaging medium. A
transducer with high sensitivity will have increased penetration and higher signal to
noise ratio (SNR). High SNR will lead to increased dynamic range. As well as the
matching and backing design, sensitivity is affected by the k¢ of the piezoelectric
components used. When designing a good transducer, a trade-off has to be made

between sensitivity and resolution.
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The Dynamic range of the image is the ratio of the maximum to the minimum signal
to noise strength in an image. It determines how many shades of gray are visible in an

image

2.5 Ultrasound Arrays, Beam Forming and Focusing

Ultrasound arrays have received much attention over the recent years due to their
advantages compared to single element transducers. In comparison to single element
transducers, arrays provide quicker imaging with more flexibility over the beam
pattern and direction. This is because beam focusing with arrays is done by electronics
rather than mechanical scanning needed for single element transducers. This enables
focusing throughout the depth of the beam, which is not possible with single element

transducers.

2.5.1 Imaging with Arrays

Ultrasound arrays can have linear or annular configurations as shown in Figure 2.9.
The design requirements differ dependent on the type of array. Linear and linear
phased arrays have the same advantages over annular arrays as over single element
transducers. They require no moving parts due to electronic scanning and therefore
can generally achieve higher frame rate. This permits real time and blood flow

imaging.
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Figure 2. 9: Types of arrays; (a) Phased array, (b) Linear array, (c) Annular array

A linear array is subdivided into elements in the azimuthal direction as illustrated in
Figures 2.9 and 2.10. The transmitted acoustic energy travels in the axial plane. The
dimensions of each element and the spacing between them are important in producing
the desired beam pattern. The spacing between the elements, the kerf, is usually cut
into the matching and backing layers to reduce acoustic crosstalk improving the image.

The pitch, p, is the distance between the centres of two neighbouring elements.

The main difference between a linear and a phased array is the inter-element pitch.
Linear arrays have a pitch of around one wavelength (1) and phased arrays have a pitch
of A/2 in the material the wave will be transmitted in, which is, in the case of this
project, human tissue. The inter-element pitch is determined by the way an image is
acquired. A linear array forms an image through sequential activation of sub-apertures

(small groups of elements). For this reason, linear arrays can have as many as 256
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elements, which give the approximate width of the image related to the aperture. A
linear array will preferably have at least 64 active elements. Table 2.4 below compares
three arrays with different design parameters, pitch and length, operating at different
frequencies. A phased array produces a steered sector scan and this requires the ability
to steer the beam at big angles from the axis. For this, narrow elements with broad
directivity are required. Phased arrays can be steered due to the small pitch and
therefore the size of the image can be bigger than the aperture. The steering depends
on whether the steering angle does not introduce interference lobes in the main image.
Time delays to the array elements are defined by a beamformer which performs

focusing and ultrasound beam steering.

Table 2. 4: Comparison of 64 element linear array parameters with different frequencies

Frequency Pitch Total array Image resolution Image depth
(MHz) (um)  length(mm)  (um) (mm)

5 300 19 600 — 1500 200

15 100 6.4 200-600 60

50 30 1.9 60 -150 10

Focusing and steering with linear arrays is limited to one plane (azimuth plane) shown
in Figure 2.10. Focusing in the elevation plane is usually achieved by using a lens. The
beam width in the elevation plane determines the slice thickness of the imaging plane.
Since the lateral resolution is dependent on the lateral beam width, focusing is also
important in getting a good resolution. In arrays, focusing is done by the electronics,
which is an advantage they have over single element transducers. Linear arrays can
focus and steer the ultrasound beam electronically by having pitch which is 7 of the
wavelength of sound in tissue (Silva and Fatemi 2002). These phased arrays can direct
the beam radiation pattern well enough that spurious artefacts are not introduced into

the image from grating lobes (Clay et al. 1999).

A linear phased array is similar to a linear array but it can both focus and steer the
ultrasound beam (Figure 2.11) by introducing time delays to the element exciting and

reception signals (Shung and Zipparo 1996).
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y (Elevation plane)

X (Azimuth plane)

Z (Axial plane)

Figure 2. 10: The parameters of linear array with spatial coordinates system: w is the width of
the element; L is the length, p is the pitch and D is the aperture.
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Figure 2. 11: Focusing and steering using arrays; (a) linear array, (b) phased array, (c) beam
steering with phased array

38



Chapter 2: Background Theory and Literature Review

The pitch of an array determines how the image is obtained. A phased array has a pitch

of A/2 whereas a linear array has a pitch of A as shown in Figure 2.11.

The parameters of the array can be optimised during the design stage using simulation,
which is explained in Chapter 4. A carefully designed array is important to get good

performance from a transducer small enough to fit into a biopsy needle.

2.5.2 Array Imaging System

Producing a good ultrasound image involves a sophisticated combination of hardware
and software. It requires an inter-disciplinary approach involving the sciences of
acoustics and vibration, electronics, and software engineering among others.
Designing a good transducer is essential but the supporting system makes it useable.
In Figure 2.12, the relationships between the different parts on the system are
illustrated. A transmit beamformer sends out signals to the transducer array elements.
This beamformer works with the computer controller and the de-multiplexer to select
the transmitting elements, which determine the transmit active aperture and shape of
the ultrasound field. Time delays to the array elements are also defined by the
beamformer which causes focusing and ultrasound beam steering. Apodization is also
done through the transmit beamformer. This is where the different array elements
receive excitation signals with different amplitudes. This is so that the focal depth is
increased, the side lobes levels are decreased, and the shape of the transmitted beam
improved. The receive beamformer also provides time delays for steering and
focusing, applying apodization and selecting the receive active elements. It should be
noted that steering is dependent on the type of array used. The receive beam former

also sums the received signal into a single RF line.

The signal leaves the receive beamformer to go into the signal processing unit. This is
slightly different for various imaging system but it generally includes time-gain
compensation, which provides amplification of signals with time of flight. Time-gain
compensation compensates for the lost signal due to attenuation as the signal travels
through the region of interest. Logarithmic compression is used to reduce the dynamic
range of the signal so that the signals of low and high intensity echoes are shown within
arange of 60 dB. The demodulated signal is filtered before it is sent to a scan converter

which adapts the processed image for display. The process described above produces
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one scan line, and a typical image would involve between 48 and 196 scan lines, with

real-time displays employing a frame rate close to 30 frames per second.
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Figure 2.12: A simplified block diagram of an array based imaging system
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2.6 Current Array Fabrication and State of The Art Methods
The fabrication of ultrasound arrays has some variations, however the process can be

summarised in the steps below;

e The piezoelectric material is thinned down to get the desired operation
frequency

e Electrodes are applied to either side of the piezoelectric plate

e Ground electrical connections are added

e Matching layers are then applied and thinned down

e Active electrical connections are added

e Backing layers are applied

¢ Dicing into individual elements is then done

e Lenses and electrical insulation are added before encasing.
The challenge with array fabrication is to be able to sandwich the piezoelectric layer
between matching and backing layers, in a way that allows electrical connections to

access the electrode on the active element for electrical excitation.

High frequency ultrasound arrays present particular challenges in fabrication due to
their small sizes. Researchers around the world have taken different routes to simplify
the fabrication of these transducers. The details of the fabrication steps are important
to the success of a well fabricated high frequency array. The most common types of
arrays involve mechanically diced elements with kerfs separating one element from
another. This ensures that elements can be excited individually, enabling beam steering

and focusing. Kerfless arrays also provide an alternative with simpler fabrication steps.

2.6.1 Lapping and Polishing

For all transducers, the piezoelectric layer must be thinned to the correct dimension,
usually using a lapping process. In this method, a mechanical abrasive is used to
remove material for a bulk substrate to thin it down to a desired thickness which in
effect determines the resonance frequency. Chemical-mechanical polishing process
makes a smooth and flat surface of the piezoelectric substrate for further fabrication
steps such as photolithography. Previous work has demonstrated the feasibility of
thinning composites and making them into very flat surfaces suitable for

photolithography (Bernassau et al. 2007). The earlier techniques, such as using sand
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paper and grinding, for thinning the piezoelectric material would not yield accurate

results.

2.6.2 Kerfless Arrays

Kerfless arrays with bulk ceramic material have been researched as an alternative to
the diced ones due to reduced fabrication steps. Kerfless arrays as a technique have
been investigated to produce a cheap and simple alternative to diced arrays (Demore
2006). This is more useful for high frequency transducers where the small dimensions
make fabrication more challenging. The kerfless array design, however, has practical
limitations. It can only be used for linear arrays where there is no steering of the
acoustic beam. This is due to the decreased directivity which is a result of increased
electromechanical cross-talk between elements. Cannata et al (Cannata et al. 2005)
developed a 30 MHz kerfless linear array which was compared with a conventional
array of the same frequency. The fabrication took the form of 33.3 pum pitch 2-2
composite plate (3 sub-elements per array element) and a monolithic plate, which were
lapped down to thickness. After electroplating, a conductive backing was applied. The
backing was cut into desired sizes and bonded to a premade frame with epoxy.
Sputtering of 4500 A Cr/Au was then carried out to the top and side surfaces of the
arrays sub-assemblies. The elements were separated through mechanical scratch-
dicing of the top electrode layer and the frame with a 15 pm thicnkness diamond/nickel
hubbed blade. A flexi circuit was bonded to the edges of individual array electrodes.
A matching layer of 8.3 MRayl was bonded to the kerfless array with an unloaded
epoxy. A lens was also cast on to the conventional arrays using a cylindrical mould.
The lens (3.05 MRayl) for the kerfless array was precast and bonded on to prevent lens
edge shrinkage and damaging the matching layer. After a flex circuit was attached, the
assemblies were encased in a metal/plastic housing for RF shielding and structural

support. The kerfless arrays showed comparable results to mechanically diced arrays.

2.6.3 Diced Arrays

Most of the techniques in array fabrication are directly transferrable from single
element transducers. Dicing is done to achieve kerfs between elements. The two
common methods found in the literature are laser dicing and using a high precision

dicing saw. The blades used usually have diamond grit and can be as small as 10 um
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especially for high frequency arrays. However, achieving kerfs of less than 20 um has
seen little success. It is important to get accurate array elements since they affect the
overall performance of the transducer. Dicing can create errors in the width and
position of the elements which can compromise the transducer performance. The
challenges in dicing the transducer stack along with the attached electrical connections

has led to some trade-offs so functional transducers are achieved.

Transducers with operational frequencies near 5 MHz were fabricated by (Lee et al.
2004). Even at such low frequency the matching layers were made to be conductive so
that a common ground connection is used. The type of transducer used silver epoxy
matching layer which is much more attenuating than the conventionally used alumina
filled epoxy. The silver epoxy cannot be tailored to have ideal properties for acoustic
matching since it has to have a minimum amount of silver particles to be conductive.
The active layer was also attached directly on top of a pre-patterned flexi-circuit using
conductive silver epoxy. The individual elements were achieved by dicing with a
diamond dicing saw (Model 780, Kulicke and Soffa, Willow Grove, PA) with the saw
kerf extending into, but not through the 50 um thick top polyimide layer. The common
ground used for these transducer was a 7 um thick silver foil layer bonded to the

elements with a conductive silver epoxy.

With increasing operational frequency, the challenges are increased due to the much
smaller dimensions of the transducer. 30 MHz and 35 MHz array transducers by
(Cannata et al. 2006) demonstrated the feasibility of having diced arrays at high
frequencies. They simplified the fabrication process by using a conductive backing
material, E-solder 3022 (Von Roll Isola, Inc., New Haven, CT), for a common ground
connection. They also used a rigid frame (machinable glass-mica ceramic, McMaster-
Carr Supply Company, Cleveland, OH) to provide structural support to the layers of
the transducer once they were diced. It is uncommon to find high frequency
transducers which have fully diced elements. This compromise is to protect the
delicate elements of the arrays. Cannata et al achieved element separation through
dicing the top electrode layer over the composite kerfs and ceramic frame with 50 um

kerfusing a 13 pm diamond/nickel hubbed blade (Cannata et al. 2006).

43



Chapter 2: Background Theory and Literature Review

Lukacs et al made a 20 MHz array with 64 elements. They used a UV laser to dice
individual elements to separate the elements (Lukacs et al. 2006). An insulating
backing was used and laser dicing the kerfs into the stack. The advantage of using laser

dicing to separate the elements is that it is easier to position the stack for dicing.

2.6.4  Piezocomposite fabrication

The conventional dice and fill method for fabricating piezocomposites has been around
for a few decades. This method has been around the longest among all other methods.
It involves using a precision wafer dicing saw to cut periodical pillars into a
piezoelectric ceramic plate. The kerfs left by the saw are filled with a polymer (Figure
2.13). The limiting factor with this method is the saw blade thickness. With many
applications in medical imaging looking for good resolution, the pillars need to be as
small as possible. For 50 MHz transducers, the pillars are around 10 um wide with a
spacing of 5 pm. The minimum thickness for commercially available saw blades is 10
um, which means a minimum kerf of 11pm. For this reason, this technique cannot be

used for transducers operating above 50 MHz.

Figure 2.13: An example of a composite made through the dice and fill method. The piezoelectric
pillars are the light squares with the epoxy in the dark shade

Although the transducer functions best with all the components optimised, the
piezoelectric material is taken as the most important part since it is what generates the
ultrasound waves. This has therefore led to paying much attention to optimising the
fabrication of composites for this active substrate. For high frequency transducers, the
challenge is to get a composite with the smallest pitch possible. Fabrication of the
composites is conventionally through a dice and fill method (Brown et al. 2007), with

other techniques being utilised and investigated. The other methods are laser
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micromachining (Farlow et al. 2001), deep reactive ion etching (DRIE) (Jiang et al.
2008), interdigital pair bonding (Cannata et al. 2011), and micro-moulding (Cochran
et al. 2004). The composites that are the most frequently used in imaging are in the
form of 1-3 such as that shown in Figure 2.13. Tall, narrow pillars of the piezoelectric
ceramic are surrounded with epoxy and the combination leads to high sensitivity and
lower acoustic impedance as compared to the plain ceramic. The dice and fill method

needs to be further improved to adapt it for high frequency array transducers.

2.6.5 Fabrication of 1-3 Single Crystals Composites

Single crystal materials are more desirable since they have better properties compared
to polycrystalline ceramic such as PZT. They, are however, very fragile and difficult
to work with. As a result, the processes of fabricating transducers with single crystal
materials have to be accordingly adjusted. Single crystals do not have grain boundaries
and therefore small cracks can easily propagate through the material. Conventional
dicing would lead to chipping and cracking of the material. The mechanical stresses
from the saw blade can lead to cracks in specific orientations of the material. Spindle
vibrations has also been reported to create post breakage as the saw passes through the
cut material The general consensus when dicing single crystals for 1-3 composites
includes using a much slower feed rate and spindle speed. Feed rates have of less than
2mm/second have been recommended (Zipparo et al. 1999; Ren et al. 2006; Ritter et
al. 2000; Michau et al. 2002; Snook et al. 2006). The spindle speed has been
recommended to be below 10000 rpm. The coolant feed rate has also been suggested
to have a big effect to the quality of the pillars diced with less than 0.5L/min
recommended as suitable (Wallace 2007). New fabrication methods such as laser
micromachining, and tape casting extrusion, have enabled the production of materials
that operate above 10 MHz (Snook et al. 2006). However, it would be best to make the
composites with the conventional dice and fill method since it is cheap and widely

used.

2.7 Electrical Interconnects
For high frequency transducers, incorporating electrical interconnects is the most

difficult stage of fabrication. The interconnects have to be very small with orientations

that allow them to be integrated into compact designs. The first stage in connecting
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interconnects is to apply electrodes to the surfaces. This is done in different ways. A
common method is where layers of Cr and Au are deposited on the surface using
photolithography. Commonly conductive backing is used in high frequency
transducers. The ground connection is connected to this backing providing a common

ground to the elements (Liu et al. 2008).

For arrays operating at frequencies below 5 MHz, very fine soldering is commonly
used to connect a pre-patterned flexi-circuit to the active layer. Wire bonding has also
been widely used especially in high frequency arrays (Brown et al. 2007). In this
method, fine gold wires are used to connect electrodes on the piezoelectric material to
the flexi-circuit. The wire is pressed under high pressure and heat to gold bumps on
the material. Ultrasound is used to enable joining of the gold wire and the gold bump
together. The limitation of such methods is that they are very time consuming and very
challenging to achieve on composite layers since the gold wires do not easily attach to
the electrodes on the polymer. Some of the array elements can be as many as 256 for
a linear array. The dimensions of the array will limit the minimum size of the bonder.
The contact point has to be at least 80 um for a wire bonder. This limitation has been
overcome by creation of fan out in some high frequency transducers (Bernassau et al.
2009). However, the fan out puts a restriction on packing the device into small units

such as needles.

Wire bond free interconnection methods for high frequency piezoelectric ultrasound
arrays above 30 MHz have also been investigated (Bernassau et al. 2009). This
incorporates the use of anisotropic conductive film (ACF) and through silicon via
(TSV) technologies which have been previously used as solutions for high density
interconnect, low temperature bonding for flat panel displays, and semiconductors

packaging applications.

2.8 Other Transducer fabrication methods

There are other methods that have been investigated to make ultrasound transducers.
The most common one of these methods is the capacitive micromachined ultrasound
transducer (CMUT). CMUTs are based on microfabrication techniques to produce
capacitive membranes that can be driven to generate ultrasound waves (Oralkan et al.

2002). CMUTs are fabricated using standard silicon integrated circuit (IC) fabrication
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technology, such as photolithography. They have been under investigation for almost
two decades as alternatives to the piezoelectric devices but commercial industry is yet
to use them as a replacement. They are regarded as a route to overcome some of
challenges in fabrication that are associated with either miniaturised piezoelectric
devices or where the devices need to be closely integrated with electronics. They do
not require matching layers and provide room for complex array designs. They can
also be worked at temperatures exceeding 80°C, which is about the limit for their single
crystal piezoelectric counterparts (Soh et al. 1996), if materials optimised for tissue
imaging are used. The main drawback to these capacitive devices is that they require
high voltages of over 100 V/cm to produce electrostatic forces as large aslkg/cm?

(Oralkan et al. 2002). They also have very low signal to noise ratio.

2.9 Ultrasound Transducers Integrated in Small Packages

For a number of years, different researchers around the world have been interested in
integrating ultrasound transducers into needles (Lockwood et al. 1993; Zhou et al.
2007; Paeng et al. 2009). This is to provide a platform to get closer to the region of
interest within the body, overcoming the problem of ultrasound energy attenuation.
Efforts have been focused on achieving optimised single element transducers, with the
micro-scale features of high frequency transducers imposing a challenge on achieving
good commercial transducers. VisualSonics develops commercial high frequency
ultrasound array transducers that operate up to 70 MHz but these are too big to be
incorporated  into  interventional  tools such as  biopsy  needles
(http://www.visualsonics.com/transducers). The imaging is done by non-invasive
probes for pre-clinical applications. This means that they are most suitable for small
animal imaging since the penetration into deeply seated tissue is reduced at high

frequencies.

A common area where small ultrasound transducers are used is in vascular imaging.
Intravascular ultrasound (IVUS) has employed the ultrasound technology on
endoscopic catheters enabling the imaging of blood vessels to identify defects such as
plaques and clots (Lockwood et al. 1996). There are a number of commercially
available devices such as Boston Scientific’s iLab® Ultrasound Imaging System and

Volcano’s proprietary VH® IVUS technology. These devices are however mainly
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based on single element transducers, needing mechanical scanning to generate a radial
image. There are some arrays based commercial IVUS systems such as the Siemens’
ACUSON AcuNav (Proulx et al. 2005). An early prototype was a 7 MHz, 128
elements 24 Fr size. This rigid device had a diameter of over § mm and was introduced
into the right atrium through the jugular vein. The promising results obtained by this

prototype lead to the subsequent development of smaller devices.

A flexible 7 MHz 64 element array in a 16 Fr catheter preceded the current version
which received FDA approval in 1999 and was commercially produced in 2000. The
new device was 10 Fr (3.3 mm diameter), while an 8 Fr (2.7 mm diameter) one was
later introduced. This single use IVUS is credited with many clinical advances among
which are: aiding in the placement of intracardiac devices, monitoring blood flow
changes after therapeutic intervention and instant detection of procedure related
complications, which enables timely application of reparative measures (Proulx et al.

2005).

Catheter based transducers have been researched as far back as the 60s. In 1968, a 2.5
MHz single element transducer was used to investigate left ventricular diameter in
dogs (Carleton and Clark 1968). This transducer in many ways introduced the idea of
ultrasound in a needle. A device patented by Eggleton in 1985 presents ultrasound on
a needle and is termed an acoustic microscope (Eggleton and Fry 1985). This was
designed to use an operational frequency of up to 500 MHz and aimed for examining
cellular features of internal tissue or features of tissue architecture and structure at a

good enough resolution to determine tissue pathology.

2.9.1 Fabrication of Needle Based Transducers

Hard needles with integrated ultrasound transducers have mainly focused on single
element transducers. These require mechanical scanning for image generation. Work
by Lockwood’s group has developed several needle based ultrasound transducers
These transducers are high frequency based transducers with operational frequencies

of above 30 MHz (Lockwood et al. 1993).

Needle based ultrasound transducers were originally developed to be used as

ultrasound biomicroscopes (UBM). These were used to image sub-millimetre features
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in eyes, vascular system and small animals. Needle diameters used have been in the
range of 1.2 — 2.8 mm. The transducers can be in different orientations to the needle.
In their study, Zhou et al illustrated a UBM based in a needle (Zhou et al. 2007). This
transducer, as shown in Figure 2.14, illustrates the different layers with specific
materials used for the high frequency device. This is a useful reference point for
selecting materials for high frequency transducers. A material to note for this thesis is
the insulating material, parylene, which is used to electrically isolate the device from
the body under examination. The materials of the transducer are however, chosen to
simplify the fabrication process. For instance, a conductive silver particle matching
layer is used in place of the conventional alumina filled epoxy. This is to enable easy
electrical connection to the electrodes of the active piezoelectric substrate. The silver
filled epoxy is however more attenuating to the ultrasound energy, and has higher
acoustic impedance than an ideal matching layer and therefore would affect the overall

performance of the finished prototype.

Au Silver Particl
Electrode werl anicle
Matching Layer
~_PMN-PT with
Steel Needle 1w | N Cr/Au Electrodes
Housing m \ .
» Conductive
= Epoxy Backing
Polyimide
e
Tube =N
Electrical \ N 4 Parylene
Connector N I: Coating

Figure 2.14: An example of a forward-looking needle transducer used as an ultrasound bio-
microscope (Zhou et al. 2007).The active aperture has a diameter 0.44 mm.

The 44 MHz active substrate was a 50 um thick PMN-PT single crystal lapped from
700 pum thick. The active aperture was 0.44 mm and a -6 dB fractional bandwidth of
45 % was achieved. Silver filled epoxy was used for matching and backing. The
structure was encased in a 0.57 mm inner diameter polyimide tube which provided

electrical isolation to a 0.66 mm inner diameter needle, with an outer diameter of 0.99
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mm. A sputtered electrode across the matching layer was used for grounding with

vapour deposited parylene coating the outside.

2.10 Chapter discussion

This chapter has given a comprehensive review of literature that will enable the
development of the process for the fabrication of the arrays discussed in the rest of the
thesis. The need to use high frequency ultrasound has been discussed, pointing to the
use of single crystal materials as the best choice for the active material of the

transducers.

Fabrication for composites and arrays has been discussed to form a precursor for the
fabrication parameters in this thesis. The literature has informed the design and
development of appropriate transducers to be used in interventional tools such as
biopsy needles. This literature has demonstrated that fabrication of high frequency
array transducers has been previously achieved by various researchers. The limitation
is in building these transducers for specific applications. The size of these high
frequency transducers mean that they can incorporated into interventional tools. The
information presented in this chapter indicates that techniques are available that will
enable the array transducers in the interventional tools. The next chapters will describe

the design and development of the transducers based on the literature in this chapter.
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CHAPTER 3

Design Considerations and Evaluation
Methods

Chapter Profile

Chapter 3 explains the design approaches that were considered to realise prototypes in
this research. A fabrication process was developed to produce high frequency
transducers operating up to 15 MHz. The main aim of the work in this thesis is to solve
the challenges in packaging of 15 MHz array in a needle, with a view to how that can
be translated for a 30 MHz array. The operating frequency for the prototypes in this
thesis was chosen to be 15 MHz, because it provides dimensions small enough to fit
into the chosen clinical needles to demonstrate proof of principle, without the
additional fabrication complexities of the finer-scale arrays and the potential to be
driven by commercially available array control systems. Trade-offs are explained to
evaluate the feasibility of such transducer with a view to higher frequency, small-scale

transducers.

Section 3.7 and onwards of this chapter focus on evaluation methods ranging from
characterisation of the active and passive materials used in the transducer to the

finished prototype as a whole.

3.1 Introduction to Design Considerations

The development of ultrasound transducer arrays in biopsy needles or similar
interventional tools requires different design considerations compared to the
conventional ultrasound arrays that are used outside the body. The orientation of the
transducer in the needle must be such that the ultrasound waves are not obstructed by
the outer shell of the needle. The needle should also retain its structural integrity so

that it can pierce through the skin and tissue structures. The main areas considered
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during the design of the ultrasound transducer integrated in a needle are illustrated in

Figure 3.1.

e For application in the clinical environment, the device must meet the clinical
need of providing high resolution images. In this regard, high frequency
transducers would yield the desired effect.

e The fabrication techniques considered for this research are those that can be
used to produce relatively inexpensive high resolution devices and these are
further explained in Chapter 5.

e A great deal of attention is paid to the packaging techniques since these enable
the fabrication of arrays to fit in small diameter needles. The devices were also
designed to be MRI-compatible by choosing the right material for the needle

and consideration of electrical shielding.

Clinical
Performance
Packaging in DEVICE Fabrication
Instrument DESIGN Techniques

¢

Transducer Operational
Frequency

Figure 3. 1: The main areas considered during the device design showing the different aspects that
affect the device performance
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3.2 The Needle Sizes

The first thing to consider is the size of the needles since these will dictate the size of
the transducer array package. Needles that penetrate through the skin, called
hypodermic needles, have very sharp tips which come in different shapes depending
on the application. The lengths of such needles range from 10 to 15 cm. They also have
a wide range of outer diameters which are commonly classified using gauge numbers.
The larger the gauge number, the smaller the outer diameter. The inner diameter is
determined by considering the wall thickness and the gauge number of the needle.

(http://prlabpak.wordpress.com/2012/03/28/needle-gauge-comparison-chart/).

ISO standards define dimensions for the inner and outer diameters (ID and OD) of the
different needles (Ahn et al. 2002; Boutsioukis et al. 2007). The dimensions of
transducers and arrays developed in this thesis are designed to fit into ISO standard
needles for their prospective application. Biopsy needles typically range from 22
gauge (0.9 mm outer diameter) to 14 gauge (2.15 mm outer diameter) (Ahn et al. 2002).
A 14 gauge needle would more easily accommodate an ultrasound transducer due to
its size and as such, this was chosen as the main focus for this thesis, to demonstrate
feasibility. An empirical design for the biopsy needle was considered by analysing the
commercially available needles. These needles have their tips tapered at a bevel angle
of approximately 26° in order for them to pierce the skin and tissue structures with

c€asc.

3.3 Transducer Operational Frequency

The operational frequency is determined by the thickness and the speed of sound of
the piezoelectric material used and this in turn affects many performance aspects of
the transducer. These include transducer resolution and the ultrasound energy
penetration capability into the tissue. It is important to choose the right operational
frequency for a particular application. In order to obtain images of small features, at a
good resolution, high frequency transducers are required. Images of cancerous cells
that are a few microns thick need transducers operating well over 20 MHz. Arrays at
such frequencies do not exist due to the challenges involved in fabrication of the micro-

scale devices. Transducers at even higher frequencies would provide improved
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resolutions. For example, a transducer operating at 30 MHz yields a better resolution
but a reduced penetration depth when compared to a 15 MHz. The operational

frequency is used to determine the overall dimensions of the transducer.

For this study, the operating frequency of the transducer was chosen to be 15 MHz,
corresponding to an imaging wavelength of 100 um. This operating frequency was
chosen because the transducer would produce acceptable resolution and the
dimensions would allow for easier fabrication of prototypes to evaluate feasibility. For
clinically oriented characterisation at later stages in development, the array needs to
be connected to an array controller and beamformer. Since the few commercially
available imaging systems that allow for connection to non-commercial arrays for
evaluation operate at 15 MHz maximum, this is an additional motivation for setting
the operating frequency at 15 MHz. The dimensions at 15 MHz would be small enough
to fit into a biopsy needle or other interventional tools. The theoretical tissue
penetration depth at 15 MHz is approximately 40 mm, which is enough to image fine
body features at a good distance. It is important to note however that the processes
developed in this thesis are designed to also be suitable for the fabrication of

transducers above 20 MHz.

3.4 Packaging in Instrumentation

In the current study, only imaging transducers were considered for incorporating into
needles. The idea of transducers in a needle can however be extended to therapeutic
transducers and other forms of transducers to reach difficult areas such as the prostate.
Incorporating high resolution imaging into the core of needles would need to be very

close to the tip, which would limit the available space for cables.

A benefit of placing the array at the tip of the needle is the possibility of identifying
the position of the needle tip in the tissue, which is another common problem
encountered when using conventional ultrasound imaging. Clinicians are unable easily
to identify tips of needles such as anaesthetic and biopsy needles, when they are
inserted into the body. Knowing where the position of the tip of the needle is essential

in acquiring more accurate information from the area of interest.

60



Chapter 3: Design Considerations and Evaluation Methods

3.4.1 Array Orientations

There are different orientations with which an ultrasound array transducer can be fitted
into a needle. The easiest one is having a single element transducer in a needle. The
dimensions can be selected to fit into many needle sizes, with only one cable for
electrical signal needed. The possible transducer geometry and orientations are shown
in Figure 3.2. If an annular array or a single element transducer is used, it must be
mechanically scanned in order to create a 2D image. For needle or catheter based
devices incorporating these types of transducers, a radial 2D scan can be acquired
either by rotating an outward-facing transducer or rotating a parabolic mirror in front
of a forward facing transducer (van der Steen et al. 2006; Ledworuski et al. 2002). This
is what is typically used for IVUS devices. An image can also be created when the

device is translated across an area of interest.

Having arrays increases the complexity of fabrication and image acquisition but,
because of the increased benefits of improved image quality, it is more useful to use
them instead of single element transducers. The ultrasound beam pattern is affected by
the size and number of elements, the pitch of elements in arrays and the orientation of
the transducer on the needle. At the design stage, it is important to analyse and evaluate
different options for an optimised array transducer which can be manufactured at a low
cost. Three possible configurations are shown in Figure 3.2: a radial view, a forward

view and a side view.
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Needle
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Ring array
elements
connections
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Figure 3. 2: Possible orientations of an ultrasound transducer on a needle, with direction of
the beam indicated; (a) axial cross section, (b) forward viewing, (c) side viewing

This axial cross section orientation (Figure 3.2 (a)) would mean having the needle
broken and the transducer inserted to join the two sections. This would compromise
the structural integrity of the needle and might also affect the performance of the
transducer. The forward viewing orientation (Figure 3.2(b)) would make it difficult to
have a pointed needle. From an application perspective, the side view orientation
(Figure 3.2 (c)) is the most viable option. This option means that the piercing end of
the needle is free from the transducer. It also provides room for more elements in the
array since the diameter is not the limiting factor. More details discussing these

orientations are given in Appendix A.

Figure 3.3 shows how the side viewing ultrasound transducer would fit into a needle.
This shows more details of the chosen transducer orientation in the needle. The flexi-
circuit for the electrical signal transmission has to be either connected from the side of
the transducer or by through-via technology. The work in this thesis focused on

developing a packaging method with the flexi-circuit connected at the side.
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connection

Figure 3. 3: An illustration of the transducer stack can be fitted into the needle: (a) 3D needle with
array elements position indicted, (b) cross section view, (c) side view

From all the design considerations, a linear array of 15 MHz was chosen for the
prototype. The pitch of A would be ideal to produce a small enough array size to fit in
the needle. The elevation width is determined by the inner diameter of the needle it
will be fitted in. This has to be between 0.7 and 1 mm for a 1.8 mm inner diameter
needle in order to leave enough room for the flexi-circuit. The minimum number of
elements was chosen to be 64 and this was based on the way the scanning with the
linear array is achieved. More elements would provide an image with a bigger field of
view. However, to get prototypes for the feasibility study, 64 elements were enough.

Further details of the array design are discussed in Chapter 4.

3.4.2  Flexi Circuit Orientations
Incorporating the HFUS transducer into the core biopsy needle leaves little space for
the cabling. The most straightforward means of connecting to the array is to use coaxial

cables to each element, as is typically done in arrays that operate at conventional
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frequencies. The smallest commercially available micro coaxial cables have an outer
diameter of approximately 0.3 mm (Dickinson and Kitney 2004). Having multiples of
these cables to numbers exceeding 64 would not fit in a 2 mm diameter needle. It is of
paramount importance to have the array transducer close to the tip of the needle to

enable imaging the tissue for biopsy.

A better design for the electrical connections from the transducer to the driving
electronics is therefore essential due to the limitation of space within the needle. There
are a few ways the connections can be designed to fit into such a limited diameter. The
most common of such designs are in the form of multiplexers and multilayer flexible

circuits.

Multiplexing is a technique that leads to few cables through the diameter of the needle
tube. Switching is used to excite and receive information from the array elements
(Dickinson and Kitney 2004; Daviden and Smith 1996; Felix et al. 2005). A
multiplexing system is illustrated in Figure 3.4. The advantage of such connection is
that it leaves plenty of room within the device. However, it can be more difficult to
provide a good real-time image with multiplexers because advanced beamforming

algorithms are required.

Figure 3. 4: Example of a multiplexer in arrays edited from (Eberle and Finsterwald 2003)

Multilayer flexible circuits have layers of flexi circuits one on top of the other where

the conductive tracks are connected to the array by either direct bonding or through
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micro-vias (Proulx et al. 2005; Stephens et al. 2008; Lee et al. 2004; Smith and
Davidsen 1998; Lee et al. 2003). These can be designed to dimensions that fit within
confined spaces. As illustrated in Figure 3.5, a flexible circuit can be connected to a
number of elements, and through cutting and overlaying layers, the design can be
reduced to a much smaller size. This design has a potential for fitting in small tubes,

however, it can be very complex and therefore expensive.

\\ /
Folded
flexi-circuit

Array elements

Figure 3. 5: Multilayer through folding a flexible circuit

The design for the electrical connection to the array developed in this study takes the
form of a flexi circuit rolled into a helix, illustrated in Figure 3.6. By having a helical
design, a wide flexible circuit can be fitted into the dimensions of the needle. Advanced
designs could incorporate helical multilayers if required. The noticeable problem to
overcome with this design is the starting angle for rolling. As will be explained in
Chapter 7, a poor angle will lead to bulging of the flexible circuit near the array,
making it difficult to fit into the needle. It is also important to have thin flexi circuit as

this makes the rolling easy.

Helix flexi-
circuit

Array
elements

Figure 3. 6: An example of a helix rolled flexi circuit
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Since multiple conductive tracks can be printed on one surface before rolling, this
design is the easiest one to make. Therefore it would provide the cheapest and simplest
option for transmitting electrical signals to and from the array. This would in effect
reduce the overall cost of the finished device. The fabrication techniques and the

interconnect method are discussed in Chapter 5.

3.5 Clinical Performance

The transducers developed as part of this work are intended to meet clinical needs such
as in vivo imaging of cancerous tissues at early stages. This specific application
dictates many aspects of the transducer such as: the operational frequency to achieve
the required resolution; the overall dimensions of the transducer; and the type of
imaging array to be used. It was important to keep clinical performance at the fore
front of the design criteria in order to fabricate high performance prototypes. The
required lateral and axial resolutions are important in determining the design of the
transducer. The geometry of the transducer, including the number of elements, pitch,
total active aperture and elevation dimensions is considered at a design stage to give
the desired clinical performance. Ultrasound field simulation is discussed in Chapter

4 as a method to optimise the geometry for clinical performance.

Since the device needs to be MRI compatible, the electrical signal cables are required
to have properties that minimise artefacts within the image. Good shielding needs to
be used with the cabling to reduce radio frequency (RF) interference (Curiel et al.
2007). Copper sheets are usually used to provide such shielding. The needle also needs
to be MRI safe in order to be used around the strong magnets. Materials such as
stainless steel 316 alloy have been designed to provide such properties (Holton et al.

2003).

3.6 Fabrication techniques

The piezoelectric materials used in the device dictate restrictions on some of the
processes that can be used in the fabrication, but also affect the device performance.
Single crystal materials limit the fabrication temperatures to approximately 60°C. The

fabrication techniques adapted for the prototypes in this work used low fabrication
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temperatures and pressure. The details of the fabrication processes are discussed in

Chapter 5.

The fabrication developed was able to yield both single element transducers and
arrays.

3.7 Performance Characterisation

3.7.1 Electrical Characterisation

The characterisation of the piezoelectric materials was done to determine the basic
performance of the material using electrical impedance spectroscopy explained in
Section 2.3.2. Impedance magnitude and phase were measured using an impedance
analyser, (4395A, Agilent Inc., Edinburgh Park, UK) to establish how the material and
the transducer stack operates at each of the different stages of fabrication. The
frequency range was chosen to be twice the resonant frequency in order to show if

there are any spurious resonances interfering with the main resonance.

The impedance test was important as an initial test to determine whether the material
and the prototype as a whole performed as expected. With the typical impedance curve
shown in Figure 2. 6, properties such as electromechanical coupling coefficient kt,
electrical resonance frequency, f., and mechanical resonance frequency, fn, were

determined

The electrical impedance characterisation can also be used for extracting piezoelectric
material properties that can then be used for predicting performance. Software such as
Piezoelectric Resonance Analysis Program (PRAP, TASI Technical Software Inc.,

Ontario, Canada) is used for extracting the full material properties.
3.7.2  Passive Material Characterisation

Acoustic characterisation of materials has been established for some time (Selfridge
1985). The pulse-echo method and the through-transmission technique are the two

commonly used methods (Selfridge 1985) .

The backing and matching layers, which are the passive layers of the transducer, play

an important role in the efficient transfer of ultrasound energy from the transducer to
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the tissue and vice-versa. The acoustic properties should therefore be optimised to
enable an optimal performance at a given frequency. The backing and matching layers,
which are typically polymers filled with either tungsten or alumina, were characterised
using single element HFUS transducers (Maclennan 2010). The longitudinal velocity
of sound in the passive material was used to determine the thickness of the layer at a
given frequency. Longitudinal wave velocities were calculated by measuring the time
taken for the sound wave to travel through a material with a given thickness. Two
transducers were immersed in water with the material of interest in the middle. The
transducers operate in through-transmission mode and the time taken for the pulse to
propagate through the material is determined by comparing with the time taken to
propagate through the same distance in water. This method, illustrated in Figure 3.7,
is what was used in this study. The transmitting and receiving transducers do not need
to be in contact with the material being investigated. The distance, x, between the two
transducers and the sample thickness, d, are known. Where, the transmitting and
receiving transducers are in contact with the sample, x will be equal to d. The time of

propagation between the transducers is measured without and with the sample in the

middle.

Sample ;
Transmitter Receiver

L

X

- [

Figure 3. 7: Set up for the through transmission measurement. The transmitting transducer emits
a signal and the receiving transducer receives the signal.

From this technique, the longitudinal (Vi) velocity was determined using Equation 3.1

(Wu 1996) :
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where V,, is the velocity sound in water, which is 1490 m/s at room temperature and

At is the difference in time between the received signal with and without the sample

and the transmitted signal.

After measuring the sample density, ps, the acoustic impedance can be calculated as:

Z, = p,xV, 3.2

3.8 Basic Functional Testing of Prototypes

The functionality of all the fabricated prototypes was tested using pulse-echo
measurements. This technique illustrated in Figure 3.8, is used to test whether the
element is operational and to determine the axial resolution (pulse-length). This
measurement technique requires one transducer for transmitting and receiving; and is

what is used by medical imaging transducers to acquire an image.

Sample
Transmitter

Receiver

d

«— T —

Figure 3. 8: Set up for the pulse-echo measurement. The same transducer is used for both
emitting and receiving the signal.

To obtain the pulse echo response of both the single element and array transducer
prototypes, a stainless steel block was used as a reflector for the ultrasound transmitted
by the transducer. Since the transducers were unfocussed, the measurements were

taken at a distance beyond the near field boundary (explained in Section 2.4). From
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these measurements, axial resolutions, Ra, were calculated using Equation 2.7.

Phantom and tissue scanning was also done using the pulse-echo technique.

The pulse-echo tests of the transducers were done in degassed, de-ionised water at
room temperature. The experimental set-up is illustrated in Figure 3.9. A DPR 300
Pulser-Receiver (JSR Ultrasonics, New York, USA) was used to excite the transducers
and the echoes were displayed by an oscilloscope. More specific details of the tests are
given in Section 3.8.1 and Chapters 6 and 7 for the respective settings of each
transducer. Settings were optimised for each individual transducer to obtain the
maximum SNR. The frequency spectra of the pulses were analysed and the axial
resolution was determined as shown in Equation 2.6. The centre frequency, f., and the

fractional bandwidth, BW, at -6 dB were determined by (Lietal. 2011) (Li etal. 2011):

_fith,
2

Bw =27 000 15

c

Je

34

where fiand f> are the lower and upper frequencies at -6 dB of the maximum, that is,

the frequencies at which the magnitude in the spectrum is a half of the maximum.
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X-Y stage
Oscilloscope
Computer

Transducer

Water tub

s

Beam direction

Water tub

Pulser/Receiver

Figure 3. 9: Apparatus setup of the pule —echo technique that was used in scanning. The
set-up also was used to get signal at one position of a stainless steel block
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3.8.1 The scanning system

To obtain a 2D profile image of an object or sample, scanning of the transducer was
done using an in-house built scanning system. A block diagram of this system is shown
in Figure 3.10 and the different components are discussed below. A LabVIEW
(National instruments, Newbury, UK) program with a graphical user interface (GUI)
is used to control all the components to produce a scan. The data of the scan is recorded
at the end of each scan and MATLAB software (The Mathworks, Cambridge, UK) is

used for reconstructing the image.

Output signal

Trigger signal ) Oscilloscope
GPIB
Computer ——
RS 232
XY Stage and
controller

RJ 45 to

RS 232 to

UsB

] Transducer
Pulser-Receiver

(DPR300)

Figure 3. 10: A block diagram of the in-house built scanning system

The components of the scanning system are:

e The XY Stage: This is an SG-SP-26-100 XY automatic scanning stage with
SHOT-602 stage controller (Sigma Koki, Tokyo, Japan) It has two orthogonal
axes (X and Y), moved by stepper motors and connected by an RS232
connection to the computer for control. The minimum resolution of this stage
in each direction is 2 pm. The command of this stage is also done by a program
written in LabVIEW. The Pulser-Receiver (DPR 300) (JSR Ultrasonics, NY)
is connected via USB to the computer. The DPR300 produces a high voltage

electrical excitation pulse which is sent to the transducer. The reflections are
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detected by the transducer and amplified by the receiver then the output is
displayed on the oscilloscope. Control of this pulser-receive is by the front
control panels on the device and the connection to the computer is to interface
with the LabVIEW software. Settings such as the receiver gain in dB, pulse
energy, and high pass and low pass filter frequency of the pulser-receiver are
adjusted on the device. An internal trigger is used and all the other settings can
be adjusted to optimise the SNR of the received signal.

e The HP54810A Oscilloscope (Agilent, Edinburgh Park, UK) has two channels
with a 500 MHz bandwith and a sampling frequency 1 GSa/s. it is interfaced
with the computer via a GPIB connector. The oscilloscope is also controlled
by the LabVIEW software. The sampling frequency and averaging are selected
from the software to control the oscilloscope. The range of the time of signal

should be selected before a scan is initiated.

MATLAB is used to reconstruct the image from the RF data acquired by the
LabVIEW-controlled scanning system. Script files were written to perform signal
processing on the data and display B-scan images. The dynamic range of the display
image is set by the user. Pulse-echo responses from specific positions were extracted

from the data to determine the lateral resolution as explained in Chapter 2.

3.8.2 Phantom Imaging

Three different phantoms were used to test the functionality of the single element
transducers. These were undertaken using the in-house built scanning system
described in Section 3.8.1. The phantoms for testing included wires of different
thicknesses attached to a stainless steel block with double sided tape. This was done
since it was easy to get a reflection of the sound energy from the stainless steel block
(Figure 3.11) which made it less challenging to set up. The wires were 130 pm, 420

um and 1.16 mm thick; they were spread at arbitrary distances apart.

The wire phantom illustrated in Figure 3.12 is a very common arrangement of test
targets for characterising transducers. The phantom tested in this project had two 5
um diameter tungsten wires at the top and nine 20 pm diameter wires all spaced by 1
mm steps. These were glued to a block as shown in Figure 3.12. The biggest challenge

is that it was very easy for these wires, especially the smaller ones, to break. As a

73



Chapter 3: Design Considerations and Evaluation Methods

result, some tests were done without the 5 um wires. The wires also easily displaced
from their set positions on the block when immersed in water as the holding glue
loosened. From this test, a line spread function was determined for some of the single
element transducers discussed in Chapter 6. The transducers were positioned beyond
the near field boundary. They were moved laterally to the sample with a scanning step
size determined based on the operational frequency and expected lateral resolution of
the device. The amplitudes of the responses were plotted against position. The line
spread function in this project was used to determine the lateral resolution of the

transducers.

Mouse bowel was also scanned using the transducers. The tissue was immersed in
Phosphate buffered saline (PBS) (Moser et al. 1993). Tissue does not reflect as highly
as stainless steel or tungsten because the acoustic impedance is much lower. Obtaining
these images is crucial in establishing that the transducers can image structures similar

to that in the human body.

"‘i? /”_A

Copper wires

Double-sided tape

STAINLESS STEEL BLOCK

Figure 3. 11: Stainless steel block with wires attached with double sided tape. The wires were
130 pm, 420 pm and 1.16 mm thick; they were spread arbitrary distances apart.

Transducer
' ® 20 pum diameter
o Tungsten wires
o

Rod for joinin

the block ®

together )

i o
(a) o (b)

Figure 3. 12: Wire phantom: (a) Block side view configuration, (b) cross-section view with wire
positions. The transducer at the top is scanned in a direction lateral to the block. The ultrasound
image produced is similar to (b)
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3.9 Chapter Discussion and Conclusions

This chapter has discussed important aspects to consider when designing transducers
for incorporation into needles, such as packaging, clinical performance, and
operational frequency which have been detailed to explain needs to account for the
confined space packing. The needle sizes have been summarised to give guidance for
the design as it is restricted by the commercially available needles. Array orientations
have been considered with the side linear array chosen as the best in terms of
fabrication and for the application. Helical flexi-circuit orientation has been chosen as
the design to be used in this project. Material characterisation and prototype evaluation
techniques have been explained in this chapter, providing a foundation for evaluating

the devices designed in the subsequent chapters.

The details discussed in this chapter set a good precedent for the design and the
fabrication of the prototypes explained in later chapters. It is important to keep in mind
what the end product should do and how it will be used. By considering the different
topics such as needle sizes and transducer operational frequency, the dimensions of

the transducers for the application can easily be determined.
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CHAPTER 4

Array Modelling and Beam Simulation

Chapter Profile

A number of aspects of the configuration and packaging of a transducer in a needle
were investigated during the course of this research. This chapter gives the analysis of
the imaging performance of the transducer array at a design stage using computational
modelling and simulation. One dimensional modelling (ODM) and virtual prototyping
with finite element analysis (FEA) were used to determine the characteristics of the
transducer stack, and FIELD 11, a linear acoustic model, was used to examine the beam
pattern produced by different array designs. A resolution integral is evaluated from the
simulated beam patterns as a figure of merit to compare the performance of different
transducers in terms of resolution over imaging depth of field at a design stage. The
beam patterns for both linear and phased arrays were explored, and the effects of
dimensional limitations imposed by the requirement to fit the array into a needle are

examined by simulation.

Characterisation of the materials used is discussed here as a good tool to enable virtual
prototyping which was used as a design tool. Virtual prototyping was done using
PZFlex FEA software (Weidlinger Associates, Inc, Mountain View, CA, USA) to
investigate the feasibility of modelling devices of single crystal materials. It was also

used to study to the effect of different layer thicknesses in a 15 MHz transducer.

A feasibility study was undertaken looking at the design and fabrication of a 30 MHz
transducer into a needle and this was used as a precursor to the 15 MHz transducer. A
30 MHz transducer array was considered and the challenges explored with input from
a design engineer at Envision Design Limited (Kincardineshire, UK). This is because
the 30 MHz array would provide a very good resolution but there was no array control
system available to the research group for driving the array at that frequency. The

report of the study of the 30 MHz array is detailed in Appendix A. It explores the
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challenges in fabrication and explains some of the trade-offs employed in order to get

working prototypes.

4.1 Introduction

It has been explained, in the previous chapters, that the higher the frequency of an
ultrasound transducer, the smaller the dimensions. These small features create a great
challenge in fabrication and as such it is very expensive and time consuming to
fabricate transducer prototypes. Virtual prototyping is a method where prototypes are
built and tested in software. This reduces the expense of time, materials and effort that
would be invested in building prototypes. Virtual prototyping with FEA can be used
to optimise the materials and dimensions of the transducer layers, and determine
fabrication tolerances in a cost-effective and time efficient manner. In addition, the
impact of design constraints imposed by fabrication processes and packaging

requirements for specific applications can be investigated.

To get a good model for virtual prototyping, detailed accurate material properties are
essential. Ideally, in-house full material characterisation is recommended (Powell et
al. 1997; Abboud et al. 1998) to obtain accurate properties for the specific materials
used in the devices. However, for piezoelectric materials, full material characterisation
is expensive due to the requirement to have multiple specific sample geometries. The
cost in money and time is increased when piezoelectric crystals are used as the active
materials. Obtaining accurate piezoelectric properties for most of these materials is
difficult and this in turn hugely affects the validity of the simulation evaluation. The
characterisation of the PMN-PT single crystal materials that were used in this project
was done in a different project (Qiu et al. 2011). However, as it will be explained later
on in this chapter, some material properties were modified in the model to get a better
match between the experiment and simulation. In this project only the passive

materials were characterised for their acoustic performance.

4.2 Transducer Materials
The choice and characterisation of materials for the prototypes is explained in this

section.
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4.2.1 Passive Materials

Some of the properties of the passive materials that were used for the transducers in
this study are summarised in Table 4.1. These properties are important in choosing the
right material with the optimum properties for the transducer. The materials were
chosen because they are extensively used in the literature (Rhee et al. 2001; Zhou et
al. 2009; Wang et al. 2001; Grewe and Gururaja 1989) These materials are epoxies
filled with alumina or tungsten, respectively. The epoxy used is Epofix due to its low
shrinkage properties during curing (Bernassau et al. 2011). Changing the percentage
of the alumina or tungsten particles in the epoxy also changes the acoustic behaviour
of the material. Since the matching layer is designed to acoustically match the
impedance between the piezoelectric material and the body, the impedance of the
matching layer needs to be tailored to the piezoelectric substrate. Standard bulk
piezoelectric materials have known acoustic impedances and therefore selection of
matching layers can be less challenging. When composites are used as the piezoelectric
material of choice, the acoustic impedance of the composite must be measured or
calculated. Sometimes multiple matching layers are used and these need to be designed
to facilitate efficient transfer of the ultrasonic energy. The passive material properties
shown in Table 4.1 are comparable to those found in the literature (Grewe and
Gururaja 1989). The matching layer is 15% volume of alumina in epoxy whereas the
backing is 30 % volume of tungsten in epoxy. The properties were determined as per

methods described in Sections 3.7.2.

Table 4. 1: Properties of some of the passive materials used in the transducer prototypes

Material p(kg/m?) Vi(m/s) Z(MRayl)
Matching 1567 2277 3.6
Epofix 1152 2497 29

epoxy

Backing 5791 1282 8.2

4.2.2  Active materials
Though some prototypes were made from piezoelectric ceramics, the active material
of choice for the arrays was single crystal composite due to the enhanced performance

as discussed in Chapter 2. Piezocomposites of single crystal piezoelectric materials
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have higher coupling coefficients compared to the conventional PZT polycrystalline
ceramics. These materials, such as PMN-PT, are relatively new and their properties
are still being studied (Qiu et al. 2011; Li et al. 2011). The PMN-PT material used in
this study was characterised using PRAP (TASI Software, Kingston, ON, Canada), a
piezoelectric material analysis software package, to determine the complete matrix of
piezoelectric material properties. The full matrix of material properties is needed for

accurate FEA, while only subset of the properties is required for ODM.

4.3 Array Modelling and Simulation Methods

Modelling is a powerful tool in the design phase of ultrasound transducers. Knowledge
of the physics of wave propagation, vibrations, electronics and material science is
important in analysing the transducer performance. A prediction of behaviour of a
transducer can be determined prior to fabrication. This stage eliminates the time
consuming process of correcting numerous faults after a device is fabricated. All the
components of the transducers including the active substrate, matching backing and
cabling can be evaluated through modelling and simulation. ODMs use equivalent
circuits to provide first order approximations of the transducer characteristics. FIELD
IT simulation gives a good approximation of the beam pattern and; FEA facilitates the
analysis of both two and three dimensional characteristics, which may include

coupling between pillar resonances as well as the kerf filler effects in composites.

4.4 One-Dimensional Modelling (ODM)

This is the easiest and most common method of evaluating the performance of devices,
or comparing the effects of materials, layers or layer thicknesses before fabrication.
In-house ODM software was used to model the effects of using a composite compared
to using a bulk material. This one-dimensional model is based on wave propagation in
the device (Cochran et al. 2012). It incorporates the underlying physics which are
ultimately based on the constitutive equations of the piezoelectric material discussed
in Section 2.3. The model is used to only evaluate the thickness extensional mode

behaviour of in ultrasound transducers.

For an array, ODM can be used to define the thickness of the piezoelectric composite,
the acoustic impedance of the backing, the acoustic impedance and thickness of

matching layers, the effects of bond lines, and the effect of electrical impedance
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matching. The acoustic impedance and the thickness of the layers in the stack
determine the time domain and the frequency domain response of the transducer (T
Ritter 2000). With ODM, the electrical impedance, pulse-echo behaviour and the

impulse response of a transducer can also be predicted.

4.4.1 Transducer Stack Model

ODM was used to explore the basic properties of the transducer. It was used to explore
the thickness of the transducers for a given frequency before fabrication, including the
difference in resonance frequencies between bulk and composite plates. The
impedance spectrums of 15 MHz and 30 MHz transducers were calculated to
determine the frequency performance of the transducer. The results of the 30 MHz
transducer are shown in Appendix A. From Figure 4.1, the transducer structure that
was modelled is illustrated. This was used as the basis for the modelling investigating
different features about the layers of the transducer. From the model, the expected
behaviour of transducer, including the piezoelectric and passive materials, was
determined. Properties input into this model include the geometry as well as the

material properties of each layer in the transducer.

Active Layer Backing

\Matching

Figure 4. 1: The transducer stack used for one dimensional modelling, incorporating a
matching layer, a piezoelectric material as the active layer and backing layer. Active layer
thickness is 80 pm, matching layer thickness is 50 pm and backing thickness is 800 pm

The active layer was chosen to be a composite made from PMN-PT single crystal
material and a polymer. PMN-PT provides better properties, such as electromechanical

coupling coefficient, than the common piezoelectric ceramics available, making it

more sensitive. This material, being very brittle and expensive, meant that modelling
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would help to cheaply evaluate many designs. A 1-3 piezocomposite was evaluated
with the model, to get the transducer with the best properties. This 1-3 composite
provides advantages such improved electromechanical coupling coefficient and
reduced acoustic impedance which improves the overall efficiency. It is also important
to have an electrical impedance magnitude as close to 50 Q as possible since this would
reduce the loss of energy as the system is connected to the driving electronics. The

driving electronics are designed to have 50 Q resistance.

The thickness of the active layer determines the resonance frequency and this can be
used to determine the thickness of the matching and the backing layers. The chosen
frequency of the transducer was 15 MHz and therefore, an empirical approximation of
the thickness was determined. It is important to remember that different piezoelectric
materials will have different thicknesses at a given frequency because of the different
speeds of sound. The transducer stack was modelled with both a bulk PMN-PT single
crystal layer and with a composite PMN-PT/epoxy layer with 36% volume fraction.
One element in an array was modelled with the dimensions of 0.8 x 0.07 x 0.12 mm
in terms of length, width and thickness. These dimensions were based on the fact the
transducer would fit is a needle of about 1 mm. Inter-elemental pitch of 0.100 mm
would mean that the element would be about 0.07 mm and the thickness is determined

by the desired frequency.

4.4.2  Transducer stack results

In Figure 4.2, impedance plots of PMN-PT single crystal and a PMN-PT/epoxy
composite are illustrated. There is evidence for the higher thickness-mode coupling
coefficient in the composite material. This is seen by the larger separation between the
electrical and the mechanical impedance magnitudes. The composite has lower
permittivity which leads to higher electrical impedance magnitude at the resonance

frequency.
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Figure 4. 2: Electrical impedance magnitude and phase of a 0.082 mm thick element calculated
with ODM. The PMN-PT/Epoxy composite element with 0.36 volume fraction; (a) impedance
magnitude, (b) impedance phase

By using a composite instead of a bulk piezoelectric material, a number of important
properties are changed. The most important of these properties are the acoustic and
electrical impedance, electromechanical coupling coefficient and resonance
frequency, and this can be used as a useful guide when designing a composite and
building a transducer. Table 4.2 summarises these key differences. The properties of
the epoxy filler in Table 4.2 are similar to the Epofix used for the prototypes discussed
in this thesis (Bernassau et al. 2011).
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Table 4. 2: Comparison of the ODM modelled PMN-PT and PMN-PT/Epoxy composite

Material PMN-PT PMN-PT Composite

Epoxy filler None CY1301/HY1303  (Marin-
Franch et al. 2004) (Bernassau
etal. 2011)

Volume fraction 1 0.36

Electromechanical 0.62 0.83

coupling coefficient (k)

Impedance Magnitude at resonance 10 Q 63 Q

frequency

Electrical resonance frequency 22 MHz 12.6 MHz

Acoustic Impedance 37 MRayl 12.78 MRayl

4.5 Virtual Prototyping of Devices

ODM is useful in choosing the piezoelectric, matching and backing materials plus their
thicknesses. The inter-elemental pitch can also be studied for its influence on grating
lobes. FEA takes this further to enable analysis of two and three dimensional
characteristic of the transducer. In effect the entire transducer can be virtual prototyped

through FEA.

PZFlex (Weidlinger Associates Inc., Mountain View, CA), a time domain finite
element analysis (FEA) software package, was used for virtual prototyping. The
electrical impedance of the designed devices at various stages in the fabrication
process were predicted using PZFlex. Using realistic 2D and 3D models of the device
enables rapid testing of ranges of design parameters. However, for simulated and
experimental results to match, accurate material properties are required. An
incremental model-build-test approach (Powell, Wojcik et al. 1997) was used to
validate the models developed for virtual prototyping (Ssekitoleko et al. 2010). A 5
MHz linear array was modelled at the different fabrication stages. Figure 4.3 shows
the models that were evaluated with PZFlex. The dimensions are discussed in the

following sections.
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Results from the piezoelectric plate and composite models were compared to
experimental electrical impedance measurements to verify the input material
properties. Once the material properties had been verified, they were used to explore

virtual devices at 15 MHz.

Plate (a) T T (d)

Matching (c)
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Figure 4. 3: Configurations used in incremental model of linear array. (a) Bulk piezoelectric plate,
(b) 1-3 piezocomposite, (c) matched composite transducer, and (d) matched and backed composite
transducer. This image gives illustrations of steps taken during simulation.

4.5.1 Ceramic plate

The models created in PZFlex were initially validated using a 10 mm x 10 mm x 1 mm
plate of CTS 3203HD, a material commonly used in medical transducers, with material
properties characterised previously (Sherrit et al. 1997). A simple 2D model of the
plate in air was used to compare the model to the experimental results. This model was
then used to analyse the behaviour of a PMN-PT single crystal plate and obtain the
modified material properties required for simulation to match experiment. The results
of the CTS 3203HD plate comparing the model to the experiment are shown in Figure
4.4. The accuracy and stability of the material properties of this material means that
there was no need for modification of the material properties through the model to
obtain a good match. The modelled impedance curve yields a reasonable match to the
experimental measurement, both in terms of impedance magnitude and resonant

frequencies.
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Figure 4.4: Electrical impedance magnitude response for 10 mm square plate with a thickness of
1 mm made of CTS 3203HD material comparing the simulation to the experimental results.

4.5.2 Single crystal plate

After validating the 2D plate model with CTS 3203 HD, properties of PMN-PT were
loaded into this model and analysed. It can be very challenging to experimentally
obtain single crystal properties and therefore the model was used to extract more
accurate properties of the PMN-PT as shown in Figure 4.5. The thickness of the sample
was 1 mm with a 10 mm width. The impedance magnitude away from the resonance
shows a good match to the experiment. This means that the dielectric properties do not
have to be modified. However, the mechanical resonance does not agree well with the
experiment. This means the piezoelectric constants have to be changed to get a better
fit for the simulated impedance results to match the experiment. Model (i) in Figure
4.5 (a) represents the results with the initial properties input into the model. Model (ii)
has 20 % larger piezoelectric stress constants, which increases the mechanical resonant
frequency. Model (iii), with 50% larger piezoelectric stress constant than the initial

values, agrees well with the experimental measurements from both this plate and other
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plates from the same supplier, TRS (Figure 4.5 (b)), for which there is only minimal

variation in behaviour. The detailed modified properties are shown in Table 4.3.

Table 4. 3: Material properties of PMN-PT single crystal

Material Measured | Modified | Modified - | % difference
Constant -Plate Composite

Plate | Comp.
&n 1220 1220 2196 0 80
g1 0216 026 1667 0 80
CEyp (104N /m?) 10.6 10.6 16.96 0 60
CE{ 10V N/mY) 0z 0z 1472 0 60
CE{10YN/mY) 10.5 105 16.8 0 60
CE3 (109 N/ m™) 11.5 115 184 0 60
CEes (10N m™) 6.9 6.9 11.04 0 60
CZes (10N m™) 2.1 21 3.36 0 60
e1s (C/m®) 3.8 13.2 11.44 50 30
es1 (C/m®) 59 -B.85 -7 67 50 30
ess (C/m*) 212 31.8 2756 50 30
p (kg/m?) 2086 2086 0 0

There is a noticeable difference when the same model with PMN-PT properties is
compared to other experimental results of PMN-PT from a different supplier,

Sinoceramics, as illustrated in Figure 4.5(c).
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The resonances seen at approximately 1.5 MHz in Figure 4.5(a) and (b) are a result of
minor modes in the materials (Wallace 2007). These resonances are reduced when
composites are used. The plates from the second supplier were 0.5 mm thick, and as
such the model thickness was adjusted, but the material properties kept the same as in
Model (ii1). These differences in properties between samples from an individual
supplier and the larger variation between suppliers is expected (Qiu et al. 2011),

stressing the need for validation of the material properties used in models.
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Figure 4. 5: Electrical impedance magnitude response for a PMN-PT single crystal plate. (a) Comparing
experimental measurements of 1 mm plate from TRS to simulation results with modified piezoelectric
constants. (b) Variation between experimental results for plates from TRS compared to model with
modified material properties. (¢) Variation between experimental results for 0.5 mm thick plates from
Sinoceramics compared to a model with modified material properties.
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4.5.3  Single crystal composite

The simulation model was further extended into 3D to evaluate a unit cell of a 5 MHz,
1-3 piezocomposite with a 0.49 volume fraction of PMN-PT in order to be compared
with the experimental results. This volume fraction was used because it lies in the
range of 0.3 to 0.5 where the electromechanical coupling coeffient is maximised (Chan
and Unsworth 1989; Smith 1986; Zipparo et al. 1999). The experimental plate was 10

mm in length, 5 mm in width with a thickness of 0.5 mm.

The 1-3 piezocomposite model required more detailed change to material properties
than the plate model, shown in Table 4.3, and as a result the new properties are
significantly different to the initial properties. The reasonable match between the
model and the experimental impedance results, shown in Figure 4.6, is a result of these
modifications to the properties. In a 1-3 composite, the pillars resonate in a length
extensional mode, whereas the initial material properties are influenced more by the
thickness extensional mode parameters extracted from a plate. Also, the dice-and-fill
fabrication process can affect the poling of the material, particularly at the edge of the
pillars. Therefore, to ensure that the piezoelectric material is operating optimally, the
fabricated composite plate was re-poled. After re-poling the composite, the anti-
resonant frequency increases as expected because the piezoelectric properties improve.
However, the changes are small, with the modelled result fitting between the two

experimental measurements.
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Figure 4.6: Electrical impedance magnitude for a PMN-PT single crystal/epoxy composite,
before and after re-poling and compared with simulation using modified material properties.

4.5.4 15 MHz array element stack

A 15 MHz array element was modelled using the composite properties as detailed in
Section 4.5.3. Following the validation of the material properties, the acoustic stack
of the 15 MHz linear array was modelled to evaluate the effect of matching and
backing layers. A single unit cell of the pizocomposite was simulated, with the
electrical impedance response scaled to the 70pum x 800 pm element dimensions which
are equal to the array element design. The composite with 50 pm and 60 pum thick
alumna-filled epoxy matching layers was modelled. Finally, an 800 um thick tungsten-
filled epoxy backing layer was added to the model to evaluate the behaviour of the

complete acoustic stack.

Through virtual prototyping, the effect of different thicknesses of matching layers is
shown in Figure 4.7. The upward shift in the primary resonant frequency at about 18
MHz and the lower frequency resonance curve at about 10 MHz are due to the
matching layer and can be clearly seen. The expected damping of the resonance with
the backing layer is also demonstrated. This is shown as an example for investigating
different parameters of high frequency arrays. The volume fraction of the backing is

0.3 and that of the matching is 0.15.
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Figure 4. 7: Electrical impedance magnitude response for a modelled high frequency array
element with 1-3 piezocomposite of PMN-PT. The thickness of the matching layer for the stack
with backing is 50 pm.

The array design for the prototypes was based on a 1-3 piezocomposite substrate, using
single crystal PMN-PT for increased sensitivity compared to conventional ceramics
like PZT-5H. The initial design is an 80 pm thick, 0.49 volume fraction
piezocomposite with 60um pillar pitch. The composite fill material is Epofix (Struers,
Solihull, UK). The quarter wave matching layer of 15 vol% alumina filled epoxy is 50
um thick, and the backing layer is 30 vol% tungsten filled epoxy 800 pm thick.

4.6 FIED II Simulation

Field II is a MATLAB based simulation code (Jensen 1991; Jensen and Svendsen
1992) for pressure fields and beam profiles. The software uses the idea of the Rayleigh
integral to determine the spatial impulse response of the ultrasound field emitted as a
function of the transducer aperture, the position of the point of evaluation in space, and
the propagation speed. Through taking a time convolution of the spatial impulse
response with the time derivative of the surface vibration velocity, the emitted pressure
of a vibrating aperture can be determined. By reciprocating the linear acoustics, the
receive response can also be established from the emitted waves from points in the
field of propagation. The program uses an integral expression of Huygens principle to

calculate the acoustic propagation from the source apertures. Field II can be used to
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study such things as beam profiles and to determine if side lobes occur by predicting
the azimuth plane beam profile for an array of elements (Timothy Ritter 2000). Side
lobes are unwanted regions of the ultrasound beam emitted off axis that are
constructive interference and produce image artefacts (Barthez et al. 1996). The main
aim of design optimization is to have beam patterns with narrow main lobe width and

low amplitude side lobes (Onose et al. 2009).

4.6.1 The beam pattern

The acoustic beam pattern of an imaging transducer provides important information
about the performance of the transducer. It gives the resolution of the transducer as
well as indicating any side lobe interference relative to the main lobe. Different design
parameters of a transducer will affect the overall beam pattern. By examining the beam
pattern at the design stage, geometries can be optimised. The overall results provide a
general picture on the trade-offs between system complexity, fundamental electronic
characteristics, image quality in relation to ultrasonic fields generated by the physically

constrained apertures, and functionality.

Exploring the beam profiles of the transducer before they are made also helps to
overcome the laborious process of making the transducers just to see if they work well.
FIELD II provides a platform to explore the beam patterns produced by different
transducers at a design stage. This software was used to explore parameters such as
pitch of the elements, inter-elemental pitch, and the kerf between elements. Appendix
A gives details of acoustic beam pattern evaluation of 30 MHz transducers including
single element, annular, phased and linear arrays. In this section, 15 MHz phased and
linear arrays are studied as they are closer to the work of this thesis. On an empirical
scale, the phased arrays have a smaller element pitch and a shorter array length
compared to linear arrays, and would therefore fit into smaller spaces. However, they

would provide more challenges during fabrication due to the small features.

Two of the key factors in choosing an ultrasound imaging transducer are resolution
and penetration depth. Transducers operating at low frequency penetrate deeper into
tissue than those at high frequency; however the resolution at these frequencies is low.
It is desirable to have good resolution at a large penetration depth. A figure of merit

known as the resolution integral was introduced by Pye’s group (MacGillivray et al.
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2010), as a method to characterise ultrasound images in terms of the ratio of
penetration of an ultrasound beam in soft tissue to the ultrasound beam width. The
aim of this method is to reduce the level of subjectivity in determining the performance
of a transducer. Research has focused on establishing the resolution integral of
commercially available transducers on tissue mimicking phantoms. It would be of
importance if designers can assess this resolution integral at the design stage using

simulations.

The resolution integral (MacGillivray et al. 2010) is a way of evaluating the
compromise between image quality and the various design parameters. This is a figure
of merit that evaluates the image resolution over the depth of field (Figure 4.8) and can
be used to compare two or more transducers. The application of the resolution integral

in this thesis is used at a design stage to select the optimal transducer.

~
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Figure 4. 8: Plots showing the resolution integral. ‘(a) A graph showing L against a for a collimated
beam with low contrast penetration Lo and beam width Do. a is the reciprocal of beam width, and
L(@’) corresponds to the depth range in the image over which the beam width is less than 1/a’. (b)
A plot of L against a for a weakly focused ultrasound beam with low contrast penetration Lo and
minimum beam width Do. In (a) and (b) the resolution integral R is equal to the area under the
curve’’ (MacGillivray et al. 2010).

For the simulation the input properties of both the linear array and the linear phased
array are shown in Table 4.4. These simulations were particularly important in
selecting a good array which is feasible to fabricate. An array with fewer elements
would provide less challenge during fabrication, and particularly, arrays with larger

element pitch will make the interconnect solution easier.
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Table 4. 4: Input parameters for simulation of the 15 MHz arrays

Property Linear Array Phased Array
Element Thickness (mm) 0.110(1.14) 0.110 (1.1%)
Element length (mm) 0.800(8%) 0.800(8A)
Element width (mm) 0.070(0.71) 0.035(0.354)
Element Pitch (mm) 0.100(1%) 0.050 (0.5))
Scan Geometry Rectangular Sector scan

The arrays in the simulations were focused at each depth on both transmit and receive
to obtain an optimised response. The two-way response gives the shape of the
ultrasound beam produced by the device and this can be measured experimentally by
placing a point reflector at each point of interest and measuring the amplitude of the
pulse reflected back to the transducer from the point reflector. The beam shape is used
to determine the resolution through the depth of the image and the presence of
unwanted regions of constructive interference (e.g. side lobes or grating lobes) that can

produce artefacts in an image.

The parameters outlined below were evaluated through the simulation. These

parameters can be used to quantify the imaging performance of an array (Szabo 2004).

e Minimum lateral resolution of the array: Minimum beam width within imaging
depth of field.

e Resolution integral: A measure of image quality accounting for both resolution
and depth of field

e Dynamic range of image: Maximum level of secondary lobes in field within
imaging depth of field. When a short pulse is transmitted, the echoes from two
reflecting surfaces that are close together are easily separated. The envelope of
the reflected signals is log compressed so that they give a large dynamic range
of signal amplitude. This dynamic range is usually up to 60 dB or a factor

of 1000, which can be displayed in the image (Demore 2006).

The results of the simulations of both the linear and phased arrays are shown in Figure

4.9 and 4.10 respectively.
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Table 4.5 draws a summary of the parameters obtained from the simulations. A

detailed evaluation of the simulation is given after the figures.
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Figure 4. 9:Two-way beam plots for linear arrays simulated using Field II, with (a) 8 elements,
(b) 16 elements (c) 32 elements in the active aperture. Amplitudes are normalised the peak value.
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Figure 4. 10:Two-way beam plots for phased arrays simulated using Field II, with (a) 32 elements,
(b) 48 elements (c) 64 elements in the active aperture. Amplitudes are normalised the peak value.
The element pitch is A/2

Figures 4.11 and 4.12 illustrate the resolution integral of the linear and phased arrays

simulated with their beam plots shown in Figures 4.9 and 4.10.
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Figure 4. 11: Linear arrays plots for obtaining the resolution integral (a) 8 elements, (b) 32 elements
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Figure 4. 12: Phased arrays plots for obtaining the resolution (a) 32 elements, (b) 64elements

Table 4. 5: Image quality parameters determined from beam simulation of linear and phased
arrays

Transducer Number Minimum Resolution Dynamic

type of active resolution integral Range

elements (mm) (dB)
Linear 8 0.259 22.58 50

16 0.136 39.76 50

32 0.098 67.47 50
Phased 32 0.135 42.03 50

48 0.106 58.72 50

64 0.085 71.72 50

4.6.2 Transducer Simulation Evaluation

The sensitivity and dynamic range of the electronics that drives the transducers and
acquires the imaging signals affects the maximum imaging depth, as does the
sensitivity of the transducer. The imaging depth is limited in high frequency
transducers due to attenuation in tissue. In the current study, the maximum imaging
depth has been taken to be 35 mm for evaluating the designs. It is thought that the

transducers using single crystal materials, and advances in electronics will enable
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imaging to this depth. However a more realistic current maximum limit may be 30
mm. It has been explained in the literature that higher ultrasound frequency leads to
higher resolution but at a reduced depth of penetration, with probes of 12 MHz and
20 MHZ having a maximum depth of penetration of 29 mm and 18 mm respectively
(Liu et al. 2006). Other researchers have also reported penetration depths of different
transducers such as a 7.5 MHz transducer with a penetration depth of 7-8 cm (Larsen
2002) and a 30 MHz and a 50 MHz transducer with 10mm and 4 mm depth of
penetration respectively (Foster et al. 2000). It is for such reasons that 35 mm

penetration depth was used for the simulations.

The optimum device design minimises the lateral resolution and maximises the depth
of field and field of view, as well as maintaining a dynamic range of 50-60 dB. A
dynamic range of 60 dB is what has been found to be useful for clinical imaging. This
dynamic ranges suppresses the secondary lobes to a level which would not cause
interference with the main image (Brown et al. 2007). Typically, a linear array would
use a 64-element sub-aperture with one wavelength pitch to create each image line.
This would create sufficient lateral resolution and be able to suppress the secondary

lobes.

The linear array compared with the phased array provides a better resolution integral
as is shown with 32 active elements of the linear and the phased array. The linear array
provides better resolution, and a bigger aperture with a larger pitch makes it less

challenging in fabrication.

The resolution integral for the different array active elements gave a clear
demonstration that some transducers are better than others. This is useful in
establishing the different trade-offs of different transducers. The active elements in an
array are what were simulated but the generation of an image is based on electronically
scanning through all elements, which might be as many as 256. The actual size of the
array is greater than the active aperture only for the linear array since the scanning is
done by exciting small groups of elements. For a phased array, all the elements are

excited with time delays to enable steering of the beam.
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4.7 Chapter discussion and conclusions

This chapter has presented the results of material characterisation of passive materials
that were used for the prototypes. These, along with the properties of the PMN-PT
single crystal material, were used in a simulation for analysing the effects of layer

thickness in 15 MHz virtual prototypes.

The single crystal material properties that were used are similar to those characterised
in the same group but by a different researcher (Qiu et al. 2011). The results in this
thesis obtained from the validated models demonstrate that PMN-PT single crystal
materials vary considerably. State-of-the-art software called PZFlex was used for the
simulation to allow for the optimisation of the array design before fabrication,
therefore reducing the overall cost of the process spent in making multiple prototypes.
Since the simulation accuracy depends on how accurate the material properties are, a
model-build-test approach was applied to modify the material properties to match the

results in the simulation.

The elements of an ideal device would have 50 Q electrical impedance magnitude for
optimal matching to standard 50 Q circuitry. In addition, the number of elements in
the device should be minimised to limit the complexity of the electronics in the system
and the size of the array. A compromise was made between these design specifications
to get a prototype. The composite (in Figure 4.2) gave electrical impedance close to
the 50 Q) needed for matching to the electronics. For this reason, it would be easy to
do impedance matching. Since the model explained in Figure 4.2 is only for the active
layer, other added layers like the matching and backing will change the minima and
maxima impedance. This is demonstrated in Figure 4.7 where the active layer

combined with the matching and backing gave an impedance of about 400 Q.

Re-poling for the single crystal material may be needed after it has been worked upon.
This would improve properties such as the electromechanical coupling coeffient (k).
However, looking at Figure 4.6, it seen that the changes are not so big. Focus should
therefore be paid to the fabrication process to see that the single crystal keeps its
properties after it has been worked upon. This would eliminate the challenge of re-

poling a finished transducer prototype.
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An important note is that modelling of single crystal materials is a challenge. This is
because, the properties vary a lot between the same materials but from different
manufacturers. In-house characterisation is almost inevitably required to obtain

accurate properties for the simulation.

The beam patterns demonstrated the differences between the linear and phased arrays.
Linear arrays are characterised with side lobes which are mainly due to the large pitch
whereas the phased arrays do not have side lobes and would allow imaging closer to
the elements as well as beam steering. However, the resolution integral demonstrated
that for the same number of active elements, a linear array has a higher resolution
integral compared to a phased array. The linear array is also less challenging to

manufacture for the same operating frequency.

The linear array with 64 elements was chosen as for demonstrating the feasibility of
fitting an ultrasound array in a needle. This is because it would provide a good
resolution over a large depth of field and it has a bigger pitch than a phased array at
the same frequency which would make fabrication slightly less challenging. The active
aperture for this array would be 16 elements. This gives a resolution of 0.136 um and
would allow for less complicated driving electronics. Also, the fewer active elements
allow for imaging close to the elements. The 64 elements of the 15 MHz array at
wavelength pitch would give an image width of 6.4 mm. It should be noted however
that to get a good resolution below 100 pm the 64 elements would be used as the sub-

aperture in a bigger array of about 256 elements.

4.8 References

Abboud, N.N., Wojcik, G.L., Vaughan, D.K., Mould, J., Powell, D.J. and Nikodym,
L. 1998. Finite Element Modeling for Ultrasonic Transducers. In: Ultrasound
Transducer Conference.

Barthez, P.Y., Léveillé, R. and Scrivani, P. V 1996. Side lobes and grating lobes
artifacts in ultrasound imaging. Veterinary radiology & ultrasound : the official
journal of the American College of Veterinary Radiology and the International
Veterinary Radiology Association 38(5), pp. 387-93.

Bernassau, A.L., Hutson, D., Démoré, C.E.M. and Cochran, S. 2011. Characterisation
of an Epoxy Filler for Piezocomposite Material Compatible with Microfabrication

100



Chapter 4: Array Modelling and Beam Simulation

Processes. IEEE transactions on ultrasonics, ferroelectrics, and frequency control
58(12), pp. 2473-2478.

Brown, J., Foster, F., Needles, A., Cherin, E. and Lockwood, G. 2007. Fabrication and
Performance of a 40-MHz Linear Array Based on a 1-3 Composite with Geometric

Elevation Focusing. IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency
Control 54(9), pp. 1888—1894.

Chan, H.W. and Unsworth, J. 1989. Simple model for piezoelectric ceramic/polymer
1-3 composites used in ultrasonic transducer applications. /[EEE transactions on
ultrasonics, ferroelectrics, and frequency control 36(4), pp. 434—41.

Cochran, S., Courtney, C.R.P. and Démoré, C.E.M. 2012. Modelling ultrasonic
transducer performance: one-dimensional models. In: Ultrasonic Transducers:
Materials, Design and Applications. pp. 187-219.

Demore, C.E.M. 2006. Design of Ultrasound Transducer Arrays for Medical Imaging.
PhD Thesis, Queen’s University Kingston, Ontario, Canada.

Foster, F.S., Pavlin, C.J., Harasiewicz, K.A., Christopher, D.A. and Turnbull, D.H.
2000. Advances in ultrasound biomicroscopy. Ultrasound in Medicine & Biology
26(1), pp. 1-27.

Grewe, M.G. and Gururaja, T.R. 1989. Acoustic Properties of Particle/Polymer

Composites for Transducer Backing Applications. In: Ultrasonics Symposium. pp.
713-716.

Jensen, J.A. 1991. A Model for the Propagation and Scattering of Ultrasound in Tissue.
Journal of Acoustical Society of America 89, pp. 182—190.

Jensen, J.A. and Svendsen, N.B. 1992. Calculation of Pressure Fields from Arbitrarily
Shaped, Apodized, and Excited Ultrasound. /EEE Transactions on Ultrasonics,
Ferroelectrics and Frequency Control 39(2), pp. 262-267.

Larsen, S.S. 2002. Endoscopic ultrasound guided biopsy of mediastinal lesions has a
major impact on patient management. Thorax 57(2), pp. 98—103.

Li, F., Zhang, S., Lin, D., Luo, J., Xu, Z., Wei, X. and Shrout, T.R. 2011.
Electromechanical properties of Pb(In(12)Nb(12))O(3)-Pb(Mg(1/3)Nb(273))O(3)-
PbTi0(3) single crystals. Journal of applied physics 109(1), p. 14108.

Liu, J., Carpenter, S., Chuttani, R., Croffie, J., Disario, J., Mergener, K., Mishkin, D.S.,
Shah, R., Somogyi, L., Tierney, W. and Petersen, B.T. 2006. Endoscopic ultrasound
probes. Gastrointestinal endoscopy 63(6), pp. 751-4.

MacGillivray, T.J., Ellis, W. and Pye, S.D. 2010. The resolution integral: visual and

computational approaches to characterizing ultrasound images. Physics in medicine
and biology 55(17), pp. 5067-88.

101



Chapter 4: Array Modelling and Beam Simulation

Marin-Franch, P., Cochran, S. and Kirk, K. 2004. Progress towards ultrasound
applications of new single crystal materials. Journal of Materials Science: Materials
in Electronics 15(11), pp. 715-720.

Onose, L., Moraru, L. and Nicolae, M.C. 2009. Simulation of Acosutic Fields from
Medical Ultrasound Transducer. Romanian Journal of Biophysics 19(4), pp. 277-283.

Powell, D.J., Wojcik, G.L., Desilets, C.S., Gururaja, T.R., Guggenberger, K., Sherrit,
S., Mukherjee, B.K., Associates, W., Altos, L., Corporation, U. and Packard, H. 1997.
Incremental “Model-Buid-Test” Validation Exercise for 1-D Biomedical Ultrasonic
Imaging Array. In: IEEE International Ultrasonics Symposium. pp. 1-6.

Qiu, Z., Sadiq, M.R., Démor¢, C., Parker, M.F., Marin, P., Mayne, K. and Cochran, S.
2011. Characterization of piezocrystals for practical configurations with temperature-
and pressure-dependent electrical impedance spectroscopy. IEEE transactions on
ultrasonics, ferroelectrics, and frequency control 58(9), pp. 1793-803.

Rhee, S., Ritter, T. a., Shung, K.K., Wang, H. and Cao, W. 2001. Materials for acoustic
matching in ultrasound transducers. 2001 IEEE Ultrasonics Symposium. Proceedings.
An International Symposium (Cat. No.01CH37263) 2, pp. 1051-1055.

Ritter, T. 2000. Design, Fabrication and Testing of High Frequency (>20 MHz)
Composite Ultraound Imaging Arrays. The Pennsylavania State University.

Ritter, T. 2000. Design, Fabrication and Testing of High Frequency (>20 MHz)
Composite Ultrasound Imaging Arrays. The Pennsylavania State University.

Sherrit, S., Wiederick, H.D. and Mukherjee, B.K. 1997. Complete characterization of
the piezoelectric, dielectric, and elastic properties of Motorola PZT 3203 HD,
including losses and dispersion. In: Hoffman, E. A., Hanson, K. M., Horii, S. C.,
Shung, K. K., Kim, Y., Van Metter, R. L., Kundel, H. L., Beutel, J., and Blaine, G. J.
eds. Proceedings of the SPIE Medical Imaging. pp. 158—169.

Smith, W.A. 1986. Composite Piezoelectric Materials for Medical Ultrasonic Imaging
Transducers -- A Review. In: Sixth IEEE International Symposium on Applications of
Ferroelectrics. IEEE, pp. 249-256.

Szabo, T.L. 2004. Diagnositic Ultrasound Imaging: Inside Out. In: Elsevier Academic
Press, pp. 23-26, 269.

Wallace, M.F. 2007. Single Crystal Acoustic Transducers for High Performance
Underwater Sonar Systems. University of West of Scotland.

Wang, H., Ritter, T., Cao, W. and Shung, K.K. 2001. High frequency properties of

passive materials for ultrasonic transducers. [EEE transactions on ultrasonics,
ferroelectrics, and frequency control 48(1), pp. 78—84.

102



Chapter 4: Array Modelling and Beam Simulation

Zhou, Q., Cha, J.H., Huang, Y., Zhang, R., Cao, W. and Shung, K.K. 20009.
Alumina/epoxy nanocomposite matching layers for high-frequency ultrasound

transducer application. IEEFE transactions on ultrasonics, ferroelectrics, and frequency
control 56(1), pp. 213-9.

Zipparo, M., Oakley, C., Hackenberger, W. and Hackenberger, L. 1999. Single crystal
composites, transducers, and arrays. /999 IEEE Ultrasonics Symposium. Proceedings.
International Symposium (Cat. No.99CH37027) 2, pp. 965-968.

103



Chapter 5: Fabrication Process Development

CHAPTER 5

Fabrication Process Development

Chapter Profile

As explained in the previous chapters, there are many challenges to overcome when
fabricating a high frequency transducer array integrated in a needle. A well-defined
fabrication process is crucial in achieving operational prototypes. A wafer-scale
fabrication process was developed for the fabrication of the prototypes devices in this
thesis. This is to enable fabrication of multiple units at a time which would reduce

costs. It is also done to minimise or eliminate any manual fabrication steps.

The aim of this chapter is to explain in detail the development of fabrication processes
for integrating a high frequency ultrasound transducer into a needle. The micro-
fabrication methods employed are explained. Techniques of characterising the active
and passive materials as well as the finished prototypes are described in Chapter 3.
The process for making high frequency piezocomposites from PMN-PT single crystals

is explained.

The different fabrication steps that were investigated to develop a feasible device are
also discussed in this chapter. The chapter starts with an overview of the general
fabrication and packaging process steps required for high frequency arrays integrated
into a needle. These processes form the basis for the experimental work discussed in

Chapters 6 and 7.

The electrical interconnect between the piezoelectric material and the signal cabling is
a crucial part of the solution to create a working and feasible device. A good strong
and electrically conductive bond was required for the micro-scale features of the high

frequency arrays. Magnetically aligned UV curable anisotropic conductive adhesive
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(ACA) and ultrasonic bonding were investigated as bonding techniques. Stencil
printing was investigated to print some of the layers such as matching and ground
connection. Dicing was also studied as a way of making fine tracks on polyimide when

copper was diced.

5.1 Process Development

The development of a fabrication process suitable for manufacturing miniaturised
arrays integrated into biopsy needles formed the main focus of this research. Multiple
processes for critical fabrication steps were evaluated before the final process steps
were chosen. The different possibilities investigated for the fabrication steps and
processes are summarised in Table 5.1 and more details are given in Appendix B. The

basic aims of the fabrication are to achieve a fully functional high frequency transducer

by:

e Making a composite from the piezoelectric material

e Applying electrodes to the piezoelectric layer

e Connecting electrical signal cabling to electrodes with an interconnect system

e Adding matching layer

¢ Adding backing layer

e Defining the array elements
The process does not necessarily have to follow this order defined above but all the
steps are required to get a functional transducer. The order varies depending on the

different fabrication methods that are used.

105



Chapter 5: Fabrication Process Development

Table 5. 1: Summary of the different fabrication processes considered

Silicon micro-vias
PD01/RTS/010610

Conductive
Matching
PD02/RTS/031210

Conductive backing
PD03/RTS/010211

Flexi-circuit
matching
PD04/RTS/080711

Wafer scale
PD05/RTS/010811

Process name and Key points
number

Micro-vias through the backing layer used for electrical interconnects
Easy for wafer-scale fabrication since the flexi-circuit is attached at
the end of the process
Multiple micro-vias present a big challenge in the confined space
Matching layer is used as a common ground
Ground is at the front face of the transducer, providing electrical
shielding, which improves safety
Ultrasound energy attenuation is increased through the conductive
matching due to the heavy metal particles
Backing layer is used as a common ground
The active surface is at the front face of the transducer
Needs extra ground on the front of the transducer for shielding and
safety
Difficult to optimise the backing due to the metal particles in the epoxy
for conductivity
Matching layer is replaced by a flexi circuit with the array electrode
pattern
Number of material layers is reduced
Good design is needed to minimise attenuation at the front face of the
transducer
Alignment and electrical connection between -electrodes on
piezoelectric substrate and flex circuit can be challenging
Multiple devices are defined on a single large plate of composite
Strips of epoxy are cast between regions of active composite and
make space for the interconnects
Connections are away from the path of the ultrasound wave

Uses the conventional materials for all the layers

The earlier versions (described in detail in Appendix B) of the fabrication processes
were not taken forward to make prototypes due to the different limitations they

possessed.

The process with the silicon micro-vias had the advantage of using optimised materials

for both the matching and the backing. Micro-vias through the backing layer would
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create the link to the ground electrode at the back of the active layer. This process
would be the most ideal for wafer scale fabrication since different layer electrical
connections would be among the last steps of the process. The limitation for this was
to get the multiple micro-vias of about 100 um through the backing layer with an
aspect ratio of 8. This would mean making the vias through the backing and then
attaching the backing to the active layer with conductive epoxy. The possible options

for making the micro-vias included sand blasting and laser drilling.

The conductive matching process meant that the acoustic attenuation at the front end
of the transducer would be too high. To get a good conductive layer, high volume
fractions of silver or gold particles would have to be added to epoxy. For this reason,

it would be impossible to have a good acoustic matching with good conductivity.

The conductive backing process presented the opportunity of have the highly
acoustically attenuative material at the back of the transducer. The main reason for this
is to reduce the number of layers and the fabrication steps. The limitation with this
process is that the active electrical connection is at the front of the transducer making
it close to the body being examined. This would mean that extra shielding would be

needed to increase safety. It is also difficult to optimise the backing material.

The flexi-circuit matching process served as a way to reduce the number of layer and
to ease the fabrication due to the reduced steps. Layers of the optimised matching need
to be investigated as well as the bonding layers and techniques so that layers did not
create many hard boundaries. This process presents great potential and it is something
to investigate as the next stage of development following on from the feasibility study

presented in this thesis.

It 1s important to develop a process that makes fabrication simple to reduce the cost
and also to enable simultaneous fabrication of multiple transducers. The process
termed “wafer scale” (PD0O5/RTS/010811) from Table 5.1 was chosen for the array
development mainly because it maintains the use of conventional materials for all
layers of the transducer and it simplifies the interconnect method. This process is

further explained in Figure 5.1. It focuses on two areas:
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1. It introduces potential for wafer scale fabrication of arrays and single element
transducers, and

2. Packaging of these transducers into small tubes which represent needles.

The fabrication of a single element transducer presents fewer challenges when
compared to an array, which has multiple elements, each with its own independent
electrical signal connection. Figure 5.1 illustrates the final process steps developed for
fabricating the transducers in this thesis. The wafer scale fabrication process highlights
the steps in making an ultrasound transducer. Since the dimensions are small, the
transducers are made from large section and only cut down to individual transducers

or arrays at a late stage.

The active substrates of the different prototypes fabricated in this thesis were either
made of CTS 3203HD (a PZT-5H type material), or one of the two single crystal
materials: lead magnesium niobate-lead titanate (PMN-29PT) (a binary single crystal
material) and manganese-doped lead indium niobate-lead magnesium niobate-lead
titanate (Mn:PIN-PMN-PT) (a ternary single crystal material). The single element
transducers were made from 1-3 composites of the single crystal materials to
demonstrate feasibility of fabrication with these materials at low temperatures. The
results of these single element prototypes are discussed in Chapter 6. The results in
Chapter 7 demonstrate the arrays that were made using the process described in Figure
5.1. These were mainly to demonstrate the feasibility of the electrical interconnect and
element definition process steps. CTS 3203HD was used for these arrays, and even
though these can withstand higher temperatures and pressure than the PMN-PT

piezocrystals, the process followed that of the single crystal materials prototypes.

The maximum working temperature PMN-PT materials in medical imaging
transducers is approximately 60 °C (Qiu et al. 2011). It is therefore important that the
fabrication processes for devices incorporating these materials must be kept below this

limit. The maximum working temperature in the process developed was 50 °C.
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The bulk piezoelectric material is attached to film tape and
diced with a high precision dicing saw. The feed rate,
spindle speed are optimised. Pillar aspect ratio of less than
10 is cut to reduced breakage.

Diced pillars are filled with low shrinkage epoxy to make 1-
3 piezocomposite while still on the same tape used for
dicing. This ensures that the micro-pillars are not broken
during moving. The filled composite is cured overnight and
post cured at 50°C for 3hrs to improve structural strength.

Excess epoxy on top of the pillars is lapped off to expose
pillars and then polished.

Strips of about 400 um are diced at intervals of 900 um to
define the length of each element in the array. These are
filled with epoxy before curing and lapping. Ground
electrode is applied, ideally by evaporation or sputtering. On
top of the epoxy strips, conductive strips are printed using a
pre-defined mask. A matching layer is cast and lapped to
thickness, exposing the conductive strips

(e) Apply active electrode and flexi-circuit

(g) Separate stacks

||

(h) Dice to separate elements

el

L

The wafer is flipped over and the composite is
lapped to thickness.

A patterned flexi-circuit is attached with low temperature
curing epoxy and cured at 50°C for 1hr.

The backing layer is cast using pre-defined moulds to the
size of the total array area.

The stacks, with, matching, active flexi-circuit and
backing, are separated from the wafer by dicing.

Elements in the array are separated by dicing from the
front side and conductive epoxy is used to join the ground
and connected with one electrical connections

Fill the kerf with epoxy

Figure 5. 1: The process flow diagram for fabricating an ultrasound array that can be integrated into

a biopsy needle
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5.2 Transducer Fabrication Process

5.2.1

The Transducer Stack

The fabrication steps illustrated in Figure 5.1 are explained in more detail in this

section. These fabrication steps, explained in detail in the following sequence, have

been developed to be suitable for small wafer-scale manufacturing, and compatible

with processing PMN-PT single crystal materials. The process steps presented here

can also be adapted to higher frequency devices with thinner piezoelectric layers

because the array is always handled on a substrate until fully encapsulated.

1.

To make the active transducer substrate, a piezocrystal plate is placed on a tape
substrate, and diced in two orthogonal directions using a high precision dicing
saw (MicroAce, Loadpoint, Swindon, UK) (Figure 5.1(a) and Figure 5.2). By
using a blade spindle speed as low as 10000 rpm and material feed rate of 0.25
mm/s, sets of cuts in two orthogonal directions were made in one process step.
Piezocrystal composites with a pitch as small as 50 um were fabricated with a
15 um thick blade, suitable for transducers operating at up to 25 MHz. This is
to achieve an aspect ratio (height to width) of 1.67 which is the maximum

acceptable for a 1-3 composite (Liu et al. 2001).
Inter-pillar

gaps

Piezoelectric
square pillars

Figure 5. 2: Diced piezoelectric material before filling with epoxy

The diced pillars are then filled with low shrinkage epoxy as shown in Figure
5.3, to make 1-3 piezocomposite. After filling the diced plate with a low
shrinkage epoxy (EPOFIX, Struers, UK), the substrate is left to cure at room
temperature before post-curing at 50°C for 3 hours (Figure 5.1(b)). The post
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cure is used to increase the glass transition temperature of the epoxy, which
makes the wafer more temperature resistant (Bernassau et al. 2011). The epoxy
is filled to at least 2 mm above the pillars to allow for the curvature formed
when curing. If this curvature touches the pillars, it is possible to get some areas

of the pillars that are not filled with epoxy.

Low shrinkage epoxy

Piezocomposite pillars

Figure 5. 3: Piezocomposite pillars filled with epoxy before lapping

For wafer-scale fabrication, 400 pm wide channels with 900 pum pitch are diced
through the piezocomposite wafer, defining the location of multiple arrays on
a single substrate. The channels are filled with epoxy. At later fabrication
stages, the epoxy channels beside the active piezocomposite are underneath the
electrical interconnect. This is so that the connections are away from the active
area of the device to prevent interference to passage of the ultrasound wave.

The composites are then removed from the tape and attached with a thin layer
of wax to a glass substrate. The composites are thinned using a lapping and
polishing machine (Logitech Ltd, Old Kilpartrick, Scotland, UK) to expose the

pillars on one face of the piezocomposite (Figure 5.1(c)) and Figure 5. 4.

Epoxy

Piezoelectric pillars

Figure S. 4: Lapped composites showing the pillars and epoxy
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5. A silver paint electrode (Electrodag 1415M) is applied to the surface of the
piezocomposite shown in Figure 5.5, forming the ground electrode on the front
face of the array elements. In manufacturing, the electrode would either be
sputtered or evaporated since these methods would give controllability to the
thickness of the electrode, and improved conductivity. Some composite plates
in this thesis had evaporated electrodes of Cr-Au as discussed under the

electrode definition later in this section.

Figure 5. 5: Illustration of a conductive electrode on top a piezoelectric composite

6. Strips of silver isotropic conductive adhesive (ICA) epoxy (Agar Scientific
Limited, UK) as shown in Figure 5. 6 are cast, using a mylar mask, above the
400 pm wide passive epoxy channels. This step would ideally be achieved
through stencil printing for commercial manufacturing of the devices. The

silver epoxy layer is used as the access for the ground connection.

Figure 5. 6: Printed conductive strips on top of the conductive layer

7. The matching layer is cast on the front face of the piezocomposite to avoid the
bond-lines (Figure 5.7). The matching layer is Epofix epoxy loaded with 15 %
alumina by volume, using 3 pm alumina powder. This content of alumina is

adjusted according to the acoustic impedance of the active substrate. The
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matching layer is then lapped down to 4 wavelength thickness at the specified
operating frequency. Since the matching for the 15 MHz prototypes was
thinner than 60 pum, it important to cast a thin layer of the material to reduce
the time required for the lapping step. The overall cast matching layer before
lapping should not exceed 500 pum thick. Due to its low viscosity, early tests of
patterning the matching layer in this study showed that it could not be easily
stencil printed. After lapping, the front surfaces of the conductive epoxy strips
are exposed and give access to the ground electrode (Figure 5.1(d)) and Figure
5.7.
Matching layer

/

Conductive strips
Electrode

Piezoelectric
material

Figure 5. 7: Illustrustration of matching layer on top of the piezoelectric material
with an electrode in the middle

The wafer is inverted on the glass substrate, and lapped to expose the back

surface of the piezocomposite (Figure 5.8).

4
il

71!

Figure 5. 8: Stack after lapping the back face to apply the back electrode

Silver paint electrodes are applied to the back face of the piezocomposite,
forming the signal electrodes (Figure 5.9). It is important to note that sputtered

or evaporated electrodes would be better but the silver paint was used to
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quickly get prototypes. The wafer is diced so that a passive epoxy channel, over

which the array interconnects can be positioned, is at the edge of the wafer.

Figure 5. 9: Back face electrode on top of the other layers

10. A patterned flex-circuit is bonded to the electrode above the passive epoxy

11.

channels using a low temperature curing conductive epoxy described in  Step
5, and cured at 50°C for 40 minutes to achieve good conductivity (Figure 5.1(e)
and Figure 5.10). The ICA used for bonding the flexi-circuit to the substrate
was thin coated at the edge of the substrate using a mylar sheet as a guide mask.

More details about the flexi-circuit fabrication are discussed in Section 5.7.

Flexi-circuit

Figure 5. 10: Flexi circuit bonded on to the back electrode

An absorbing backing layer is cast into a mould placed onto the back surface
of the array and the edge of the flex circuit that covers the 400 um wide passive
epoxy channel in the piezocomposite (Figure 5.1(f) and Figure 5.11). The
backing layer consists of epoxy loaded with 30% tungsten by volume, using 5
um powdered tungsten. The volume of the tungsten in the epoxy can be
adjusted to get the best trade-off between good bandwidth and sensitivity.
Since the overall dimensions of the transducer stack are limited by the size of

the biopsy needle into which they will be placed, the backing is limited to about
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1 mm thick. If this thickness is not enough to attenuate ultrasound pulses for a

given operating frequency, the back face can be curved by machining to

prevent coherent reflections.

Figure 5. 11: Backing layer cast on top of the other layers

12. After all layers have been cast in place, the wafer is diced to separate the
completed acoustic stack from the rest of the array (Figure 5.1(g)).

13. The array elements are then diced. This is done by re-mounting the single
device after separating from the main wafer. The arrays are then diced using a
high-precision dicing saw. The array elements were diced to separate them
mechanically and electrically, defining the array in the final step (Figure
5.1(h)). The array is diced from the front face through the composite layer, to
the edge of the flex circuit, and part way into the backing layer to inhibit
mechanical crosstalk between elements. The alignment for dicing the array
elements is taken from the patterned tracks on the flex circuit, which are facing
toward the front face of the array and easily visible when dicing. Careful
sanding of the backing layer was done to achieve a flat base which is needed
for the dicing to separate the elements. A flat holder for the array might provide
a better alternative for holding the array on the tape film during dicing. The
array elements were found to be very robust when a blade of less than 30% of
the overall pitch was used.

14. For electrical insulation and improved structural integrity, electrical insulating
varnish (commonly used to insulate printed circuit boards (PCB) was used to

carefully fill the kerfs of the arrays using a small paint brush.
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15. The ground electrode was then painted to connect all the array elements and to
the back of the flexi-circuit. This ground electrode was used to join all the
elements at the front end of the transducer at the side where there was ICA,
explained in Step 5. This formed a common electrical contact that was used for
the ground connection.

16. After the array is completed and removed from the dicing tape, the novel
polyimide flexi-circuit is twisted into a spiral shape to fit within the core of the
biopsy needle. This geometry permits large numbers of electrode tracks, and
consequently elements, because the width of the flex circuit is not limited by
the width of the needle. Since the fabrication steps involving critical transducer
thicknesses (active substrate, matching, interconnects and backing) are
completed on the wafer, the process is compatible with small wafer scale
manufacturing. The flex-circuit interconnect and cast backing layer can be
completed for a row of arrays on the wafer to parallelize the later stages of

fabrication.

5.2.2  Electrode Definition

Silver paint was used to get quick prototypes to test the fabrication process. Thin
electrodes were obtained this way for the prototypes. Cr-Au electrodes would provide
a better connection to the silver paint and therefore it was investigated how it can fit it
with the process. The thin film coating on the both sides of the active element was
important for the electrical linkage to the driving electronics. Earlier prototypes in this
project had silver paint or silver ink applied by hand to allow for yielding prototypes
quickly and to test the process. Electron-beam (E-beam) evaporation as shown in
Figure 5.12 was then used as the preferred method for coating the active layers with
thin (0.5 um) layer of gold with chromium as an adhesion layer. With this method, it
was easy to distinguish between the piezoelectric material and the epoxy surrounding
it. The excess epoxy was used to provide extra space for bonding the flexible circuit

interconnects.
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' Piezoelectric (b)
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Figure 5. 12: (a) E-beam evaporation chamber and (b) sample with evaporated thin film electrode.
Two regions of piezoelectric material from which arrays can be made are shown surrounded by

epoxy.

5.3 Single Element Transducer Fabrication

5.3.1 The Transducer Stack

Single element transducers operating up to 22 MHz were fabricated using the steps
described in Figure. 5.1(a-g) to test the feasibility of the process steps for a miniature,
high frequency transducer. The single element prototypes discussed in this thesis were
made from 1-3 composites of CTS 3203HD, PMN-29PT (binary material) and
Mn:PIN-PMN-PT (doped ternary material). The specific details of these transducers
are discussed in Chapter 6. As an example, the PMN-PT composite single element
transducer fabrication is given below.

e A 1-3 piezocomposite with 36% volume fraction PMN-29%PT was fabricated,
and a matching layer of 15%vol alumina-loaded epoxy was cast on the front
face for the matching layer.

e The matching layer was lapped to 40 um and the piezocomposite lapped to 86
pm.

e Multiple single element transducers with dimension (length x width x
thickness) 1.5 mm x 1 mm x 1 mm were cut from a 4 mm x 4 mm x 1 mm
transducer stack.

e Each single element transducer had a short section of flex circuit connected to
the signal (back) electrode with conductive epoxy using the same process
developed for the array, illustrated in Figure 5.1(e). A micro-coaxial cable was
attached to the flex circuit to connect to driving circuitry. The cable was

trimmed to 4 wavelength at the driving frequency to match the electrical
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impedance of the transducer to 50 Q (Ritter 2000; Ritter et al. 2002). The
completed transducer stack was placed into a slot cut into a 2.13 mm diameter

tungsten tube, and fixed with epoxy.

5.4 Piezoelectric Composite Fabrication

The 1-3 piezocomposite was made from CTS 3203HD and two single crystal materials
(binary PMN-PT single crystal and doped ternary Mn:PIN-PMN-PT), which are
fragile materials (Zipparo et al. 1999). The specific details of the fabricated composites
are discussed in Chapter 6. Conventionally, such composites are made using a dice
and fill method (Smith 1989), and this was adapted for the fine-scale composite
fabrication in this thesis. Figure 5.13 illustrates the dicing saw (MicroAce 66,
Loadpoint, Swindon, UK) that was used for dicing to make micro-pillars. By using
carefully controlled parameters such as dicing spindle speed, feed rate and coolant feed

rate, the breakage of the pillars was minimised during dicing.

Dicing blade

Flexi-circuit sample

L N

Figure 5. 13: An illustration of the MicroAce dicing saw interior and the array with the flexi-circuit
during dicing

Multiple piezocomposites were fabricated; the main driving factor for the pillar size
and volume fraction was the desired frequency for the transducer. Since the height to
width pillar aspect ratio in a composite has to be > 1.6, the pillars were diced with an
aspect ratio of 8. It was found from experience that it was important to dice an aspect
ratio of < 10 to minimise pillar breakage. The coolant feed rate was set to 0.9 L/min
as this was enough to wash away any dust and cool the sample as well as being gentle

to the fragile pillars (Wallace 2007).
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The sample feed rate through the blade determines how long dicing the entire sample
would take. Feed rates below 0.25 mm/s yielded good pillars as long as the blade
spindle speed was at 10000 rpm. This rpm was chosen based on the literature discussed
in Section 2.6.5. This rpm was initially kept as the standard for dicing. Higher feed
rate and spindle speed increased the likelihood of pillar breakage. Examples of single
crystal materials diced are shown in Figure 5.14. The composite in (b) was diced with
a higher feed rate than that in (a). Both composites were achieved by dicing two

orthogonal directions before filling with epoxy.
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Figure 5. 14: Single crystal material after dicing but before filling to make a composite; (a) shows
good pillars, (b) shows pillars which have been broken during dicing.

It has been suggested that for high frequency composites, it would be preferable to
dice one direction, fill with epoxy and then lap before doing the same to the
perpendicular direction, with some researchers dicing rectangular pillars instead of
square ones (Michau et al. 2002; Ren et al. 2006). This is to cause as few pillar
breakages as possible. This way of making composites is rather time consuming for a
process that is slow anyway. An example of the dicing in this thesis is of the binary
single crystal material used for the prototype discussed in Chapter 6 with a snapshot

given below:

e By using different feed rates and cut depths for the different sides of the crystal,
good 1-3 pillars were achieved in one dicing step.

e A feed rate of 0.25 mm/s was used for the first cut and then reduced to 0.2
mm/s for the second cut.

e The cut depth 0of 260 um for the first pass and 230 pm for the second was used
for pillars aimed to work at 15 MHz.

e Both orthogonal cuts were made before filling with epoxy
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e The composite samples were lapped after filling with epoxy to achieve the

desired thickness for the operational frequency

5.5 Material Thinning

The thickness of the active layer of an ultrasound device determines the resonance
frequency. For this reason, the material is thinned down to get the desired frequency.
The matching layer is thinned down to achieve optimised acoustic matching between
the transducer and the body to be investigated. This fabrication step is therefore very

important for optimising the layers for the desired performance of the device.

The passive and active layers of the transducer were thinned down using a lapping and
polishing machine (PMS, Logitech, Old Kilpartrick, Scotland, UK) shown in Figure
5.15. An abrasive slurry with 20 pm alumina powder was used first to reduce the
thickness of the material to approximately 300 um. A smaller alumina particle size of
9 um was then used in the abrasive slurry to thin the material further before a 3 pm
particle size was used to thin down to the final thickness (Bernassau et al. 2007). This
was done to ensure that the right thickness is obtained and the roughness of the surface
is minimised. The sample thickness was measured with a lapping jig during lapping
and polishing and it was confirmed on a granite master flat (Logitech Ltd, Old

Kilpatrick, UK) after the sample was de-bonded from the lapping substrate.

Polishing suspension type SF1 (Logitech, Old Kilpartrick, Scotland, UK) was
thereafter used for polishing the surface before conductive electrodes were applied.

The lapping plate flatness was monitored using a flatness monitor.
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Flatness monitor Lapping/Polishing lig

Lapping Plate

Figure 5. 15: An illustration of a lapping and polishing machine used for thinning down active
and passive layers

During lapping, it is important to have the lapping plates properly maintained as this
greatly affects the flatness of the finished surface. A flatness gauge was used to
determine whether the plate was flat, and a flatness monitor used to enable the flatness

to be maintained through a feedback system.

5.4.1 Surface Profile

The piezocomposite surface needs to be prepared to a standard that would facilitate
easy application of subsequent layers. After lapping, the 1-3 piezocomposite has height
differences between the pillars and the epoxy filler making it difficult to get a smooth
and planar surface (Bernassau et al. 2011). Without planar surfaces, it is difficult to
deposit and pattern continuous electrodes with techniques such as photolithography.
Lapping and polishing was done on the composites to achieve a smooth surface.
Surface analysis of the composite was performed using a Zygo NewView 5200 white
light interferometer (Zygo Corporation, CT, USA) to check the difference in height
between the pillars and the epoxy. An example is shown in Figure 5.16. The composite
tested in this figure shows a maximum height difference of 0.75 um which was
obtained after lapping with 3 um alumina slurry and polishing for 30 minutes. More
polishing would create a smoother surface and therefore such testing can be used to
optimise the surface smoothness for a particular processing technique. While some
roughness on a surface is needed to promote adhesion of thin film deposited electrodes,
patterning of electrodes with photolithography requires a very flat surface with

minimal difference in height between materials. It should also be noted that although
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photolithography was not used in the work in this thesis, it is likely to be incorporated

in future development.
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Figure 5. 16: An example of a surface profile of a lapped and polished composite with Zygo white
light interferometry: (a) is the surface view of the composite with the red colour highlight areas
with raised surfaces, (b) is the suface profile across the line in (a).

5.6 Flexi-Circuit Design and Fabrication

The flexi-circuit design is highly depended on how it to be fitted into the needle after
it is attached to the array. The connection of the flexi-circuit to the array is shown in
Figure 5.17. An example of a commercially available biopsy needle is also illustrated.

With the inner diameter of 1.5 mm the array width would have to be less than 1.2 mm.

X

needle
length = 10 cm

@1.5 mm

linear array
transducer

polyimide

@0.8 mm tungsten wire for strip

mechanical support and
electrical grounding

Figure 5. 17: A schematic illustration of a spirally rolled flexi-circuit attached to the side of an
ultrasound array. A commercial needle is also shown; it has a length of 10 cm and an inner
diameter of 1.5 mm (Ng et al. 2011).

The flexi-circuit was designed using AutoCAD (Autodesk, CA, USA) design software.

The aim was to get a flexi-circuit with a pitch of 100 um at the tip where it was to be
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connected to the array. Figure 5.18 shows the flexi-circuit mask that was designed. For
the 100 um pitch, the conductive lines (L) of 50 pm and separation (S) of 50 um were
designed alongside that of 60/40 (L/S). A smaller pitch of 60 pm was also added to

test the limit of the fabrication process.

50/50 1./S

Fan-out

60/40 L/S

Ground line

30/30 L/S ]

Figure 5. 18: The flexi-circuit designed to meet the challenges of fitting into a needle. The tip is
straight to allow for dicing and the angle allows for rolling.

The angle of 45° allows rolling of the flexi-circuit so that it does not cover the front
side of the active array. The tip of the flexi-circuit is straight so that it is easily
connected to the array and diced to separate the elements. Such design can be slightly
changed where dicing to separate the elements is not required. Rolling of this flexi-
circuit might need half folding at the tip so that the array is cleared. The dimensions

of the flexi-circuit are shown in Figure 5.19 below.
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Figure 5. 19: The designed flexi-circuit with all the dimensions. The dark part is where the pitch
istoo small to be shown.

The flexi-circuit shown in Figure 5.20 has some adjustments to that shown in Figure
5.19 to enable testing of different properties. The pitches of below 60 pm were
designed on the short tracks with fan-outs on both ends. This was to enable testing for
continuity and shorting between tracks. The fan-out for the flexi-circuit was designed
to enable easy soldering of micro-coaxial wires. The fan-out in this design did not
follow the 45° angle discussed above. This is because it was less time consuming to

design it this way. This was done to enable prototypes to be achieved.

Figure 5. 20: The second design of flexi-circuit that was used to get more prototypes

5.6.1 Dicing to Pattern the Flexi-Circuit

Achieving a very fine-pitch flexi-circuit presents many challenges. Dicing to remove
strips of copper from polyimide was looked at as a way to make micro-pitched

conductive tracks. The rationale behind this is that the thinnest dicing blades on the
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market are 10 um. This can theoretically be used to make flexi-circuit with 30 um
pitch tracks. The prototype shown in Figure 5.21 was of a large pitch of 300 um and
finer pitches were beyond the scope of this study as a different method (explained in
Section 5.6.2) for getting the desired flexi-circuit for the 15 MHz prototypes was
developed.

The limitation to the diced flexi-circuits is that they still need a fan-out for the cable
connections. A added component needs to be made using a different method and
connected to the flexi-circuit which can later be diced to separate the tracks.
Photolithography on silicon can achieve very fine features and could be used to get a

good connection to the flexi-circuit.

Another challenge with this method is that the scratch diced flexi-circuit is a lot more
rigid than a photolithography patterned one. This would make it more difficult to roll

into the design chosen for the prototypes in this thesis.

Diced flexi-circuit

Figure 5. 21: Diced flexi-circuit with and etched fan-out. A photolithography patterned end was
attached to a diced flexi-circuit.

5.6.2 Chemical copper etching of the flexi- circuit

One of the biggest challenges in high frequency transducers lies in electrical
connections and how they are bonded to the active layers (Liu et al. 2008). For efficient
performance, the electrical connections should be attached away from the path of the

ultrasound energy as explained in Section 5.2.

A flex circuit connected to the piezoelectric material was patterned with 100 um pitch
conductive tracks to define array elements suitable for a 15 MHz linear array. The

polyimide flexible printed circuit, with fine pitch traces, was twisted into a helical
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structure in order fit within the core of the biopsy needle and permit large numbers of

elements and electrode traces.

A custom in-house photolithography method to fabricate the flex-circuit was
developed by the Micro Systems Engineering Centre (MISEC) group at Heriot-Watt
University as part of the Integrated Silicon Piezoelectric Ultrasound Devices (ISPUD)
project. This photolithography method was used to pattern a standard
copper/polyimide flexible circuit that is commonly used in electronics. The measured
thickness of the copper is 18 pm with a combined thickness with the polyimide of 63
um. This thickness means the polyimide is strong enough to allow the rolling to make

a spiral flexi-circuit.
The flexi-circuit fabrication was achieved using the steps below;

1. Dry-film photoresist (Ordyl Alpha 940, Elga Europe, Italy) was laminated on
to the copper/polyimide sheet.

2. A photomask was placed on top of this laminate before exposing under UV
(Model 152R, Tamarack Scientific) light for 3 seconds at energy level of 35
mlJ/cm? to produce a result such as that shown in Figure 5.20. The laminating
step eliminated the need for a dedicated copper/polyimide sheet tensioner that
would be needed for tensioning the polyimide sheet in case the standard spin-
on photoresist was used.

3. The exposure is left to sit for 30 minutes so that the polymer cures. Too long
will lead to over curing.

4. Development and etching was carried out to leave the desired conductive tracks
on the polyimide. This was achieved through application of acoustic streaming
using a 1 MHz ultrasound transducer (Costello et al. 2011; Kaufmann et al.
2008). Figure 5.22 is an illustration of the experimental set-up of the acoustic
streaming method. The ultrasound transducer is placed at a distance away from
the developing solution or copper etching bath, and the acoustic radiation force

from the transducer induces streaming in the fluid.

In the etching process, the acoustic streaming enhances the fluid flow around the

flexible circuit substrate (Costello et al. 2011), and enables the formation of streaming
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micro air bubbles that improves the efficiency of the wet chemistry processes for
developing and copper etching on the bumpy flexible substrate. The air bubbles are
mainly created in the cupric chloride etching solution and significantly improves the
copper oxidation uniformity which would otherwise be challenging due to the fact the
flexible substrate is un-tensioned. The tiny air bubbles through cavitation also allow
more oxygen to reach inside the narrow gaps for more efficient etching through the air
regenerative cupric chloride etching bath (Ng, Ssekitoleko, Flynn, Kay, Demore, et al.
2011).

The method explained above is a low cost alternative to applying the large scale
fabrication equipment to flatten the large flexible copper/polyimide sheet so a liquid
photoresist can be used. The application and patterning photoresist usually requires a
very flat surface so that the photoresist can be spun on to a very accurate and consistent

thickness.

Vertical mounting of
substrate using silicone

1 MH i
ZEcTL Cupric chloride

Figure 5. 22: The set up for the water tank used for acoustic streaming for enhancing etching
efficiency for flexible substrates (Ng et al., 2011)

Tracks with a pitch of 100 um (35 um line, 65 um gap) copper tracks as illustrated in
Figure 5.23, were fabricated with this method for the 15 MHz transducers. These
results were good enough to produce continuous conductive tracks. Reducing the
etching time and optimising the acoustic streaming would help to produce tracks with
increased width. The smallest pitch achieved with this method was 60 pm. Further
investigations of employing a specialty grade high resolution dry film photoresist and
further optimising the acoustic streaming for definition of tracks below 40 pm pitch

would be needed.
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Figure 5. 23: Microscope image of copper micro-tracks on polyimide. The copper tracks at the
tip are 18.49 ym with a gap of 43.62 pm giving a pitch of 62.11 pm. The gray-scale image shows
that the tracks widen as well as the gap when they are away from the tip-end of the flexi-circuit.

5.7 Novel Conductive Bonding and Interconnect Methods

The dimensional constraints for the interconnects have been discussed in Section 5.2.
The elements for the 15 MHz array would leave a space of about 70 um by 200 pm
and therefore the bonding method should allow bonding to such contact pad. However,
it should be remembered that dicing to separate the elements is carried out a few steps
after bonding. This would leave a stronger bond since all the other layers are added
before dicing. Also, in case of kerfless arrays, dicing is not needed and therefore the

contact pad area is increased.

Bonding proved to be one of the bottle necks for packaging of the ultrasound arrays
into a biopsy needle. The use of fine pitch flexi-circuit for electrical connections meant
that it had to have a good electrical bond to the other layers in the transducer. Room
temperature curable isotropic conductive adhesive (ICA) (silver-loaded conductive
epoxy) was used in all the prototypes demonstrated in this thesis. The thickness and
width of the ICA could be improved by knife coating using a mask or through stencil

printing.

However, other bonding methods, including UV curable anisotropic conductive

adhesive (ACA) and ultrasonic bonding, were investigated (Ng, Ssekitoleko, Flynn,
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Kay, Demore, et al. 2011). This work was done in parallel with the development of the

prototypes, so was not used in fabrication of the prototypes.

The main challenges that the work in this thesis was aiming to solve are relating to

bonding of interconnects to the transducer arrays include;

e Bonding to small contact pads since there is no room for fan-out
e Using low temperature methods due to the single crystal material used as the
active substrate

e Alignment of the flexi-circuit to the substrate

5.7.1 UV Curable Anisotropic Conductive Adhesive

If a kerfless array is required, ACAs provide an alternative to isotropic conductive
adhesive that can be used when the array elements are mechanically separated after
being connected to the flexible circuit. These adhesives only conduct electricity in one
direction and they therefore cannot cause shorting between elements when used in an
array. Kerfless arrays can be achieved by either scratch dicing or photolithography to
define the electrodes of active elements. The disadvantage of such arrays is the
increased crosstalk that would be introduced as a result of the absence of air gaps to
separate the elements. The crosstalk can however be minimised by appropriate

composite and array design (Demore 2006).

Bonding of the flexi-circuit to the patterned active elements would need to use ACA.
ICA would not provide the electrical isolation for each element which is needed for
exciting elements for beam focusing and steering, hence the need for anisotropic
adhesive. Thermally curable ACA is widely available and used in industry but the
minimum curing temperature is over 150°C (Bernassau et al. 2009). This is very high
for the PMN-PT single crystal which has a phase transition at 80°C. UV curable ACA

provides a route where the sample is not exposed to high temperatures.

This ACA (UV ZTACH™ 830NS, SunRay Scientific) consists of conductive particles
with paramagnetic cores and UV curable epoxy. A magnetic field is used for alignment
of the particles into columns which allows for the small contact pad area thereby

conducting in only one direction (z-axis). The particle size is 3 pm and this allows for
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it to be used with small pad area on both the element and the flexi-circuit. It is a two-
part adhesive with a mixing weight ratio of 96:4, epoxy to catalyst. A schematic of

the ACA and the experimental set-up for its curing are shown in Figure 5.24.
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Figure 5. 24: (a) A schematic of the of room-temperature ACA bonding using paramagnetic
conductive particles and UV curable epoxy, (b) experimental set-up.

A bonding method similar to the flip-chip bonding for anisotropic conductive film
(ACF) would be required to align the fine pitch connection of the flexi-circuit and the
defined active electrodes. ACF is commonly used in the electronics industry but it
needs high pressure and temperature for a good bond and therefore is not suitable for
the PMN-PT single crystal composites. The recommended UV intensity for curing the
ACA is 800 -1700 mW/cm? for 2-5 minutes with a magnetic field of at least 400 Gauss.
The depositing thickness of 75 to 150 pm is also recommended for good curing. UV
light is used to irradiate the ACA, curing the epoxy and therefore providing a good
bond between the flexi-circuit and the array elements. The minimum bond area
recommended for this ACA is 40 um by 40 pm which means that this bonding
mechanism has a potential of being used for arrays of up to 30 MHz with a pitch of 50
um and a separation of 10 um. Since this ACA is 3 pm particles, it would be ideal for
the application.

Preliminary experiments to test how well the UV curable ACA would perform,
demonstrated that for opaque substrates where the UV light had to be irradiated from
the side, the adhesive that was between the substrates did not cure even with a very
large UV dose. Different dimensions of the epoxy were tested with different thickness.
As shown in Figure 5.25, thin stencil printed bumps of 290 um diameter cured well

whereas lines did not cure well. The thinnest line was closest to the UV light and cured
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where others did not cure. After testing with transparent conductive materials it was
seen that curing occurred and a good mechanical and electrical bond was achieved (Ng
et al. 2011). Therefore, subsequent experiments were done where the flexi-circuit had
a laser cut-through through the polyimide layers, leaving the copper tracks, as shown
in Figure 5.26, to allow UV light to reach the epoxy. The wavelength of UV light
(LiNOS Photonics LQ UV 1000) used was 320-340 nm and the maximum UV

intensity used was 160 mW/cm? for 25 minutes.

Figure 5. 25: (a) All the bumps of the epoxy cured under UV light, (b) Thick lines above 267 pm did
not cure under UV light

Figure 5. 26: A flexi-circuit with a laser cut-through to allow UV light to reach the epoxy for
curing

A kerfless array was made to test the functionality of the flexi-circuit bonded to the
elements using the UV curable ACA. To make the kerfless array, scratch dicing was
done on a PMN-PT plate to separate the electrodes into individual elements as shown

in Figure 5.27. The pitch of the scratch dicing was 300 um with 80 pm separation.
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Element

Figure 5. 27: Scratch diced PMN-PT single crystal plate for kerfless arrays

A flexi-circuit with the same pitch was attached to the scratch diced piezoelectric
material (Figure 5.28(a)). The flexi-circuit with the laser cut-through enabled epoxy
curing with the UV light. The impedance results (Figure 5.28(b)) showed that a good
connection was achieved on four out of 18 elements in this first prototype. This
prototype demonstrates that the UV curable epoxy works. Further optimisation to how
the flexi-circuit is held onto the elements during curing would improve the results.
There was no shorting of any elements when tested with a multi-meter. The multiple
resonances seen on the graph are due to the dimensions of the active element and due
to the fact the material is not a composite. The bonds were however not very strong

and needed the use of an under-fill to improve the mechanical integrity.
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Figure 5.28: (a) Scratch diced array of PMN-PT single crystal material attached to a flexi-circuit by
UV ACA, (b) Electrical impedance magnitude plots of the working elements on the array.
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5.7.2 Ultrasonic Bonding

Under ultrasonic bonding, ultrasound vibration is used to provide energy for bonding
two surfaces. The two surfaces, each with a good electrode are joined together with

the aid of ultrasound excitation.

Early test results to determine how good the bonds were showed that ultrasonic
bonding might be a way to bond without introducing foreign bonding materials such
as epoxy. The flexi-circuit was bonded directly to the piezoelectric sample and
subsequent dicing was used to separate the elements in the array. It was noticed that
the surface roughness of the sample played an important role in getting a good bond.
Successful bonding was only achieved when the samples were lapped with 20 um or
9 wm alumina abrasive. The 3 um lapped surface did not yield a successful bond. The
copper surface on the flexi-circuit also needed to be rough for a good bond. Figure
5.29 shows the results of the surface analysis with a Zygo white light interferometer
that were done for ultrasonic bonding. The sample lapped with 3 pm alumina abrasive
shows a smoother surface than that lapped with the 9 um. The average roughness (Ra)
was measured as 0.384 pm for the 3 um lapped and ~ 0.751 pum for the 9 um lapped

samples.

The dimensions of the sample were also restricted by the placement tool and therefore
bonding to a large substrate was not possible. The bond was very weak and fragile and

needed mechanical support such as an under-fill.

This method needs further investigation and the empirical results obtained in this study
do not provide enough information to conclude on the effectiveness of application of

this technique. It would be worth exploring it further.
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Figure 5.29: Zygo white light interferometry images of lapped samples: (a) lapped with a 9 pm
alumina abrasive, (b) lapped with 3 pm alumina abrasive

5.8 Chapter Discussion and Conclusions

The manufacturing process steps developed in this chapter form the basis for the
fabrication of the prototypes demonstrated in the following chapters. The fabrication
process steps required for creating a working prototype have been discussed, and
options for key process steps have been investigated. The fabrication of flexi-circuit
was detailed as a method to achieve fine-scale pitch flexi-circuit for high frequency
arrays. Special attention was paid to the bonding method since no suitable bonding
mechanism and adhesive was already established for the low temperature and pressure
requirements of this application. Ultrasonic bonding was at an early stage of
investigation at the time of writing this thesis. Magnetically aligned UV light curable
ACA showed promising results since it met the requirement of low temperature and
pressure for bonding. However, this method is not well researched and further studies

would need to be undertaken to establish its effectiveness.

The fabrication process was used to get prototypes which are discussed in Chapters 6
and 7. The process was successful but left some areas for improvement. Such areas
included the bonding of the flexi-circuit to the substrate. Better alignment techniques

need to be developed to get the flexi-circuit to the small bond area. Sanding of the
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backing layer would also prove time consuming for wafer-scale fabrication. Other

details of improvement to the process are discussed in Chapters 7 and 8.
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CHAPTER 6

Single Element Transducers Results:
Fabrication and Performance

Chapter Profile

This chapter presents the results from the fabrication of single element ultrasound
transducers using the fabrication process described in Chapter 5. The chapter’s main
aim is to address two key points:

e to validate the fabrication process developed for arrays with single element

transducers;

e to give results of transducers made from fine scale single crystal composites.
These results are obtained by employing precision micromachining and other micro-
fabrication processes to overcome the technical challenges encountered in fabrication
of miniature transducers. Low temperature methods were used to make fine-scale
composites from PZT-5H, and two piezocrystal materials, a binary and a doped ternary
material. Micro-coaxial cables were used for electrical impedance matching of the
devices. Acoustic matching and backing was achieved with cast layers of loaded
epoxies on different sides of the piezocomposite active substrate. Preliminary results
obtained with prototype single element devices were used as validation of the
fabrication process and to demonstrate functionality. Pulse-echo results highlight the
resolution, operational frequency and bandwidth of these devices.

It is important to note that the single element transducers developed were intended to
validate the process for the arrays and therefore are not designed to operate as ideal
single element transducers. They, however, provide good pulse-echo results,

especially the two made from the single crystal materials.

6.1 Introduction
The fabrication of the single element transducers follows the process described in

Chapter 5, which is aimed at obtaining high frequency arrays integrated into medical
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interventional tools. The process has three key differences when compared to the array

fabrication:

The single element transducers separated at the end of the process in Figure 5.1
were much larger than the individual elements in an array.

The flexi-circuit was un-patterned since one element was used for each device.
The individual element was connected to a micro-coaxial cable near the
transducer for electrical impedance matching. This would be difficult to
achieve with arrays since multiple cables could not fit in the small diameter

tube.

Fine scale composites were made and the other layers, matching and backing, cast as

detailed in Figure 5.1 (a-c). The prototypes of the single element transducers in this

thesis were fabricated from a fine grained ceramic, a binary single crystal material and

a doped ternary single crystal material. The results of devices fabricated with these

materials are discussed in the following sections of this chapter.

The following points must be considered when determining the design of a composite,

and deciding on a compromise between maximising the performance of a device and

minimising the fabrication challenges.

The frequency of the transducer is important in determining the resolution with
higher frequency meaning better resolution.

The thickness determines the frequency of the transducer.

The volume fraction of a composite determines whether the composite is good
for pulse-echo (transmission-reception) testing. The composite volume
fraction determines the electromechanical coupling coefficient.

The pillar width is important in obtaining a good composite for imaging. The
smallest pillar width would give good thin-tall pillars which are useful for
reducing lateral modes in the composite with improves the image. The
thickness of the commercially available blades limits the minimum achievable
kerf and dicing depth, which consequently limits the minimum achievable
pillar width.

The aspect ratio is defined as the ratio of the pillar width to the height. The
height of the pillar is the thickness of the composite substrate. The smaller the
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aspect ratio, the better the composite. This is because the lateral resonances are
reduced when the pillars are thin and tall. Also, the length extensional mode is
much stronger than all the other modes. This is important for imaging
transducers since all the ultrasound energy is directed to the desired vibration
mode. In Table 6.1 the ternary material has the best aspect ratio. It is important
to note that this is also mainly due to the dicing pitch used in the composite.

e The electromechanical coupling coefficient is improved when a material is
made into a 1-3 composite. This is because the pillars resonate in thickness
extensional mode. This in turn improves the energy transfer between

mechanical and electrical energy which improves the SNR.
6.2 High Frequency Piezocomposite Fabrication

The 1-3 piezocomposites were fabricated using the widely established dice-and fill
method. High frequency piezocomposites are difficult to achieve and the difficulty
increases when they are made from the fragile, temperature sensitive single crystal
materials. In this report, three different types of composites from different materials
are reported in this thesis: a fine grain ceramic CTS 3203HD (PZT-5H), and two
piezocrystal materials; PMN-29PT (binary material) (Sinoceramics, Inc., Shanghai,
China) and Mn:PIN-PMN-PT (doped ternary material) (TRS Technologies, State
College, PA, USA). They are more fragile when dicing and have a lower Curie
temperature when compared to PZT-5H. Plates of these materials were made into high
frequency composites to be used in the single element transducers. Some parameters
such as the thicknesses of the active substrate and the matching layer were investigated

using simulation and modelling explained in Chapter4.

The dicing parameters, such as feed rate, spindle speed and coolant feed rate, for
making the composites were determined by studying literature detailed in Chapter 2.
These were then adjusted with practice according to the material being diced and the
size of the blade used. These are discussed in the respective section outlining the
composites. The CTS 3203HD/Epofix composite was made with a wider blade as a

starting point for setting the parameters used in dicing the more delicate single crystal
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materials. Figure 6.1 is an illustration of one of the piezocomposites fabricated. The

successful composite is shown in Figure 6.1 (a) and (b) without any pillar breakage.

For the earlier single crystal composites made in this study, pillar breakage was very
common during dicing. This problem is common in literature as it was discussed in
Section 2.6.5 of Chapter 2. In Figure 6.1(c), strips of the material were undesirably
removed. Such an incident depends on a number of factors including the inter-
elemental pitch, spindle speed, material feed rate, coolant rate, depth of cut and the
type of the material being diced. It was important to ‘fine tune’ a number of these
factors to be able to cut two orthogonal sides of the material before filling with epoxy,
which is crucial in reducing the overall fabrication time. Generally, by using a slower
feed rate, slower spindle rotation rate, lower coolant feed rate and a large inter-pillar
pitch, the composite yield is improved. Another common problem in the earlier
composites was bubble formation at pillars (Figure 6.1(d) after filling with epoxy due
to the small spaces between the pillars. These were minimised by careful casting of

epoxy as well de-gassing in a vacuum chamber for over five minutes.

Figure 6. 1: Examples of 1-3 piezocomposite : (a) After dicing both directions before filling with
epoxy; (b) After filling with epoxy and lapping; (c¢) an example of strips of piezoelectric material
removed by dicing in the first direction; (d) an example of air bubble after filling with epoxy
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The properties of the composites made are summarised in Table 6.1 and discussed in
the following sections. These are compared to a bulk PMN-PT material whose
properties were measured in-house. The electromechanical coupling coefficient was
calculated using Equation 2.6. The diagram to compare the dimensions of each

composite made into a transducer as shown in Figure 6.2 and in Table 6.2.

Table 6.1: Comparison of properties of fabricated piezoelectric composites and a bulk single
crystal material

Material Frequency Thickness Volume  Pillar Pillar Electromech-

(MHz) (nm) fraction  width Aspectratio nical coupling
(pm) coefficient (ki)

PMN-PT (Bulk) 1.9 400 1 _ _ 0.50

CTS 14.6 118 0.40 60 0.508 0.59

3203HD/Epofix

(PZT-5H)

Binary 21.8 86 0.36 30 0.349 0.71

Doped Ternary 15.4 99.6 0.36 30 0.301 0.68

The results in Table 6.1 show that the electromechanical coupling coefficients for the
single crystal composites are higher than that for the ceramic composite. This is

expected as demonstrated in literature (Michau et al. 2002).

Figure 6. 2: A diagram comparing the dimensions of the three transducer active elements
fabricated
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Table 6. 2: A table comparing the dimensions of the composites made into transducers

PZT-5SH Binary Ternary
Length (mm) 5 1.5 1.3
Width (mm) 1 0.8 0.52
Thickness (mm) 0.14 0.086 0.099
Frequency (MHz) 15 22 17

6.3 Device Fabrication

6.3.1 CTS 3203HD Composite Transducer

The CTS 3203HD material is a type of PZT-5H which is commonly used in
commercial ultrasound imaging transducers. A composite was made from this material
to set the preliminary parameters for dicing which were later adjusted to make
composites from the fragile PMN-PT single crystal materials. Composites have been
widely made from this material and therefore there were plenty of references in the
literature (Yuan et al. 2006; PhamThi et al. 2009). Parameters such as spindle speed,
feed rate and water coolant rate were faster than those used in the making composites

from the single crystals as will be explained below.

The 1-3 piezocomposite that was used for the active substrate was made of 40%
volume fraction of the CTS 3203HD in epoxy. The piezoelectric materials were
obtained in bulk form. They were diced to make composites and then filled with low
shrinkage epoxy (EPOFIX, Struers, UK) (Bernassau et al. 2011). Dicing to make
composites was done using a high precision dicing saw (MicroAce66, Loadpoint,
Cricklade, UK). The pillars in this composite had a pitch of 95 um fabricated with 30
um thick blade. The dicing blade spindle speed of 30,000 rpm and material feed rate
of 1.15 mm/s with a coolant feed rate of 1.1 L/min were used to cut a depth of 375 um
into the 1 mm material. The two sets of cuts in orthogonal directions were made before

filling with epoxy.

The composite was lapped to a thickness of 118 mm to give an operational frequency
of 14.6 MHz. Silver paint electrodes were applied to both sides of the composite. A
15% volume fraction alumina filled epoxy was cast on the composite as a matching

layer. It was then lapped to a thickness of 50 pm. An un-patterned flexi-circuit was
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attached to the back using silver epoxy. A 30% volume fraction tungsten filled epoxy
was then cast at the back of the composite as matching. This was sanded down to give

an overall stack thickness of 1 mm.

6.3.2  Binary composite Transducer

The transducer active substrate of the 1-3 piezocomposite from the PMN-29PT single
crystal had a volume fraction of 36% in epoxy. Similar to the PZT-5H composite, the
bulk single crystal materials were diced to make composites and then filled with low
shrinkage Epofix epoxy (Struers, UK). The pillars in the composite had a pitch as
small as 50 um fabricated with 15 um thick Disco hubbed blade. By using blade
spindle speed as low as 10,000 rpm and material feed rate below 0.25 mm/s, sets of
cuts in two orthogonal directions were made before filling with epoxy. The composite
was lapped to a thickness of 82 pum which gave an operational frequency of 21.83 MHz
shown in Figure 6.7. The acoustic impedance of the composite was calculated to be 12

MRayl.

The 50 um thick matching layer for this transducer was 15% volume fraction alumina
in epoxy. A 15% alumina filled epoxy has an acoustic impedance of 4.1 MRayl with
an attenuation of 15.5 dB/mm. The backing of 1 mm thickness was 20% volume
fraction of tungsten in epoxy. This has an acoustic impedance of 8 MRayl with an
attenuation of 27.5 dB/mm. Single element transducers were made from PMN-PT
composite with a frequency of approximately 22 MHz. The transducers with the active

element, matching and backing were 0.8 by 1.5 by 2 mm?.
6.3.3  Ternary Composite Transducer

The parameters used in making this composite are the same as those used to make one
from PMN-29PT. The composite pitch was 50 um with a 15 pm thick Disco hubbed
blade. The average kerf width was 20 um which gave a volume fraction of the 1-3
piezocomposite of 36% volume fraction of Mn:PIN-PMN-PT/Epoxy. The different
sides were cut to different depths to prevent pillar breakage. The first pass of kerfs
were diced to 210 um deep, and the orthogonal pass of cuts were diced to 190 um
deep. The composite was cut into two separate sections which were lapped to a

thickness 0f 99.6 um and 111.4 um. These yielded operational frequencies of 17 MHz
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and 15 MHz respectively. An illustration of the impedance plot of the 15 MHz

composite transducer is discussed in Section 6.5.4.

The matching layer for this transducer was 15% volume fraction alumina particles in
epoxy and the backing of 1 mm thickness was 30% volume fraction of tungsten

particles in epoxy.

The transducer active element dimensions were 1.34 x 0.52x 0.099 mm? and this was

combined with a 50 um thick matching and a 1 mm thick backing.

6.4 The Imaging Transducer

An example of a complete single element transducer with the matching, composite and
backing is illustrated in Figures 6.3 and 6. 4. The CTS 3203HD transducer was
attached to components such as the rod in Figure 6.3 to facilitate testing. The image in
Figure 6.3 is of a single element transducer in a tungsten tube. The absence of extra
bond layers is evident where the matching and backing are directly attached to the
active substrate. The active substrate, shown in cross-section in Figure 6.3, is a 1-3
composite with the CTS 3203HD pillars and the clear polymer filler. The tube with
the transducer is attached to a rod which is held in a characterisation tank for testing.
A micro-coaxial cable of 300 pm in diameter was used for transmitting signals. The

details were the same for the other fabricated single elements.
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Matching

Microcoaxial
Attachment unit cable
Tube with transducer
Composite Backing
Figure 6. 3: An illustration of a single element transducer in a metal tube attached to a rod for

easy testing. The active area is magnified to show the layers of matching with alumina filled epoxy,
composite and the backing with tungsten filled epoxy

Ground silver
CPOXY

_ . Active side
Electrodes S silver epoxy

Figure 6. 4: A transducer showing matching layer, backing layer, active composite, conductive
epoxy for electrical connection to the cabling. This Figure is for the same element as that shown
in Figure 6.2.

6.5 Electrical Characterisation

The impedance response of each transducer was determined by attaching a coaxial
cable of 10 cm length, with diameter of 2 mm to the micro-coax. This coaxial cable
had an SMA connector at one end. This was needed to connect to the pulser-receiver
for exciting the transducer during testing. Only the micro-coaxial cable was used to
match the impedance of the transducer and therefore any extra coaxial cable for

connection had to be as short as possible.
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6.5.1 Electrical Impedance Matching

Each single element transducer had a micro-coaxial cable attached with conductive
silver epoxy for transmission of power and signal. The electrical impedance of the
transducer was tested at different stages of fabrication using an impedance analyser
(4395A, Agilent Ltd, West Lothian, UK). It is important to measure the impedance of
the transducer before the coaxial cable is attached since the coaxial cable was used to
match the electrical impedance to the driving electronic equipment, which was
matched to 50 Q.

To match the impedance of the single element transducer to the 50 Q the high
impedance coaxial cable, by the transmission line theory was used as a quarter
wavelength long transformer between the transducer stack with impedance Z. and the
system with impedance Z;. The required impedance of the coaxial cable Zy can be

determined by (Ritter, Shrout et al. 2002):

Zy = /7, X Z_

An impedance plot of 1 m micro-coaxial cable is illustrated in Figure 6.5. This was

6.1

measured using an impedance analyser (4395A, Agilent Ltd, West Lothian, UK) and
for the 1 m coaxial cable the impedance magnitude at about 15 MHz is 221 Q, 143 Q
at 22 MHz and 189 Q at 17 MHz which are the frequencies of all the three transducers
reported in this chapter.
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Figure 6. 5: Impedance magnitude and phase plot of a 1 m coaxial cable. The impedance
magnitude at 15 MHz is about 221 Q, at 22 MHz is about 143 Q and at 17 MHz is about 189 Q

The matching with a micro-coaxial cable also increases the bandwidth of the system
and filters out reactive components. Where the element has impedance lower than 50
Q as is the case in most single element transducers, a low impedance coaxial or coaxial
cables in parallel may be utilised.

After the impedance of the active stack with the coaxial cable was measured, it was
fitted into a tungsten tube and glued with epoxy before the impedance of the finished

prototype was measured.

6.5.2 CTS 3203HD Composite Transducer

The results shown in Figure 6.6 were obtained with a single element transducer of 1 x
5 x 0.140 mm?® active element. The far field transition based on the azimuth plane is

60 mm as approximated by Equation 2.10.
Figure 6.6 shows the impedance of the transducer before and after matching with a

micro-coaxial cable. The impedance magnitude at about 14.8 MHz is shown to have

been reduced from over 1500 Q to less than 110 Q, with a 1.5 m micro-coaxial cable.
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The 110 Q is much closer to 50  which is the standard impedance of the driving
electronics. The electrical impedance from Figure 6.6(a) is smoothed when a micro-
coaxial cable is attached as shown in Figure 6.6(b) and the resonances are also very
damped. This increases the overall bandwidth of the transducer. The blip at about 15
MHz in the graph (Figure 6.6(b)) is likely to be due to the matching layer.

The coaxial cable to perfectly match the impedance would have an impedance
magnitude of about 273 Q as calculated using equation 6.1 with the system impedance

being 50 Q.
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Figure 6. 6: Impedance magnitude and phase of CTS 3203HD/Epofix composite transducer with
acoustic matching and backing at 15 MHz; (a) before electrical impedance matching, (b) after
electrical impedance matching with coaxial cable
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6.5.3 Binary Single Crystal Composite Transducer

The results shown in Figure 6.7 were obtained with a single element transducer of 0.8
mm x 1.5 mm x 0.086 mm active element. The far field transition based on the azimuth

plane is 8 mm as approximated by Equation 2.10.

Figure 6.7 illustrates the electrical impedance of the binary composite transducer that
was tested. The electrical resonance frequency was at 21.83 MHz. In the figure there
is a lateral resonance artefact at about 13 MHz which is caused by the matching layer.
This resonance is at a low enough frequency not to cause interference with the main

resonances.

Electrical impedance matching was achieved by using a 1.2 m micro-coaxial cable.
Figure 6.7 shows the impedance of the transducer before and after matching with a
micro-coaxial cable. The impedance magnitude in Figure 6.7 is shown to have been
reduced from 290 Q to 70 Q, with a 1.2 m micro-coaxial cable. The coaxial cable to
perfectly match the impedance would have an impedance magnitude of about 120 Q

as calculated using Equation 6.1 for the system impedance of 50 Q.
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Figure 6. 7: Impedance magnitude and phase of PMN-PT composite transducer at 21.83 MHz;
(a) before electrical impedance matching which was measured at the end of the flex circuit, (b)
after impedance matching with coaxial cable
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6.5.4 Ternary Composite Transducer

The results shown in Figure 6.8 were obtained with a single element transducer of 1.3
mm X 0.52 mm x 0.099 mm. The far field transition based on the azimuth plane is 4.96
mm as approximated by Equation 2.10 in Chapter 2

Figure 6.8 illustrates the electrical impedance of the ternary composite transducer that
was tested. The electrical resonance frequency was at 17 MHz. This transducer does
not have lateral resonance effects and therefore would perform very well in the
thickness-extensional mode. The damping by the micro-coaxial matching is illustrated
and the impedance magnitude is reduced to about 90 Q. The coaxial cable to perfectly
match the impedance would have an impedance magnitude of about 120 Q as

calculated using Equation 6.1 the system impedance being 50 Q.

The transducer stack produced an electrical impedance of approximately 400 Q which
would be too high for the driving electronics. After matching with a 1.4 m micro-

coaxial cable, this was reduced to about 90 Q which is closer to the 50 Q of the driving

electronics
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Figure 6. 8: Impedance magnitude and phase of Mn-PIN-PMN-PT composite transducer at 17 MHz;
(a) before electrical impedance matching, (b) after impedance matching with coaxial cable For all
these elements, is the electrical impedance as expected for the dimensions and VF of the composite
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6.6 Acoustic Characterisation

The scanning of all the transducers was along the elevation (width) of the element.
Mouse bowel was also scanned using the transducers. Ex vivo Bowel tissues resected
from two different mice, Mouse A and Mouse B, were imaged with the transducer.
The tissue was immersed in Phosphate buffered saline (PBS) (Moser et al. 1993) which
is a solution used to mimic physiological fluids. Tissue does not reflect as highly as
stainless steel or tungsten because the acoustic impedance is much lower. Obtaining
these images is crucial in establishing that the transducers can image structures similar

to that in the human body.

It should be noted however that the images produced by the transducers are expected
to be of poor lateral resolution because the single element transducers were

unfocussed.

6.6.1 CTS 3203HD Composite Transducer

The stainless steel block from the test in Figure 3.11 was used to obtain the pulse
waveform response, shown in Figure 6.9, of the transducer. A summary of the results
from this figure are in Table 6.3. A broadband excitation signal was applied to the
transducer by a DPR 300 pulser-receiver (JSR Ultrasound, Pittsford, NY, USA). The
settings of the pulser-receiver were adjusted to obtain maximum signal amplitude
which was detected using a digital oscilloscope. The receiver gain was 40 dB, the high
pass filter was set to 5 MHz and the low pass filter set to 22.5 MHz, the damping was
12 and pulse energy set to the maximum. The centre frequency of the transducer is
14.6 MHz and this yielded a bandwidth of 77 %. The pulse length is 0.45 us
corresponding to 346.5 um.
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Figure 6. 9: The measured pulse-echo waveform reflected from a steel block showing the pule
length and the frequency spectrum of the CTS 3203HD/Epofix composite transducer

The image in Figure 6.10 is of the wires attached to a stainless steel block shown in
Figure 3.11. The image reconstructed in MATLAB was set to a dynamic range of -
40 dB. The image quality is good enough to show the different wires illustrated by
numbers 1 to 3 in the image. The bright artefact shown in the image from about 11.5
mm to 14.5 mm in the lateral distance was due to interference in the signal which

reduced the SNR during scanning.
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Figure 6. 10: Image of the three wires on a stainless steel block obtained with the CTS
3203HD/Epofix composite transducer
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6.6.2 Binary Single Crystal Composite Transducer
The reflection from the stainless steel block was used to obtain the pulse waveform
response, shown in Figure 6.11, of the transducer. A summary of the results from this

figure are in Table 6.3. The centre frequency is 21.83 MHz with a bandwidth of 72%.

The pulse ring down time (-6 dB), corresponds to an axial resolution distance. The
pulse length of the binary single element transducer was found to be 254.1um. The
pulse is longer than what is desired and this is caused by the insufficient damping from
the backing. More damping would reduce the pulse length and increase the bandwidth.
The pulse is reasonably short and the some of the ringing may still be due to alignment

with the flat reflector especially when the beam is not fully in the far field.
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Figure 6. 11: The measured pulse-echo waveform reflected from a steel block showing the pule
length and the frequency spectrum of the PMN-PT/Epofix composite transducer

The wires attached on the stainless steel block are shown in Figure 6.12 (a). More
details of the wires are shown when this transducer is used compared to using the CTS

3203HD/Epofix composite transducer. The main reason is that the binary composite has
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a higher frequency and therefore better resolution. The single crystal material also

provides better sensitivity.

The wire phantom image shown in Figure 6.12 (b) shows the line spread function of
the different wires positioned at approximately 1 mm away from each other in width
and depth. The first position on the top left of the figure is a reflection from a 5 pm
wire. The spread of the wires in the lateral dimensions is about as expected for this

unfocussed transducer.

Figure 6.12(c) was obtained from Figure 6.12(b) and it illustrates a lateral resolution
of 0.45 mm. The plot is from a wire positioned at 5.5 mm in the lateral position and at
a depth of 5 mm in the image. All the other plots at different positions in the image
gave a similar lateral resolution. This resolution could be improved by using a lens to
focus the transducer in the lateral direction, if a single element transucer is required

for the application.

This PMN-PT single crystal transducer was also used to image details of mouse bowel
tissue pinned to a 3% volume agar substrate in water. Images of tissues from two
different mice are shown in Figure 6.13 (a) and (b). In tissue from Mouse A, the basic
outline of the tissue can be visualised. For Mouse B, the muscle layer can be
distingushed by the bright line indicating stronger reflections about a millimetre below
the top surface of the tissue. The strong reflections from pins used to hold the tissue

on the agar substrate, can be seen below the tissue.
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Figure 6. 12: Images with the PMN-PT composite transducer: (a) Steel block with three wires on
double sided tape produced good results; (b) Wire phantom with nine 20 pm tungsten wires; (c)
Lateral envelop of echo signals from the wires located at 5.5 mm from the PMN-PT/Epofix
composite transducer
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Figure 6. 13: Image of ex-vivo bowel tissue resected from two mice with ultrasound image
represented in (a) false colour and (b) greyscale

6.6.3 Ternary Composite Transducer

The pulse waveform obtained from the stainless steel in this test is shown in Figure
6.14, with the results summarised in Table 6.3. The centre frequency is 17 MHz with
a bandwidth of 98 %. This is a good bandwidth which is a result of the short pulse
length caused by good backing and acoustic matching. The micro-coaxial cable for

electrical matching also increases the bandwidth.
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Figure 6. 14: The measured pulse-echo waveform reflected from a steel block showing the pule
length and the freauency spectrum of the Mn:PIN-PMN-PT/Epofix composite transducer
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The wires attached on the stainless steel block are shown in Figure 6.15 (a). The details
are clearly shown with shadows under each wire. These shadows are as a result of the
most of the ultrasound energy being reflected by the wires. At 10 mm there is detail of

the tape where one wire was attached but then moved to a different position.

The wire phatom image shown in Figure 6.15 (b) illustrates the line spread function of
the different wires positioned at approximately 1 mm away from each other. The
spread of the wires in the lateral dimensions for this unfocussed transducer was
determined to give a -6dB resolution of 1.15 mm as shown in Figure 6.16(c). This
figure was obtained from Figure 6.15(b) at a position of 2.5 mm in the lateral position.
The other lateral positions also gave a similar resolution. This lateral resolution at 17
MHz is very big but can be reduced by using a lens to focus in the lateral dimensions.
This would be important if the transducer is used as a single element transducer. If it
is made into an array the focusing in the azimuth direction is done by electronic
focusing.

The transducer was used to image details of mouse bowel tissue. The images of bowel
tissue shown in Figure 6.16 demonstrate the ability to show contrast between types of

tissue, particularly for Mouse B where the muscle layer tissue can be visualised.
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Figure 6. 15: Images with the Mn-PIN-PMN-PT composite transducer: (a) Steel block with three
wires on a double sided tape produced good results; (b) Wire phantom with nine 20 pm tungsten
wires; (c) Lateral envelop of echo signals from the wires located at 5.5 mm from the Mn:PIN-
PMN-PT/Epofix composite transduce
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Figure 6. 16: Image of ex-vivo bowel tissue resected from two mice with ultrasound image
represented in (a) false colour and (b) greyscale

6.7 Chapter discussion and conclusions

The single element transducers developed in this project were instrumental in
answering many questions about integrating an ultrasound transducer into a needle.
The process explained in Chapter 5 was validated and challenges identified with such
transducers. The aim of fabricating such transducers was not to get optimised single
element transducers but to confirm the feasibility of the process developed for the array
fabrication. The main focus was to fabricate high frequency transducers from PMN-
PT and Mn:PIN-PMN-PT single crystal composites using the widely accepted dice
and fill method. These composites were fabricated to the limit of the mechanical dicing
saw capability, which is restricted by the size of the thinnest blade. Also, the
fabrication processes were kept to a maximum 50°C to minimise or prevent de-poling

of the single crystal materials.
Some of the properties of the composites are summarised in Table 6.1. The

electromechanical coefficients in this table indicate that composites from the single

crystal materials have superior k¢ values when compared to the bulk material and to
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the PZT-5H composite. This is in line with literature where it is established that single
crystal materials yield superior results when compared to the polycrystalline materials
(Chan and Unsworth 1989; Zhen et al. 2007; Yuan et al. 2006; MacLennan et al. 2007)
Composites further improve these material properties with k¢ as an example in this
case. The improved k¢ means that more electrical energy is converted to mechanical
energy and vice-versa. This means there will be better SNR, therefore improving the
image quality. Since the performance parameters are close to those expected from the
literature (Michau et al. 2002), it can be concluded that the fabrication processes are

suitable for working with the binary and doped-ternary single crystal materials.

Different functional properties were obtained from impedance and pulse-echo tests of
the different transducers. Some of those obtained are summarised in Table 6.3. Among
the most important of these properties are the beam width and the bandwidth of the
transducer. A broadband transducer is desired since it is more sensitive to a range of
frequencies and produces a shorter ultrasound pulse corresponding to better axial
resolution. An ideal electrically matched transducer has a higher bandwidth compared

to one with poor electrical matching (Ritter et al. 2002).

Table 6. 3: Summary of the properties of the single element transducers developed

Transducer Frequency  Pulse length Axial Bandwidth
(MHz) (ns) resolution (%)
(nm)
CTS 3203HD/Epofix 14.6 0.45 346.5 (3.4 1) 77
PMN-29PT/Epofix 21.8 0.33 254.1(3.70) 72
Mn:PIN-PMN-PT/Epofix  15.4 0.48 369.6 (3.8 A) 98

The axial response of the 14.6 MHz, CTS 3203HD/Epofix transducer was 346.5 pm;
that of the 21.8 MHz, PMN-29PT/Epofix transducer was 254.1 um, and that of the
15.4 MHz Mn:PIN-PMN-PT/Epofix transducer was 369.6 um. These are within the
reasonable range of the transducers at these given operational frequencies (Li et al.
2011). The ultrasound beam profile for single element transducers depends on the
diameter of the transducer and the wavelength of the beam (Gururaja and Panda 1998;

Lockwood et al. 1996).
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The axial resolution of a transducer depends on how well the transducer is damped as
well as the operational frequency. Using backing and matching layers improve the
damping and henceforth bandwidth of the transducer. The single element transducer
with the best bandwidth and ki. was the Mn:PIN-PMN-PT/Epofix transducer. The
pulse-echo response of the single element transducer shown in Figure 6.14 has a
reasonably short two way pulse, at about 3 cycles long, with a 98% fractional
bandwidth. The pulse shape and spectrum can be also improved with further

optimization of the piezocomposite layer in the transducer (Brown et al. 2009).

The main ways to improve bandwidth are using a well fabricated composite with a
good pillar aspect ratio, suitable acoustic backing and matching as well as electrical
matching which was through the coaxial cables for the single element transducers in
this thesis. Any acoustic or electrical mismatch will result in some signals being

reflected and therefore affect the overall bandwidth of the transducer.

One of the main benefits of the Mn-doped ternary single crystal is the higher Curie
temperature, which reduces the restrictions on the process temperature. The
composites made from this material have comparative k; values to the binary single
crystal materials as is shown in Table 6.1. The doped-ternary material can also be used
to produce transducers with good bandwidths as it is illustrated in Figure 6.14. The
relaxed temperature restriction for these materials would mean that they should replace
the binary PMN-PT single crystal materials to make imaging transducers. The only

downside is that these materials are not yet readily commercially available.

The two single crystal transducers demonstrated clear results of the mouse bowel
tissue. These results were important since the tissue has similar properties to that of
human where the array transducers would be used. Features of the tissue structures,
such as the muscle layer of the resected bowl tissue for Mouse B in Figure 6.16, can
be seen even with the relatively poor lateral resolution from the single element
transducers. These images would be much better with focusing using an array. Picking
out such features in-vivo, and any changes relative to normal tissue structures, with the

transducers on biopsy needles would be very important for establishing early diagnosis
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of cancerous tissues, with the possibility of reducing or eliminating the need for central

laboratory analysis of samples.

These single element transducers fabricated set a prerequisite for the fabrication of
arrays. The same process was used as that which was used for the fabrication of the
arrays which are detailed in Chapter 7. Some of the main challenges encountered in
fabrication of the single element transducers included:

e Lapping the thin composite. Application of acetone on the thinned down
composite softened the material and the pillars dropped out. This was mainly
because a low temperature of 50°C was used for post curing of the epoxy.
Typically, the epoxy would be post-cured at 100 °C (Bernassau et al. 2011).
This problem would be eliminated when the Mn doped ternary single crystal
materials replace the currently used binary single crystal materials. This is
because these new materials can withstand higher temperatures, up to 100°C.

e Attaching of the coaxial cable to the transducer stack. The dimensions of the
stack were very small and attaching a micro-coaxial cable with conductive
epoxy by hand was difficult. This is avoided with the array by using an array
interconnect solution.

e Inserting the transducer into the metal tube. It was important to have the correct
size of transducer on all the sides. This became a challenge when the backing
had to be sanded down to the right size. It was also difficult to get the right size
of the conductive epoxy for holding the coaxial cable firmly on to the stack.
This is a manufacturing challenge that will need to be investigated with

continued development of ultrasound devices integrated into needles.
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CHAPTER 7

Array Transducers Results: Fabrication
and Performance

Chapter Profile

The previous chapters in this thesis highlight many points to consider for designing
and fabricating ultrasound transducer arrays to be fitted into interventional tools such
as biopsy needles. Here, in this chapter, details of the arrays fabricated are presented,
underlining the key results at different stages. Arrays operating at 5 MHz were
fabricated before the 15 MHz arrays, using the same process. This is because the 5
MHz features are bigger and therefore can enable easier fabrication of prototypes to
further evaluate the feasibility of the process developed. The results presented also
demonstrate the success of the steps of the wafer-scale fabrication process,
emphasising some of the challenges and how they were overcome. Flexi-circuit design
and fabrication is detailed, in this chapter, as a key step for achieving multiple
electrical connections to the array elements in the confined needle space. Results of
electrical impedance spectra, and pulse echo tests of the arrays are also presented. The
5 MHz array was fitted into a needle, and electrical impedance and pulse-echo tests
showed functionality. The 15 MHz arrays also had dimensions which were small
enough to fit in a needle. The arrays in this chapter were fabricated from PZT-5H (CTS
3203HD) but the low temperature methods were used similar to the single element

transducers in Chapter 6.

7.1 Array fabrication
The combined results from previous chapters set established a strong foundation for
the fabrication of array transducers. The key design parameters of the desired 15 MHz

linear array transducer are outlined in Table 7.1. This table gives the parameters of the
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ideal finished prototype, with this chapter giving details of how much has been
achieved through this project. The wavelength element pitch is 100 um, requiring high
precision fabrication techniques to achieve accurate dimensions. At 64 elements, the
array is suitable for clinical imaging, and the field of view will be on the order of the
array length, 6.4 mm. The element length, which is also the array width, of 0.8 mm, is
constrained by fitting the width of array within the core of a <2 mm diameter biopsy
needle. The array substrate is fabricated from PZT-5H (CTS 3203HD) but low

temperature fabrication methods applicable to PMN-PT were used.

Table 7. 1: Design parameters for miniature array on needle

Frequency 15 MHz

Array elements 64

Element pitch 100 pm (wavelength spacing)

Element length 0.8 mm

Element width 0.070 mm

Piezoelectric layer 1-3 composite of PMN-29%PT

Matching layer s Wavelength, 15% Alumina loaded epoxy
Backing layer 30% Tungsten loaded epoxy

Cabling Patterned flex-circuit, spirally-wound
Housing 2 mm biopsy needle

The fabrication of the arrays mainly focused on using low temperature and pressure
processes due to the fragile nature of the single crystal PMN-29%PT material that was
chosen as the ideal active material. This material is limited to about 60°C due to the
Curie temperature or phase transition temperature being as low as 80°C. The
prototypes presented here were fabricated from PZT-5H (CTS 3203HD) but using the
same process as that explained for the fragile single crystal materials; the prototype
single element transducers presented in Chapter 6 showed that the process is suitable
for the single crystal materials. Matching and backing layers of loaded epoxies were
cast on the electroded front and back surfaces of the piezocomposite. A flexible printed
circuit was connected to back surface electrodes using low temperature bonding
methods. After bonding all the layers together, the elements were diced for mechanical

and electrical separation.
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The following sections present details of the arrays prototypes at different stages of
fabrication with the 5 MHz arrays shown as a precursor to the 15 MHz. Separate details
will be explained for the 5 MHz array and for the 15 MHz array. The main focus in

this chapter is the packing of fine-scale arrays into biopsy needles.

7.2 The 5 MHz Arrays

7.2.1 Array Fabrication

The 5 MHz array transducer prototypes were fabricated as an easier option to the
higher frequency arrays. These were developed using the process explained in Chapter
5 and they were made small enough to fit in 2 mm diameter biopsy needles. Figure

7.1 shows some of these arrays at selected stages of fabrication.

Figure 7. 1: Some of the stages of array fabrication: (a) two flexi-circuits are connected to a
piezoelectric stack to get different sets of arrays at the same frequency; (b) an 8-element S MHz
array with the flexi-circuit fan-out for cable connection; (c) the initial rolling of the flexi-circuit
for the array to fit into a tube

These arrays were diced with an 80 um blade at a pitch of 300 pm. An example is
shown in Figure 7.2 where the active area is 0.5 by 2.4 by 1.8 mm? with the conductive

epoxy for the ground connection being 0.7 mm wide. The close-up images in Figure
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7.3 show clear dicing through the flexi-circuit indicating that the elements were
separated. A multi-meter was used to test neighbouring elements for electrical isolation

after dicing. This confirmed that the dicing yielded electrically isolated elements.

Ground connecti
conductive

epoxy

Active elements

Flexi-circuit

Figure 7. 2: An example of a diced 5 MHz array. The inter-elemental pitch is 300 pm and the
elevation length is 1.8 mm

Figure 7. 3: Close-up images of an 18-element S MHz array after dicing: (a) Top view; (b) perspective
view. The inter-elemental pitch is 300 pm and the elevation length is 1.2 mm

For the earlier prototypes, the ground connection was made through a wire attached
by conductive epoxy as illustrated in Figure 7.4. The wire also acted as a guide for
rolling the flexi-circuit and for pulling the device through the intended metal tube
casing. A very obvious problem is that this increases the size and therefore becomes

difficult to fit into small spaces.
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Active
elements
Spiral flexi-
circuit
Conductive
epoxy

Figure 7. 4: A finished 5 MHz prototype before it is inserted into a metal tube. The inter-
elemental pitch is 300 um and the elevation length is 1.8 mm

After dicing, electrical insulating varnish, commonly used in printed circuit boards
(PCB) was used as an under-fill to serve various purposes. It partially filled the diced
kerfs separating the arrays to increase the mechanical integrity. It was also used to
ensure electrical insulation since these arrays would be used in water. Some active
parts of the flexi-circuit tracks were exposed and therefore good insulation was a
necessity. The varnish was also used as a coating layer on the flexi-circuit to provide
electrical insulation. Eventually, this could be replaced with a more flexible material

such as parylene that can be deposited more accurately.

The final stages of the prototypes are shown in Figure 7.5. These show arrays being

inserted into tubes and micro-coaxial cables attached for testing.
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Rolled flexi-circuit

Tube opening for
the array
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| 1] (LLLLLLRARLEL LY LU Coaxial cables
30 40 50 60

connected to fan-out

Figure 7. 5: Arrays inserted into tubes of approximately 3 mm inner diameter for pulse-echo
testing: (a) rolled flexi-circuit before insertion into tube; (b) rolled flexi-circuit after insertion
into tube; (c) flexi-circuit in a tube with opening for the array; (d) micro-coaxial cables attached
to a flexi-circuit fan-out

7.2.2  Electrical Impedance testing

Testing for the impedance magnitude and phase is a simple way of determining that
the device works at different stages of fabrication. A piezoelectric plate was measured
on its own before it was made into a transducer, then at each stage in the fabrication
process where there was access to the front and back electrodes to check that the device
is functional. After the device was fabricated and the array elements defined, the
electrical impedance magnitude and phase of each array element were measured using
an impedance analyser (4395A, Agilent Ltd, Edinburgh Park, UK). In one of the
prototypes (Figure 7.6), 12 of 18 elements showed response. It is important to note that
this does not necessarily mean that the other elements are not working. The impedance
phase for the same array transducer shows 13 out of 18 elements working. With high
damping, some of the elements cannot yield a good visible impedance magnitude or

phase response. A pulse-echo test can also be done to test all the elements.
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Figure 7.6: Impedance magnitude (a) and phase (b) plots of a S MHz transducer array showing
elements with a measurable impedance response. Twelve elements (#2-13) have a magnitude
response and thirteen elements (#2-14) have a phase response, out of 18 elements in the array.

The impedance magnitude for these 5 MHz elements was very high; over 5 kQ which

can be attributed to the small lateral dimensions of the elements. At this relatively low

frequency, the small elements are expected to yeild a high impedance magnitude.
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Pulse echo tests were done as described in Section 3.8 in Chapter 3. The pulse from

the transducer is reflected off a stainless steel block at a distance of approximately 4

mm from the transducer. The pulse-echo tests with 5 MHz arrays indicated that more

elements were working that were not picked up with the impedance analyser. Figure

7.7 shows that all the 18 elements worked well for an array which had shown only 13

working during the impedance magnitude and phase test. Elements 1, 17 and 18 show

much lower signals than the other elements. This is likely to be from detaching of the

electrodes from the active elements.
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Figure 7. 7: Pulse echo responses of all the 18 elements of the S MHz array transducer array.
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7.3 The 15 MHz Arrays

7.3.1 Array Fabrication

The 15 MHz arrays were fabricated following the success of the 5 MHz arrays. One
set of arrays had 64 elements and another 32. The pitch of 100 pm was initially diced
with a 30 pm blade and element breakage and de-bonding was noticed. This led to the
later prototypes to be diced with a 20 um blade. The flexi-circuit with 65 um tracks
and separation of 35 um was bonded with room temperature curable conductive epoxy
which was cured at 50°C. The de-bonding might have been due to poor adhesion of

the epoxy. Some of the process images for the 15 MHz arrays are given in Figure 7.8.

Clear indication of
Electrodes separated electrodes by
Alumina loaded dicing

Tungsten loaded Conductive Flexi-circuit ~ Array

backing ePOxY elements

Active layer

Figure 7. 8: Diced elements for the 15 MHz arrays: a) clear indication of the cast layers and dicing
through the backing; b) separation of elements and some breakage. The inter-elemental pitch is
100 pm with the active layer thickness of 120 pm and matching layer thickness of 51 pm.

The 100 pm pitch of the flexi circuit was only at the tip where the flexi-circuit was

bonded to the active substrate. The tracks were widened after this short distance of

about 2 mm to minimise the risk of breakage. Two designs of the flexi-circuit attached
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to the elements are shown in Figure 7.9. Figure 7.9 (b) shows a commercially available
biopsy needle for neurosurgery with 1.80 mm outer diameter and 1.43 mm inner
diameter. The fabricated array is small enough to fit in the opening in the biopsy

needle.

IR

Array o

elements circuit
Ground
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Figure 7.9: Example of diced 15 MHz array elements with flexi-circuit: (a) is a flexi-circuit with a
64 element array connected at the tip; (b) the 64 element array next to a commercial neurosurgery
biopsy needle; (c) is another 32 element array set with a different type of flexi-circuit;
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7.3.2  Electrical Impedance testing
The impedance results of one of the 15 MHz arrays fabricated is shown in Figure 7.10.
The impedance magnitude showed no response while the impedance phase gives a

response at about 15 MHz for 14 out of 32 elements.
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Figure 7. 10: Impedance magnitude (a) and phase of elements in a 15 MHz array

The impedance plots in Figure 7.10 agree with the simulation in Figure 4.7 in Chapter
4. The impedance magnitude in Figure 7.10 is more damped than that in Figure 4.7
mainly because of the coaxial cable used for the electrical connection. Also, a

composite single crystal was used in the simulation whereas a bulk ceramic material
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was used for the experiment. The impedance magnitude of the experimental results is

higher than that in the simulation and this might be due to the fact that a bulk material

was used for the experiment.

7.3.3  Pulse-echo testing

Pulse-echo responses of two elements from the 15 MHz array are shownin ~ Figure
7.11. These are used as an indication that the array elements can be used for imaging.
The elements chosen where those that provided good responses during the pulse-echo

testing.
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Figure 7. 11: Example pulse-echo responses of two elements of the 15 MHz array
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7.4 Chapter discussion and conclusions

This chapter presented results of the array prototypes fabricated using the process
explained in Chapter 5. This is a new approach for manufacturing and packaging on
miniaturised linear array transducers for use in biopsy needles or other interventional
tools. This wafer-scale fabrication permits production of multiple transducers in each

process.

Flexi-circuits with micro-pitch tracks have been fabricated. The circuits shown in this
chapter had 100 pum pitch, and could be made routinely with continuous tracks.
Continuing work on the flexible circuits show there is the potential of reducing the

pitch to as low as 40 pm.

The arrays were made from a bulk ceramic which meant that the results produced can
be improved by using a composite single crystal material. The prototypes made from
single crystal composite are discussed in Chapter 6. The results here however,

demonstrated the feasibility of the dimensions of these arrays to fit in a needle.

5 MHz array transducers were developed to test the feasibility of the array fabrication

and electrical interconnect process before fabricating the 15 MHz arrays.

The process for the array fabrication was reasonably successful, producing functional
arrays that are small enough to fit within a biopsy needle including cabling. Further
improvement of the steps will be discussed in Chapter 8. Some of the areas include
alignment of the flexi-circuit to the active area. This is because the active area is small

and alignment would improve the connection to this area.

One set of arrays had 64 elements and another 32. The pitch of 100 um was initially
diced with a 30 pum blade and element breakage and de-bonding was noticed. This led
to the later prototypes to be diced with a 20 pm blade. This pitch was slightly bigger
than that for making composites described in Chapter 6 where blades of 10 and 15 uym

were used.
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CHAPTER 8

Discussion, Conclusions and Future Work

Chapter profile

This chapter reviews findings in the preceding chapters of this thesis. The results
presented throughout the previous sections are important in setting the groundwork for
fabrication of high frequency, high resolution array transducers in interventional tools
such as biopsy needles. The possible future directions leading from the research

presented in this thesis are highlighted in this chapter.

8.1 Summary of results

The main focus of the work presented in this thesis was on developing and evaluating
the feasibility of fabrication processes for integrating micro-scale high resolution
transducers into biopsy needles. A comprehensive review of literature highlighted the
research undertaken all over the world on high frequency array transducers. There is a
general consensus that high frequency arrays present many challenges in fabrication
due to the micro-scale features of the different layers in the transducer elements. The
higher the operational frequency, the smaller the array elements. Different researchers
have focussed on some aspects of these arrays and not the complete integration for
application-based devices with miniaturised packaging. As a result, there are no
commercially available high frequency array transducers and imaging systems that are
suitable for clinical needs. This absence of application based transducer arrays brought
about the necessity for the research in this thesis. The work was set out to establish a

process that would enable the development of needle based high frequency arrays.

8.1.1 Fabrication process development

A detailed process was developed for fabrication of high frequency linear arrays
integrated into needles. These needles, such as biopsy needles, would be used in
imaging areas where high resolution is needed but there is a limitation due to the

penetration capability of the ultrasound energy from such arrays. Different processes
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were evaluated and one was chosen due to its various advantages. Wafer-scale
fabrication was adopted to reduce the overall cost of fabrication and a spiral-helical
multiple conductive track flexi-circuit design was used to fit into a small diameter
needle. The process developed was aimed at fabrication of arrays into needles but
single element transducers were also fabricated using the same method. These single
element transducers were used to validate the process before further validation by

fabricating 5 MHz arrays and 15 MHz arrays.

8.1.2  Simulation and modelling

At the design stage, software including ODM, FIELD II simulation and PZFlex were
used to evaluate the expected performance of the designed transducers. This was
important as it was a means of saving time spent in fabrication. Different properties of
the transducer, including operational frequency, impedance magnitude and beam
pattern, were examined. The resolution integral was adapted from Pye’s group
(MacGillivray et al. 2010) to be used as a figure of merit to determine how well the
transducers would perform from simulations. This combines both the image resolution
and the depth of field. A transducer with a higher resolution integral would have a
narrow beam width at -6 dB over a long distance. Linear arrays were chosen for
fabrication over phased arrays since, among other advantages, they would present
fewer fabrication challenges at a given frequency due to the larger element pitch. The
process however, can also be applied to phased arrays. The chosen frequency for the
arrays was 15 MHz mainly to enable connection to commercially available systems

with further development of the imaging system.

While there are some commercially available imaging systems with arrays that operate
in the 20-50 MHz range, most commercial array controllers operate only up to 15
MHz. It is possible to connect these controllers, given the correct pin-out for
connecting to the electronics. Therefore 15 MHz was chosen as the maximum
operating frequency to enable connection to commercially available systems in on-

going work, and because the resolution is sufficient for the target imaging applications.

8.1.3 Fabricated transducers
Transducers from single crystal 1-3 piezocomposites were fabricated with specially

adapted low temperature fabrication processes. PMN-PT single crystal was chosen as
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the core piezoelectric material for the devices because it is a high performance material
and is now widely used in high-end commercial clinical imaging systems at
conventional frequencies. However, it is much more fragile than the conventional
piezoelectric ceramics, and sensitive to high temperatures (>80°C). The dicing to make
composites with this material involved using relatively low spindle speed, feed rate,
coolant rate and a low aspect ratio to prevent breakage of composite pillars. The
maximum working temperature was chosen to be 50°C to prevent depoling of the
single crystal material. This was used for both post-curing of the passive epoxy in the
composite, matching and backing layers, and the bonding of the flexible circuit to the
array for the electrical interconnect. The passive composite filler and matching layer
epoxy cured at a temperature higher than 50°C became bowl shaped. This was
especially the case when the layers were very thin. It was therefore was important to

cure at room temperature and only post cure at the moderate elevated temperature.

Single element transducers were fabricated to validate the process. Much emphasis
was paid to the composite development from PMN-PT and Mn:PIN-PMN-PT. Blades
as small as 15 pm were used to make composites with a pitch as small as 50 pm.
Electrical impedance matching with a micro-coaxial cable was demonstrated. Images
of fine tungsten wires and ex-vivo mouse bowel were obtained with these transducers.
Arrays at 5 MHz and 15 MHz were fabricated with a connected flexible circuit that
could be rolled so the whole array and cabling could be fitted into tubes. A novel
connection to the arrays was explained. This involved connecting on the side of the
array, away from the active area of the transducer. The arrays were inserted into

needles and some pulse-echo results were obtained.

The fabrication process detailed in this thesis also explains how the different parts of
the transducer are made. A big challenge was the connection of the flexible circuit to
the array. Due to the nature of the PMN-PT single crystal material, low temperature
bonding methods were studied. These included: room temperature curing conductive
epoxy, ultrasonic bonding, and magnetically aligned anisotropic UV-cured epoxy. The
flexible circuit itself was patterned using a novel technique employing dry-film
photoresist and Megasonic agitation to produce very fine pitch conductive tracks array

on a polyimide polymer. This is a very cost efficient method of making flexi-circuits.
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Tracks with a pitch of 60 pm have been achieved. Wire bonding to connect the flexi-

circuit to the active elements was avoided as it is very time consuming and not usable

on polymers. It also has a limit of 60 — 100 um as a minimum pitch which would make

it difficult for high frequency transducers.

The challenges encountered during the fabrication of the arrays in this thesis have been

explained through the chapters. Some of the solutions to these were not fully developed

in the duration of this project but have established a good starting point to accomplish

fully functional transducers in a needle.

The key challenges include;

Bonding of the flexi-circuit to the array: This was mainly done using room
temperature cured conductive epoxy which presented problems such as not
getting good strength bond to the flexi-circuit. The solution to this problem
would be to use other low temperature techniques, including ultrasonic
bonding and UV curable epoxy, which were also investigated in this research
but not used in a complete fabricated device.

Having a good ground connection to the electrode: The ground connection was
done through casting room temperature curable conductive epoxy to the
ground electrode. The epoxy used for the prototypes was cured at 50°C.
However, this presented a problem of not getting a very good electrical and
mechanical connection especially when this layer was lapped down. A possible
solution here would be to use stencil printing to get a good ground connection.
Rolling of the flexi-circuit to fit well in the small tube: The polyimide thickness
of 25 um meant that it presented a thick layer especially after coating with
electrical insulating varnish. The thick layer introduced a challenge of rolling
the flexi circuit at a position near the array elements. A possible solution would
be to use a thinner polyimide and, probably more importantly, to use a thinner
electrical insulator coating such as deposited parylene film, after connecting to
the array.

Sealing the arrays after dicing into individual elements: The arrays in this
project were electrically and mechanically insulated using parylene or

electrical insulating varnish, which is common in PCBs, as an under-fill.
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However, this limits the mechanical strength of array elements, and a kerf filler
may be needed for a manufactured device.

e Positioning of flexi-circuit: Positioning of the flexi circuit at the side of the
active layer proved to be much of a challenge since the surface where it was
attached was only about 200 - 300 um wide. A pick-and-place mechanism

needs to be developed to ensure accurate alignment.

8.2 Suggestions for future work

The extensive research that has gone into high frequency transducers, especially
arrays, has opened many exciting areas for their applications. The literature is full of
examples of where researchers are trying to achieve higher frequencies for transducers,
reducing the complexities in fabrication of small pitch arrays and integration of
electronics. These areas have provided a platform for the next stage where these
transducers are developed based on specific biomedical applications. This section
describes how the application based array transducers in interventional tools such as
biopsy needle can be further developed using the work in this thesis as a foundation.
The improvements given here are based on the process developed in this thesis which

was explained in Chapter 5.

8.2.1 Composite fabrication

Much of work presented in this thesis is based on fabrication of high frequency
composites from the delicate temperature sensitive PMN-PT single crystal material.
The process used for making these composites is the conventional, widely accepted
dice and fill method. Whereas this method is cheap and extensively used, it can only
produce composites that work up to approximately 30 MHz operational frequencies
due to the limitation of the thickness of dicing blades. Another promising method has
been concurrently studied at the University of Birmingham, to produce high frequency
composites. This, with the illustration in Figure 8.1, is based on micro-moulded
randomised piezocomposites and the method is capable of achieving composites
operating at frequencies of 100 MHz, which will open up a window for making ultra-

high frequency arrays.
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Piemocerame:
Electrode -
Epoxy .

Figure 8. 1: An example of random micromoulded composites. (a) Optical images of a typical
random composite (Jiang et al. 2012): (b) kerfless array sections with micro-moulded
piezocomposite (Démoré et al. 2009)

8.2.2  Array element definition

Dicing to separate elements in an array is useful in overcoming mechanical cross-talk;
however, this method is also limited to transducers up to about 30 MHz, where the
element pitch in a linear array is 50 pum. Mechanical separation also introduces spaces
which reduce the overall mechanical strength of the array. Patterning arrays with
techniques such as photolithography, as shown in Figure 8.1(b), would enable easier
fabrication of high frequency transducer arrays (Bernassau et al. 2007). These patterns,
also shown in Figure 8.2, would define the electrodes on the active elements. For a
linear or phased linear array, a scratch diced pattern would achieve a desired effect but
a photolithography pattern would achieve the same but at much smaller scale, which

allow for higher frequencies.

e

TN I A O e

Ul Vi Nl Wi P N e
T Tt T W e TIPSO
e e -
T

F Yl Tl a3 gl el ST el
o W W L R R R et B e T e e
L N T TR TR Nl W e ) TR

- ——

ey 0 ] BT BN T -

T gl T Sl TP

Figure 8. 2: A photolithography electrode pattern on top of a diced and filled composite
(Bernassau et al. 2009)
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With patterned electrodes on the arrays, ACAs can be used to connect pre-patterned
flexi-circuits to the active area. Such approach has been attempted in previous work
(Bernassau et al. 2009). Anistropic conductive film (ACF) was investigated for
bonding a silicon wafer to an array. The limitation was that the pressure and
temperature needed were too high for the delicate composites. In this study, the aim
was to connect to a flexi-circuit. UV curable and ultrasonic curable anisotropic
conductive adhesives (ACA) were studied and their use would help to overcome the
problem of excessive pressure and temperature on the composites and on the flexible
circuits. Using ACA bonding methods also overcomes the need to use room-
temperature curable conductive epoxy for bonding. These types of epoxies have weak
bonding strength and electrical conductivity. The high temperature of about 100°C
used in baking in photolithography would be a problem for the PMN-PT single crystal
materials. Alternative materials such as PZT may be used to overcome this problem,
but at the cost of reduced piezoelectric performance. More research is also going into
improving the temperature resistance of single crystal materials based on PMN-PT
(Neumann et al. 2011; Li et al. 2011). In the future the single crystal materials will be
able to be used in devices developed using photolithography methods.

8.2.3 Silicon integration

There is also a need to explore integrating silicon and using integrated circuits into the
device near the array. When microchips are incorporated in the silicon, it would be a
way to overcome the need to use the wide and long flexi-circuit. It might also be a way
of reducing the number of the highly expensive micro-coaxial cable if microprocessors
are incorporated into imaging arrays. Such ideas are about to be investigated through
follow-on projects such as the ultrasound capsule through the SonoPill project (EPSRC
Reference EP/K034537/1). The silicon would provide room to use some of the

semiconductor fabrication techniques already established.

8.2.4  Stencil printing of layers

Using masks for casting and printing matching, backing and conductive layers was
explored in this thesis and further work should pay close attention to extending this

technique. This will become even more necessary when the arrays go over 30 MHz.
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Features that are below 200pum are best achieved using a well-designed mask and

appropriate patterning techniques.

Stencil printing (Kay and Desmulliez 2012) of materials was investigated as a means
to add different layers. The ground conductive connection at the side of the matching
layer was chosen as the most suitable for the stencil printing. Through using this wafer-
scale fabrication process, multiple samples would be done at the same time. A good
stencil printed layer depends on a number of related factors determined by the viscosity
of the materials. Among these factors are: print speed, applied pressure on the
squeegee, the stencil thickness, and roughness of the substrate. These factors will

affect the print quality such as slumping of edges, porosity, and discontinuity.

Matching layers were also studied for stencil printing but the 10-15% alumina-loaded
epoxy demonstrated very low viscosity for stencil printing. Printing the ground
connect would provide a more accurately controlled thin line which is required for the
connection in the confined space. Further studies need to be carried out to develop this

process into a standard procedure.

Other areas to study include complete needle design, connection to commercial
imaging systems, exploring biocompatibility issues, and increasing the number of

elements in the array to increase the imaging field of view.

8.3 Further Grants Awarded

The work in this thesis has led to further grants being awarded. One of the grants was
awarded to develop an array in a needle for neurosurgical applications, USINN
(Ultrasound in a Needle for Neurosurgery) (EPSRC Reference EP/K02025/1). This
involves three Universities: IMSaT at the University of Dundee, Heriot-Watt

University and University of Birmingham.

The other grant was awarded for the miniaturisation of devices, specifically aimed to
develop an ultrasonic capsule, SonoPill (EPSRC Reference EP/K034537/1). The
collaborating institutions are University of Dundee, Heriot-Watt University and the

University of Glasgow.

184



Chapter 8: Discussion, Conclusions and Future Work

8.4 References

Bernassau, A.L., Flynn, D., Amalou, F., Desmulliez, M.P.Y. and Cochran, S. 2009.
Techniques for wirebond free interconnection of piezoelectric ultrasound arrays

operating above 50 MHz. In: IEEE International Ultrasonics Symposium. Rome, pp.
1-4.

Bernassau, A.L., Mckay, S., Hutson, D., Demoré¢, C.E.M., Button, T.W. and Mcaneny,
J.J. 2007. Surface Preparation of 1-3 Piezocomposite Material for Microfabrication of
High Frequency Transducer Arrays. Ultrasonics, pp. 2007-2010.

Démoré¢, C.E.M., Cochran, S., Garcia-Gancedo, L., Dauchy, F., Button, T.W. and
Bamber, J.C. 2009. 1-3 Piezocomposite Design Optimised for High Frequency
Kerfless Transducer Arrays. In: IEEE International Ultrasonics Symposium. Rome.

Jiang, Y., Démoré, C.E.., Meggs, C., Cochran, S. and Button, T.. 2012. Micro-moulded
Randomised Piezocomposites for High Frequency Ultrasound Imaging. In: /EEE
International Ultrasonics Symposium. Berlin.

Kay, R. and Desmulliez, M. 2012. A review of stencil printing for microelectronic
packaging. Soldering & Surface Mount Technology 24(1), pp. 38-50. Available at:
http://www.emeraldinsight.com/10.1108/09540911211198540 [Accessed: 6 August
2013].

Li, F., Zhang, S., Lin, D., Luo, J., Xu, Z., Wei, X. and Shrout, T.R. 2011.
Electromechanical properties of Pb(In(122)Nb(12))O(3)-Pb(Mg(1/3)Nb(273))O(3)-
PbTiO(3) single crystals. Journal of applied physics 109(1), p. 14108.

MacGillivray, T.J., Ellis, W. and Pye, S.D. 2010. The resolution integral: visual and
computational approaches to characterizing ultrasound images. Physics in medicine
and biology 55(17), pp. 5067—88.

Neumann, N., Yu, P., Ji, Y., Lee, S.G. and Luo, H. 2011. Application of Single
Crystalline PMN-PT and PIN-PMN-PT in High-Performance Pyroelectric Detector.
In: Applications of Ferroelectrics (ISAF/PFM), 2011 International Symposium on and
2011 International Symposium on Piezoresponse Force Microscopy and Nanoscale
Phenomena in Polar Materials. pp. 2-5.

185



Appendices

APPENDIX A

Needle-Based Ultrasound Imaging Device
SUPA Start KT Project and Feasibility Study
Final Report, Part 2
28 February 2011

Jonathan Marsh, Envision Design Limited
Christine Demore, University of Dundee
Robert Ssekitoleko, University of Strathclyde
and University of Dundee

Srikanta Sharma, University of Dundee

186



Appendices

I.  BACKGROUND

Ultrasound scanning is now an essential tool for medical imaging of soft tissues, central to
the diagnosis and monitoring of many conditions. Real-time, high resolution ultrasound,
which can achieve image resolution of 0.1 mm or less, is an active topic of research, with
significant potential benefits for accurate and timely characterisation of lymph nodes,
leading to in vivo pathology. For example, with gastrointestinal cancers, patient quality of life
and treatment efficiency would be improved if the clinician could determine during a
procedure whether the cancer has spread to the lymphatic system. With accurate diagnosis,
clinicians could confidently remove only the diseased tissues with a minimal surrounding
margin. However, ultrasound probes incorporated into needles and surgical tools are
required to obtain high resolution images at close proximity to tissues of interest. The
physical constraints of miniaturisation directly affect the acoustic field and it is essential to
determine and optimise the device configuration taking this into account. The aims of the
project are two-fold:

e Toinvestigate the feasibility of miniature ultrasound probes incorporated into biopsy
needles, in terms of:
o The acoustic fields they produce
o Manufacturability
e To explore the benefits of integrating industrial design with physics research

In this study, a needle suitable for incorporating an ultrasound device will be designed, taking
into account the electrical cabling required for operation, and, in the case of a single element
transducer or an annular array, mechanical scanning to create a 2-D image. The viability in
terms of acoustic fields, and manufacturability will be considered at all stages. The use of
new single-crystal materials will also be considered to enhance device performance.

Il. DEVICE CONFIGURATIONS

Four different types of transducers are investigated for use in needle-based ultrasound
probe: a single element transducer, an annular array and a side viewing linear array and a
forward viewing linear phased array. The trade-offs between system complexity,
fundamental electronic characteristics, image quality in relation to ultrasonic fields
generated by the physically constrained apertures, and functionality associated with these
devices have been evaluated using simulation techniques and prototype transducers.

The geometry and orientation of the image planes for each device configurations are shown
in Figure.1 Both the annular array and the single element transducer must be mechanically
scanned in order to form a 2D image. For needle or catheter based devices, a radial 2D scan
can be acquired either by rotating an outward-facing transducer or rotating a parabolic
mirror in front of a forward facing transducer.
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Side viewing 4

Forward viewing
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Figure 1. Diagrams of transducer configurations for (a) a side viewing linear array, (b) forward viewing
linear phased array and (c) axial cross section with single element transducers or annular arrays.

For linear arrays and linear phased arrays, the 2D image is created by electronically scanning
the ultrasound beam. A linear array or linear phased array placed along the length of a needle
will be side- viewing, with the image plane positioned by rotating the needle. A linear phased
array placed at the needle tip will produce a forward viewing image plane, enabling
visualisation of structures along the path of the needle. The angle of the image plane can be
oriented by rotation of the needle.

lll. NEEDLE SPECIFICATION

The transducers are to fit within the dimensions of a standard soft tissue biopsy needle,
which range in size from 22 gauge (0.9 mm diameter) to 14 gauge (2.11 mm diameter). For
the current feasibility study and transducer design, the 14 gauge needle will be used. In the
current study we have considered designs of needles for imaging only. Combining core tissue
biopsy with the high resolution imaging would require location of the biopsy channel in very
close proximity to the array to be able to image the location of the tissue biopsy. This would
reduce the space available for cabling. However, this can be revisited as the miniature
ultrasound imaging technology is further developed.

A basic needle design was determined from examination of commercially available needles.
The needle tip is tapered to produce a sharp point for insertion and to separate tissue as it is
pushed into the tissue. The tip taper angle for the needles provided by clinicians has been
measured to be approximately 26°. The transducer or array needs to be located as close to
the tip as reasonably possible so that the clinician knows position of the tip, and so the tip
does not penetrate further than needed into the tissue.

IV. TRANSDUCER STACK
A. Design for operating frequency

The transducer operating frequency has been set at 30 MHz, corresponding to an imaging
wavelength of 50 um. At this operating frequency, an ultrasound system is capable of
resolving very fine details of potentially diseased soft tissues and therefore likely suitable for
in vivo pathology. The maximum imaging depth at 30 MHz, due to attenuation of the
ultrasound pulse in tissue, is approximately 20 mm.
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Transducers designed with piezoelectric composites are used to evaluate feasibility of
devices, particularly the basic electrical properties of a given design. Piezoelectric composites
improve the overall performance of a transducer because of a reduction in acoustic
impedance and an increase in sensitivity compared to bulk piezoelectric materials. For pulse-
echo ultrasound imaging, piezoelectric/epoxy composites with 1-3 connectivity, with pillars
of the piezoelectric material embedded in a polymer, are used to take advantage of the
increased electromechanical coupling coefficient associated with tall, thin pillars of
piezoelectric material.

In order to obtain the best performance from the transducers, new single crystal
piezoelectric materials will be used. These new materials, such as Lead Magnesium Niobate
— Lead Titanate (PMN-PT), have, among other benefits, higher electromechanical coupling
efficiency when used in a composite than the standard piezoelectric ceramics commonly
used in commercial transducers, leading to improved sensitivity for the devices and improved
image quality.

The thicknesses of the transducer layers, shown in Figure 2 and detailed in Table |, are
determined by the required operating frequency and speed of sound in the materials. The
matching layer improves transmission of the ultrasound pulse to the tissue, while both the
matching and backing layers improve the bandwidth of the transmitted pulse, and
consequently the axial resolution. The transducer stack parameters are determined via
standard transducer design methods, using a %5 wavelength thickness piezoelectric layer and
% wavelength thickness matching layer. The electrical impedance of the designed transducer
stack, simulated with in-house design software, is shown in Figure 3. The shapes of the curves
are as expected for a well matched and backed transducer. The electrical impedance for a
given device will have the same shape and, but the impedance magnitude scales inversely
with the transducer element area.

) Matching layer
Casingand ground

connection . )
Piezoelectriclayer
Backing layer
Signal
connection

Figure 2. Diagram of transducer stack in a single element configuration
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Table I. Transducer Plate Parameters

Transducer operating frequency 30 MHz
50 % volume fraction 1-3 composite with
Piezoelectric layer material PMN-PT single crystal piezoelectric
material embedded in Epofix epoxy
Piezoelectric layer thickness 35 pm
Matching layer material Alumina loaded Epofix epoxy
Matching layer thickness 15 pm
Backing layer material Tungsten loaded Epofix epoxy
Backing layer thickness 1 mm
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Figure 3. Electrical impedance magnitude and phase for 1 mm x 1 mm piezoelectric
composite plate with matching and backing layer.

Figure 4. An example of a piezocomposite made by dice and fill method. The brown pillars
are surrounded by transparent epoxy

B. Manufacturability of Composite

Piezoelectric composites are used widely in transducers for imaging, where they are typically
fabricated by dicing cuts, called kerfs, into a plate of piezoelectric material, then filling the
kerfs with epoxy and lapping to the desired thickness. The top surface of a 1-3
piezocomposite made using this dice-and-fill method is shown in Figure 4.

As the transducer operating frequency increases, the thickness of the piezoelectric layer
decreases, and consequently the lateral dimensions of the pillars must decrease to maintain
the same pillar aspect ratio. For 30 MHz transducers, the pillars should be 20 um wide or less.
At these scales two possible manufacturing methods are suggested for fabricating the
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piezoelectric composite layer from piezoelectric single crystal: high precision dicing and deep
reactive ion etching (DRIE).

High precision dicing can be used to either create 1-3 composite materials, on which array
elements can be defined with photolithography, or to create long and narrow bars in the
single crystal substrate, defining the individual elements. Dicing has been used to
successfully make 1-3 composites with triangular pillars piezoelectric ceramic materials that
operate up to 40 MHz [1], and this should also be feasible with single crystal materials. Using
the smallest available dicing blades, 10 um, it will be feasible to dice pillars or bars with 25
pm pitch; the remaining piezoelectric material is narrow enough to prevent lateral modes
the pillars or bars coupling into the thickness mode vibrations.

DRIE can be used to pattern single crystal substrates to create bars or pillars for composites
[2]. Combining techniques discussed in [3] with DRIE techniques, randomised patterns that
disrupt any lateral modes so that the composite resonates only in its thickness will also be
feasible, and even higher operating frequencies can be achieved.

V. TRANSDUCER DESIGN EVALUATION

Design parameters for each of the four transducer configurations have been investigated to
determine the optimised geometry. The electrical characteristics, the acoustic field pattern
and scan geometry were evaluated for each variation in configuration. The electrical
impedance magnitudes for the elements, which determines how well the elements are
matched to electrical circuitry and consequently affects the sensitivity of the devices, has
been calculated with in-house one dimensional modelling software.

The acoustic field produced by the linear and phased arrays has been simulated with Field Il
[4], while the acoustic field produced by the focused single elements and the annular arrays
has been simulated with in-house numerical models [5]. For both types of simulation,
impulse response techniques are used to calculate the two-way (transmit and receive)
response over a region of interest for given device configuration. The two- way response
gives the shape of the ultrasound beam produced by the device; this can be measured
experimentally by placing a point reflector at the each point of interest and measuring the
amplitude of the pulse reflected back to the transducer from the point reflector. The beam
shape is used to determine the resolution through the depth of the image and the presence
of unwanted regions of constructive interference (e.g. side lobes or grating lobes) that can
produce artefacts in an image. For each of the arrays the beam is dynamically focused, i.e.
focused at each depth in the region of interest, indicating the expected response after
implementing beamforming techniques for imaging.

When using high frequency ultrasound transducers the imaging depth is limited by
attenuation in tissue. The sensitivity and dynamic range of the electronics that drives the
transducers and acquires the imaging signals affects the maximum imaging depth, as does
the sensitivity of the transducer. In the current study, the maximum imaging depth has been
taken to be 20 mm for evaluating the designs in anticipation that transducers using single
crystal materials, and advances in electronics will enable imaging to this depth, however a
more realistic current maximum limit may be 15 mm.

The following parameters relating to image quality are evaluated from the simulated two-
way ultrasound beam:
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e Best lateral resolution Minimum beam width within imaging depth of field

e Imaging depth of field Depth over which beam is focussed and secondary lobes
suppressed to at least -40 dB of peak amplitude

e Resolution integral A measure of image quality accounting for both resolution and

depth of field
e Dynamicrange ofimage Maximum level of secondary lobes in field within imaging depth

of field

e Scan line step Angular or linear step size between lines in image; scan line
sampling step should be % minimum resolution

e Scan format Geometry, image size, and number of image lines

The preferred device design minimises the lateral resolution and maximises the depth of field
and field of view, preferably while maintaining a dynamic range of 50-60 dB. A dynamic range
of 60 dB is what has been found to be useful for clinical imaging. The elements of an ideal
device would have 50 Ohm electrical impedance magnitude for optimal matching to standard
50 Ohm circuitry. In addition, the number of elements in the device should be minimised to
limit the complexity of the electronics in the system. A compromise must be made between
these design specifications.

One means of evaluating the compromise between image quality and the various design
parameters is to determine the resolution integral [6], a metric combining both the image
resolution and the depth of field.

The resolution integral is the area under a curve relating inverse of resolution and depth, so
that larger values for the resolution integral indicate better (i.e. narrower) resolution over a
larger depth of field.

A. Mechanically scanned single element transducer

Array aperture: 1.5 mm, geometrically focussed
Scan method: Rotated element or mirror
Scan geometry: Axial cross section

Figure 5. Drawing of single element transducer in needle.

A single element transducer incorporated into a needle is shown in Figure 5. A single element
transducer is the simplest of ultrasound transducer devices. However, there is a direct trade-
off between the resolution and the depth of field, as illustrated in Figure 6 and summarized
in Table Il. The resolution is dictated by the focal power of the transducer, the ratio of the
focal distance to the aperture diameter. An aperture of 1.5 mm is chosen so that the
transducer can fit within the interior of the needle, with room for cabling and for
motorization
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Figure 6. Simulated two-way radiation patterns for 1.5 mm diameter single element transducers
focused at (a) 4 mm, (b) 6 mm (c) 8 mm and (d) 10 mm, normalised to the peak amplitude for each
case.

As expected, with the constant element aperture, increasing the geometric focal distance
increases both the resolution and the depth of field. Although the resolution integral is larger
for the elements focused at 8 and 10 mm, one cannot image objects closer than 3.5 mm or 4
mm with either of these transducers. Therefore, if a single element transducer is used, a 6
mm focus, with a minimum imaging distance of 3 mm, is recommended. The diameter of the
transducer determines the electrical impedance; the 20 Q impedance is suitable for driving
with standard systems, but could benefit from electrical impedance matching on the element
to improve transferred power.

Although fabrication of a single element transducer is relatively straight forward, they cannot
be used for Doppler imaging of flow in vessels because of the mechanical scanning. Doppler
imaging, or colour flow imaging, is potentially highly useful for imaging the vasculature of
small tumours, thereby providing more information about the stage and morphology of a
tumour.

Table Il.  Summary of Single Element Transducer Image Parameters
Geometric Electrical Minimum Depth of Resolution Dynamic No. Scan
focus (mm) Impedance (Ohms) | Resolution (um) | field (mm) Integral Range (dB) Lines
4 20 120 55 28 40 314
6 20 160 9 35 40 314
8 20 180 14.5 42 45 349
10 20 210 16 43 50 300

B. Mechanically scanned annular array

Array aperture: 1.5 mm, planar

Focus: dynamically focussed on both transmit and receive
Scan method: Rotated element or mirror

Scan geometry: Radial cross section
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Figure 7. Drawing of a side-viewing annular array positioned in a needle

An annular array overcomes the trade-off between depth of field and resolution found with
single element transducer, and with a small number channels for beamforming. The beam
patterns, shown in Figure 8 and summarised in Table Ill, illustrate the effect of adding
elements to an annular array. For the three arrays, the minimum imaging point was taken to
be 3 mm, where the f-number, the ratio of the focal distance to aperture is 2. In order to
image closer, a minimum f-number of 2 would be used, and the outer elements would not
be used.

Table Ill.  Summary of Annular Array Imaging Parameters
Number of Electrical Minimum Depth of Resolution Dynamic No. Scan
elements | impedance (Ohms) | Resolution (um) | field (mm) Integral Range (dB) Lines
5 103 110 18.5 55 60 343
7 144 110 18.5 55 60 343
9 200 110 18.5 55 60 343

Annular arrays lead to a significant improvement in resolution over a wide field of view
compared to focused single element transducers, even with as few as 5 elements. Increasing
the number of elements in the array does not significantly change the resolution that can be
achieved, but does reduce the amplitude of secondary lobes close to the array. The beam
from the 9-element array has a higher peak amplitude close to the array, owing to improved
focusing at short distances, and therefore has a larger dynamic range over the full beam plot.
Since there is no significant improvement in the resolution over the depth of the image, a 5-
element annular array will minimise system complexity by limiting channels. A 5-element
annular array also maintains an electrical impedance close to the desired 50 Q.

As with single element transducers, annular arrays also cannot be used for imaging flow
because of the mechanical scanning.
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Figure 8. Two-way radiation patterns for annular arrays with (a) 5 elements, (b) 7 elements and (c) 9

elements, normalised to the peak amplitude for each case.

C. Side-viewing linear array

Element pitch: 0.05 mm

Element width: 0.04 mm

Elevation aperture: 1.5 mm

Focus: dynamically focussed on both transmit and receive

Scan Geometry: rectangular

Linear array

Figure 9. Drawing of side-viewing linear array.

The primary advantage of linear arrays and linear phased arrays over single element and
annular arrays is the absence of mechanical scanning. Scanning is carried out electronically
by exciting a group of elements at a time. The beam produced by the active subset of
elements is switched along the length of the array to build up a 2D scan. The electrical
scanning means that imaging flow is feasible with a linear array and linear phased array,

providing more functionality compared to the mechanically scanned transducers.
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Linear arrays are designed with approximately wavelength element pitch to prevent grating
lobes. The image quality, particularly the resolution, for a linear array largely depends on the
number of elements in the active subset — the active aperture, as shown in Figure 10. The
image size is determined by the total length of the array. Therefore, increasing the number
of elements in the active aperture and the total aperture improves the image quality and
increases the image size. The effect of increasing the active and total aperture are
summarised in Table IV.
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Figure 10. Two-way beam plots for linear arrays simulated using Field Il, with (a) 8 elements, (b) 16
elements (c) 32 elements in the active aperture. Amplitudes are normalised the peak value.
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Table IV. Linear Array Imaging Parameters

Number of | Number of Electrical Minimum Depth Resolution Dynamic No. Image
elements Active Impedance Resolution of field Integral Range Scan size
elements (Ohms) (pm) (mm) (dB) Lines (mm)
32 8 350 72 5.2 17 45 25 1.25
64 8 350 72 5.2 17 45 57 285
64 16 350 56 14.4 37 45 49 245
128 16 350 56 14.4 a7 45 113 5.65
128 32 350 50 16.8 62 55 97 4.85
256 32 350 50 16.8 62 55 225 11.85

As expected, there is an inverse relationship between resolution and the number of elements
in the active aperture. In addition, there is an approximately linear increase in the resolution
integral, indicating the significant improvement in the depth of field with more elements. The
beam plots show that an array with 32 elements in the active aperture gives the most
collimated beam over the largest depth, and therefore the best imaging.

The depth of field listed in Table IV reflects the minimum and maximum imaging depths. The
minimum depth increases with number of active elements, and is limited by the appearance
of secondary lobes in the beam plot. As for the annular array, for imaging close to the array,
a smaller active aperture is used, with a minimum f-number of 2, so that the secondary lobes
will be suppressed.

Increasing the total number of elements in the array increases the image window. A 128
element array will provide a 5 mm wide image, which may not be large enough for some
clinical applications. Therefore, a 256 element array, with almost a 12 mm field of view, is
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preferable to provide the maximum field of view for the clinician. Commercial linear arrays
operating at conventional imaging frequencies can have as many as 512 elements, this would
become prohibitively long on a needle.

For a linear array, the 350 Q electrical impedance magnitude for an individual element in the
array means that it may be necessary to use an impedance matching circuit to match the 50
Q driving electronics. This would add to the difficulty in fabrication where capacitor and
inductors are introduced to the system for each element. However, it may be possible to
reduce the impedance by increasing the element dimensions without significantly degrading
the image quality; this can be investigated in optimisation of the device.

D. Forward viewing linear phased array

Design specifications:

Element pitch: 0.025 mm

Element width: 0.015 mm

Elevation aperture: 0.8 mm

Focus: dynamically focussed on both transmit and receive
Scan geometry: sector scan.

Forward viewing
phased array

Figure 11. Drawing of forward viewing linear phased array placed in the tip of a needle.

The fundamental difference in imaging with a phased array as opposed to a linear array is
that all the elements in the array are excited with electronically triggered time delays for
focusing and steering, and all elements are driven for each image line. This means that fewer
elements need to be connected to driving circuitry than a linear array, but the driving and
beamforming system is more complex.

A linear phased array is designed with % wavelength element pitch to avoid grating lobes and
enable steering as well as focusing of the beam. A 2D sector scan is built up by scanning the
beam over a 90 degree field of view. The effect of increasing the number of elements on the
beam shape is shown in Figure 12, and summarised in Table V.

Increasing the numbers of elements improves both the resolution and the depth of field. The
minimum resolution was again taken at f-number = 2 for each aperture; fewer elements
would be used for imaging closer, maintaining constant f-number. Any grating lobes have
been suppressed. In order to optimise the image quality for a linear phased array, 64
elements are recommended; this gives the same aperture as the recommended linear array
active aperture.
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Figure 12. Two-way beam plots of a 30 MHz linear phased array simulated using FIELD Il with (a) 32
elements, (b) 48 elements (c) 64 elements in the aperture. Amplitudes normalized to the peak value
in each field.

Table V. Summary of Linear Phased Array Imaging Parameters

Number of Electrical Minimum Depth of Resolution Dynamic No. Image
elements Impedance Resolution field (mm) Integral Range (dB) Scan size
(Ohms) (um) Lines (Degrees)
32 1050 130 10.4 33 55 50 90
48 1050 130 13.6 46 60 70 90
64 1050 130 16.8 63 75 110 90

The electrical impedance of the linear phased array elements is approximately 1000 Q,
significantly higher than the standard system impedance of 50 Q. In order for these elements
to be used efficiently for pulse-echo imaging, a matching circuit will be required, preferably
as close to the array elements as possible.

A forward viewing linear phased array should be positioned at the front edge of the needle
and oriented, as illustrated in Figure 13. The needle bevel is open and therefore must be filled
after assembly of the array with the needle with an acoustically transparent material. The
array is oriented such that the scan plane bisects the slope of needle bevel. For a needle with
a 30 degree tip angle, the sector scan angle will be reduced to 60 degrees to avoid the edges
of the bevelled needle tip. While this reduces the field of view, it is still large enough to
provide clinically relevant images.

Array position

Needle

/ Image Plane

Figure 13. Top view of forward facing linear phased array in needle, showing sector image plane
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VI. CABLING AND MANUFACTURABILITY
A. Cabling for mechanically scanned single element transducer

The smallest commercially available micro coaxial cable has an outer diameter of 0.25 mm
(PicoCoax®, Axon Cable, Dunfermline, UK). This means the cable would fit easily into the
needle, and with only one element to contact, bonding to the active substrate will be straight
forward with standard fabrication techniques, such as wirebonding, or soldering.

Mechanical scanning with single element transducers is widely established and currently it
has a valuable application in intravascular imaging. In many forms the transducer part is
attached to a motor whereas in other applications the transducer is fixed and a rotating
mirror is used to reflect and receive the ultrasound energy. The real-time image quality of
these transducers will depend on the frame rate, which would be determined by the
rotational speed of the motor.

In the first option, the transducer would face outwards, as shown in Figure 5, and a micro-
motor attached to the transducer, possibly using the electrical cable as the drive shaft. Micro-
motors including electromagnetic and ultrasonic types are currently available with diameters
as small as 1 mm, making them suitable for the ultrasound imaging needle. In the second
option, the transducer would be fixed and face forwards. A parabolic acoustic mirror
attached to a micromotor would be positioned in front of the transducer to reflect the
ultrasound beam radially outwards from the centre of the needle.

B. Cabling for mechanically scanned single element transducer

With the small micro-coaxial cables available, it is possible to fit over 100 cables into a 2.11
mm diameter tube, plenty for an annular array. The increase in fabrication complexity
compared to a single element transducer comes from connecting to each of the elements.
However, various solutions including wirebonding to an interposer, or connection via radial
electrode tracks on the surface of the array have been developed by other research groups
[7, 8].

Similar to single element transducers, annular arrays need mechanical scanning for 2D
imaging. A motorized parabolic mirror is needed to scan the beam while a forward-facing
array remains fixed to allow direct connection to the array elements. The mechanical
scanning of the beam from the annular array will not add significant fabrication complexity
compared to a single element transducer, and the needle core will still have enough room
for the cables, micromotor and parabolic mirror.

C. Acoustic window for single element transducer or annular array

The ultrasound beams from the single element and annular array devices must be rotated
about the needle axis to create a 2D image. Therefore, an acoustically transparent window
is required about the full circumference of the device. The acoustic window could be a
material such as polyurethane, which can be cast to the shape required. There will be a trade-
off between the attenuation of the signal through the acoustic window and the acoustic
matching to water or tissue, so as thin a layer as possible would be required. This is
particularly important because attenuation increases with frequency.

The acoustic window, being made of a polymer rather than metal, will reduce the strength
of the needle, possibly making it challenging to maintain the desired path when inserting a
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needle into tissue. Stronger materials that transmit ultrasound with minimal attenuation will
distort the ultrasound beam, thereby degrading the image capability.

The acoustic window area must also be fluid filled since either the transducer or a mirror
must rotate while maintaining acoustic coupling. This makes for complex assembly between
the transducer section and the metal tip and shaft sections. Mechanically scanned devices
such as this work well in catheters for intravascular imaging where whole casing of the device
can be a polymer, but are unlikely to be suitable for needle-based devices needing strength
along the axis and a sharp tip.

D. Cabling for linear array and linear phased array

Although over 100 micro-coaxial cables could fit within the needle core, even for a 64-
element linear array or linear phased array, a flexible printed circuit is preferable as a cabling
solution. It will not be possible with the element dimensions required for the 30 MHz arrays
to connect micro-coaxial cables to each individual element. A flex-circuit is a thin printed
circuit that can be bent or shaped to fit in small areas, or where flexibility in the device is
required; they are currently used for connecting to elements conventional ultrasound
imaging arrays.

In this case, a flex-circuit with electrode tracks for each element channel can be wound in a
spiral on the inside of the needle. An example of this is shown in Figure 14, with a flex circuit
shaped into a helix tight enough to fit in the core of a 2 mm needle. The helical design allows
for flex-circuit wider than the needle core width to be used. In the example shown in Figure
14, the 4.5 mm wide flex-circuit has 64 electrode tracks with 70 um pitch; this is a
commercially available flex-circuit from WL Gore and Associates (UK) Ltd. With a larger helical
pitch, more elements with the same electrode pitch can be used and still fit within the needle
core. However, the development of a flex-circuit with smaller pitch electrode tracks is being
investigated by collaborators in another project. The design of the new flex circuit cable will
enable up to 128 tracks to be wound in into a helix and still fit in the needle core.

Figure 14. An example of a helical circuit next to a 2 mm diameter tungsten tube.

A flex-circuit can be attached to the array elements with a conductive polymer adhesive. The
elements can then be separated by dicing, or by using an anisotropic conductive film (ACF).
This approach has been shown to be promising for connection to miniature arrays [9], and
the feasibility is being further investigated in a separate project on microfabrication
techniques involving the University of Dundee and Heriot-Watt University.

For the linear phased array, because of the much narrower pitch (25 um at 30 MHz), the
method of making connections at the array elements will need to be further tested. A fan-
out from the connections at the elements to the 70 um pitch flex-circuit tracks could be used.
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A second method would have alternate elements connected on opposing sides of the array,
which would have the same 50 um pitch as the linear array.

E. Manufacturability of linear array

At operating frequencies above 30 MHz, the most viable fabrication method for defining
arrays is with photolithography. Array electrodes can be patterned directly on a piezoelectric
composite substrate, and an anisotropic conductive film used to make connections cabling.
At 30 MHz or below, precision dicing to define elements and separate between electrode
tracks on a flex-circuit is still feasible.

To incorporate a linear array in the metal casing of a needle, a slot can be cut near the tip of
the needle, as illustrated in Figure 15. A linear array can be fabricated with the cabling
connected and wound into a helix. The cabling can be passed into the slot and fed through
the core of the needle until the array sits in the slot. With the cabling integrated with all the
layers of the array, with the connections encased in the backing epoxy, the array will be
robust enough for this manufacturing step.

The slot in the needle will be at deepest half the needle thickness, to maintain the strength
of the tube for penetration into tissue. With the linear array design, the rigidity of the needle
will also be reinforced by the solid backing epoxy layer.

The primary challenge in the fabrication of a side-viewing linear array, other than making
reliable connection to the array elements as mentioned above, is in minimizing attenuation
through the acoustic window. An acoustically transparent layer is needed to fill the space at
the top of the array to make the outer surface of the needle cylindrical. However, as
previously noted, materials acoustically matched to water or tissue at the desired operating
frequencies are typically attenuating, while less attenuating materials can distort the beam.
One solution is to test the feasibility of a flattened needle surface for penetrating into the
tissue while maintaining acoustic contact with the tissue. For the initial prototype testing, an
acoustic window of cast urethane is recommended; any refraction due to acoustic mis-match
will be symmetrical on the array elements and can be accounted for. To minimize
attenuation, the surface of the array should be positioned as close to the outer edge of the
needle as possible.
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(a)

|_Acoustic window

| Matching layer

| Piezoelectric
composite

t-Flex-circuit cable

L_Backing layer

Figure 15. Drawing of (a) linear array integrated into needle and (b) exploded view of array layers
and components

F. Forward viewing linear phased array

Because a phased array operating at the same frequency as a linear array has a significantly
smaller total aperture, it can fit in a much more confined space. Therefore a linear phased
array could fit within the core of a needle to face forwards. Fabrication challenges arise again
from connection to cabling and the form of the acoustic window. Using photolithography to
define the array elements, and the ACF mentioned above to connect the flex-circuit cable,
manufacture of the array is expected to be feasible following further optimization of the
microfabrication processes. As with the linear array, the helically wound flex-circuit cable
can be fed through an opening in the beveled front of the needle.

However, with the array will facing forwards, a solid material must be cast to fill the bevel so
that the needle can penetrate into tissue. Without a solid acoustic window, there would be
unnecessary tissue damage due to cutting a core of tissue with the bevel tip, and forcing the
needle into the tissue would be difficult. With the bevel filled with a solid acoustically
transparent material, the needle surface will behave as usual. However, as has been noted
previously, materials acoustically matched to water are attenuating at the frequencies
required for high resolution imaging. Less attenuating materials will be not be as well
matched to the tissue, causing the acoustic beam to be refracted at the angled surface of the
acoustic window, and therefore the image plane will be no longer be directly in front of the
needle.
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VIl. EARLY PROTOTYPE TRANSDUCER

A prototype single element transducer in a needle has been built to investigate some of the
design and fabrication issues that have been highlighted in this study. A planar single element
transducer was placed in a slot cut in a 2 mm diameter hollow tungsten tube as substitute
for a needle. The resonance frequency of this element was 15 MHz for initial testing. A single
micro-coaxial cable, which was used for electrical connection to the element, was connected
to the transducer element. The cable was fed through the slot into the tube then attached
to a connector. In the case of an array, a flex-circuit would be more suitable to fit into to
confined space in the tube. Later prototypes will have a cap of acoustically transparent
material cast on top of the transducer to seal the needle and make a smooth surface. This
demonstrates one potential method for assembly of an ultrasound transducer within a
needle.

Figure 15: The assembled single element transducer

VIIl. SUMMARY AND RECOMMENDATIONS
A. Design recommendations

The feasibility of incorporating ultrasound transducers into a biopsy needle for high
resolution imaging towards in vivo pathology has been investigated. Four transducer
configurations have been investigated: mechanically scanned single element transducers and
annular arrays, side-viewing linear arrays and forward viewing linear phased arrays.

The mechanically scanned single element transducers and annular arrays produce axial cross-
section scans usually used in intravascular imaging. While these transducers provide good
image quality with minimal system complexity, two limitations prevent them from being
recommended for needle-based imaging applications. First, it is expected that Doppler
imaging of blood flow will be highly beneficial for diagnostic imaging small tumours. The
mechanically scanned arrays cannot provide this information due to the motion of the
transducer or parabolic mirror used to scan the beam. Secondly the circumferential acoustic
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window in the needle will reduce the rigidity of the needle, or significantly distort or
attenuate the ultrasound signal.

With the current materials available, the single element transducers and annular arrays are
not recommended for needle based high resolution imaging. However, for applications
where an axial cross section image plane is useful, a polymer housing is feasible, and device
rigidity is not required, an annular array with a parabolic mirror is recommended.

Linear phased arrays operating at conventional medical imaging frequencies are used in
situations where a wide field of view is required, but a limited space is available for
positioning the array, such as in cardiac imaging. A forward viewing linear phased array
placed at the tip of a needle also conforms to this situation. Using microfabrication
technology currently in development for miniature ultrasound arrays, it is expected to be
feasible to build a forward-viewing linear phased array.

However, the image quality will be severely affected by the material used to fill the needle
taper. At lower operating frequencies there are materials that are truly acoustically
transparent, in that they are acoustically match to water or tissue, and have minimal
attenuation, new materials would be required to obtain the same performance at 30 MHz or
above. Only if and when acoustically transparent materials are developed for high frequency
applications will forward facing linear phased arrays integrated into needles be feasible. For
other applications not requiring a tapered needle tip, the forward viewing linear phased array
with 64 elements should be pursued, but challenges associated with electrical impedance
matching must be taken into account.

While a side viewing linear phased array could be developed, the moderate improvement in
image quality does not justify the increased system complexity and the challenges in
fabrication and electrical impedance matching due to the smaller element dimensions. In
addition, linear phased arrays have very narrow field of view close to the transducer, while
linear arrays have the same field of view through the depth of the image. The wide field of
view close to the transducer will benefit the clinician wanting to image as large region of
tissue as possible.

Side-viewing linear arrays are therefore the recommended configuration for needle-based
imaging. Various microfabrication methods for connecting cabling to the array elements are
being investigated in other projects, with promising preliminary results. Cabling solutions
using flex-circuits wrapped into helixes that can fit within the core of a needle will enable up
to 128 elements to be connected will be used. The preferred linear array configuration is 256
elements in the total aperture with 32 elements in the active aperture. It is not expected
that the helical flex cable can be designed to have that many channels and still fit within the
needle core, so electronics will need to be integrated at the tip of the needle to switch
between the elements. Therefore, the current recommended specification is a 128 element
linear array with 32 active elements to demonstrate the capability of needle-based high
resolution imaging, increasing to 256 with advances in available switching electronics.

As electronic components become smaller, it will be feasible to place more and more
electronics at the site of the array, including pulsing and receiving chips. This will reduce the
space required for cabling, enabling integration of a side-viewing linear array in a needle with
a biopsy channel.
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B. Impact of industrial design on device development

Incorporating manufacturability considerations concurrent with physics research into device
design through involvement of industrial design at the earliest stages of device development
has reduced the time required to determine a recommended design for a specific application.
Explicit discussion of the manufacturability of components, such as the needle tip design and
cabling, has lead quickly to decisions regarding the feasibility of the configurations for the
current application.

For example, discussions of expected manufacturability and strength of the needle structure
lead to the mechanically scanned transducers being discounted early as not suitable for the
integration in a needle. The annular arrays would have otherwise been further developed as
potentially feasible devices because of the high image quality with minimal system
complexity. Similarly, evaluation of the needle design incorporating a forward viewing array
lead to this configuration being discounted for this application.

C. Continuing development

The development of a side-facing linear array will continue to be developed. In the short
term, a PhD student and an MSc student will evaluate early prototypes of side-viewing
devices based on single element transducers and simple arrays operating at lower
frequencies. Further funding for fabrication of a prototype high frequency device will be
sought on the basis of this study. The incorporation of electronic components will also be
investigated with further funding. Industrial design will continue to be incorporated into the
design and development process for this device to continue evaluation of feasibility and
manufacturability. For other transducers for ultrasonic applications investigated by this
research group, funding for incorporating industrial design early in the research and design
process will be sought to improve the efficiency of developing new technologies based on
physics research.
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The different fabrication processes that were thought of during this study are detailed

below. These are summarised in Table B.1 which is the same as Table 5.1.

Table B. 1: Summary of the different fabrication processes considered

Silicon micro-vias
PD01/RTS/010610

Conductive
Matching
PD02/RTS/031210

Conductive backing
PD03/RTS/010211

Flexi-circuit
matching
PD04/RTS/080711

Wafer scale
PD05/RTS/010811

Process name and Key points
number

Micro-vias through the backing layer used for electrical interconnects
Easy for wafer-scale fabrication since the flexi-circuit is attached at
the end of the process
Multiple micro-vias present a big challenge in the confined space
Matching layer is used as a common ground
Ground is at the front face of the transducer, providing electrical
shielding, which improves safety
Ultrasound energy attenuation is increased through the conductive
matching due to the heavy metal particles
Backing layer is used as a common ground
The active surface is at the front face of the transducer
Needs extra ground on the front of the transducer for shielding and
safety
Difficult to optimise the backing due to the metal particles in the epoxy
for conductivity
Matching layer is replaced by a flexi circuit with the array electrode
pattern
Number of material layers is reduced
Good design is needed to minimise attenuation at the front face of the
transducer
Alignment and electrical connection between electrodes on
piezoelectric substrate and flex circuit can be challenging
Multiple devices are defined on a single large plate of composite
Strips of epoxy are cast between regions of active composite and
make space for the interconnects
Connections are away from the path of the ultrasound wave

Uses the conventional materials for all the layers
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(a) Dice to make 1-3 composite

(b)  Fill with epoxy

— 1

(d) Apply ground electrode,
conductive and matching layer

‘ ] |
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Front view

The bulk piezoelectric material is attached to film tape and
diced with a high precision dicing saw. The feed rate,
spindle speed are optimised. Pillar aspect ratio of less than
10 is cut to reduced breakage

Diced pillars are filled with low shrinkage epoxy to make 1-3
piezocomposite while still on the same tape used for dicing.
This ensures that the micro-pillars are not broken during
moving. The filled composite is cured overnight and post
cured at 50°C for 3hrs to improve structural strength.

Excess epoxy on top of the pillars is lapped of to expose
pillars and then polished

A conductive matching layer is cast to about 500 um thick.
This is cured at room temperature and then post cures at
50°C. It is then lapped and polished to the desired thickness.

(e) Lap the opposite side and apply active

electrode

(g) Separate stacks

(h) Dice to separate elements

PD02/RTS/031210

The opposite side is lapped, polished and an active electrode
is applied.

The backing layer is cast using pre-defined moulds to the
size of the total array area

The stacks, with, matching, active flexi-circuit and backing,
are separated through dicing

Separate elements in the array are diced and conductive
epoxy is used to join the ground and connected with one
electrical connections

Conductive Matching

Figure B. 1: Fabrication process plan incorporating a conductive matching layer
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(c) Lap to expose pillars
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Front view

The bulk piezoelectric material is attached to film tape and
diced with a high precision dicing saw. The feed rate,
spindle speed are optimised. Pillar aspect ratio of less than
10 is cut to reduced breakage

Diced pillars are filled with low shrinkage epoxy to make 1-
3 piezocomposite while still on the same tape used for
dicing. This ensures that the micro-pillars are not broken
during moving. The filled composite is cured overnight and
post cured at 50°C for 3hrs to improve structural strength.

— 1

(d) Apply ground electrode

(e) Cutand putinto a mould

Excess epoxy on top of the pillars is lapped of to expose
pillars and then polished

A ground electrode is applied through e-beam evaporation

000
Wmmrj

001
(f) Cast backing layer in a mould

The composite is cut into the size of the array and put into
a mould of machineable ceramic. The unlapped side faces
the outside of the mould.

B

(g) Lap the bottom and apply
active electrode

mE

(h) Apply conductive strips

nma
i

The backing layer is cast using pre-defined moulds to the
size of the total array area

The active side is lapped and an electrode applied.

LRI
L

RIS

Conductive strips are applied on the side of the active layer
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(h) Cast matching layer

A matching layer is cast to about 500 pm and cured at
room temperature for 5 hours before post curing at 50°C. It
is then lapped to the desired thickness

= =

= =
==

-

(h) Attach flexi circuit

Flexi-circuits are attached to the conductive strips on the
side of the matching

==
]

Separate elements in the array are diced and conductive
epoxy is used to join the ground and connected with one
electrical connections

— .

PDO03/RTS/010211 Conductive backing

Figure B. 2: Fabrication process plan incorporating a conductive layer
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(a) Dice to make 1-3 composite
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(g) Bond composite to silicon
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The bulk piezoelectric material is attached to film tape and
diced with a high precision dicing saw. The feed rate,
spindle speed are optimised. Pillar aspect ratio of less than
10 is cut to reduced breakage

Diced pillars are filled with low shrinkage epoxy to make 1-
3 piezocomposite while still on the same tape used for
dicing. This ensures that the micro-pillars are not broken
during moving. The filled composite is cured overnight and
post cured at 50°C for 3hrs to improve structural strength.

Excess epoxy on top of the pillars is lapped of to expose
pillars and then polished

Silicon wafer is patterned with conductive tracks to make
small fan-outs able to fit in the dimensions of a needle. The
pads are 200um squares. The middle area is where the
composite will fit.

Composite is patterned with conductive tracks to allow to
the arrays. This will be bonded to the silicone with matching
tracks. The pads are on the excess epoxy on the side of the
composite

A middle hole is careful made through either sandblasting
or laser drilling. Micro-vias are also made through the pads
by the sides of the middle hole

The composite is carefully bonded to silicon so that the
pads on the composite match the micro-vias on the silicon
having filled them with conductive filling
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(h) Fill with backing

The silicon middle hole is filled with backing and then
lapped.

(i) Lap front end

The front end is lapped to leave a thickness corresponding
to the desired frequency

===
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(J)Add conductive strip A conductive strip is printed on the edge of the front layer.
This strip can be up to 300um wide.
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(k) Cast matching

A matching layer is cast and lapped to leave a thickness for

_I the desired frequency. The conductive strip is also exposed

(1) Attach flexi-circuit

A pre-patterned flex-circuit is attached to the front for the
ground connection.

PD01/RTS/010610 ere . .
Silicon micro-vias

Figure B. 3: Fabrication process plan incorporating silicon micro-vias
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|

Figure B. 4: Example of flexi-circuit bond pads to be bonded at the back end of the
silicon holding the transducer stack
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Side view Front view

(a) Dice to make 1-3 composite

(b)  Fill with epoxy

(c) Lap to expose pillars

— 1

(d) Apply ground electrode,
conductive strips and matching

(e) Apply active electrode and flexi-cir

(f) Cast backing layer in a mould

s

(g) Separate stacks

1]

(h) Dice to separate elements

el

L__|

PDO05/RTS/010811

Appendices

The bulk piezoelectric material is attached to film tape and
diced with a high precision dicing saw. The feed rate,
spindle speed are optimised. Pillar aspect ratio of less than
10 is cut to reduced breakage

Diced pillars are filled with low shrinkage epoxy to make 1-
3 piezocomposite while still on the same tape used for
dicing. This ensures that the micro-pillars are not broken
during moving. The filled composite is cured overnight and
post cured at 50°C for 3hrs to improve structural strength.

Excess epoxy on top of the pillars is lapped of to expose
pillars and then polished

Strips of about 200 um are diced at intervals of 800 um to
determine the length of each element in the array. These are
filled with epoxy before curing and lapping. Ground
electrode is applied, ideally through evaporation or
sputtering. On top of the strips, conductive strips are printed
using a pre-defined mask. A matching layer is cast and
lapped to thickness exposing the conductive strips

cuit

A patterned flexi-circuit is attached with room temperature
curing epoxy and cured at 50°C for 1hr.

The backing layer is cast using pre-defined moulds to the
size of the total array area

The stacks, with, matching, active flexi-circuit and
backing, are separated through dicing

Separate elements in the array are diced and conductive
epoxy is used to join the ground and connected with one
electrical connections

Wafer scale

Figure B. 5: Fabrication process plan incorporating wafer scale
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Side view Front view

(a) Dice to make 1-3 composite

(b)  Fill with epoxy

(c) Lap to expose pillars

(d) Cast a conductive backing layer

— — .

Appendices

The bulk piezoelectric material is attached to film tape and diced
with a high precision dicing saw. The feed rate, spindle speed are
optimised. Pillar aspect ratio of less than 10 is cut to reduced
breakage

Diced pillars are filled with low shrinkage epoxy to make 1-3
piezocomposite while still on the same tape used for dicing. This
ensures that the micro-pillars are not broken during moving. The
filled composite is cured overnight and post cured at 50°C for 3hrs
to improve structural strength.

Excess epoxy on top of the pillars is lapped of to expose pillars
and then polished

A conductive backing layer is cast on top of an electrode at the
active layer.

(e) Lap active layer to desired frequency

- .

(f) Apply top electrode

-

(h) Attach flexi-circuit and dice to
separate elements

PD04/RTS/080711

The active layer is lapped to correspond to the desired
thickness

An electrode is applied to the front end of the active layer

A patterned flexi-circuit is attached and elements are diced.
The flexi-circuit is used as a matching layer

Flexi-circuit matching

Figure B. 6: Fabrication process plan incorporating flexi-circuit matching
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