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Abstract

One of the challenges in the fabrication of array transducers suitable for high-frequency ul-

trasonic imaging is providing electrical connections between the array elements and external

systems such as pulser and beamforming circuits. Element connectivity is di�cult due to the

�ne element pitch, as well as strict limitations on the physical size of the probe required for

some high-frequency imaging applications such as intravascular ultrasound (IVUS) imaging.

Previously, channel reduction has been demonstrated through single-element or partially-

sampled array transducers that are mechanically translated during image acquisition. These

systems o�er ease of fabrication and connectivity due to their low channel count, however,

the reliance on mechanical scanning is undesirable.

This thesis presents the proof-of-concept of a new type of high-frequency array transducer

that maintains the low system complexity associated with a reduced channel count, while

at the same time o�ers the ability to electronically scan an active array pattern. A unique

feature of this design is the presence of a custom scanning application-speci�c integrated

circuit (ASIC), which is fully integrated into transducer stack. The ASIC reduces the number

cables required by multiplexing a collection of array elements into a small number of channels.

To allow for simpli�ed methods of fabrication, two novel substrate bonding techniques are

demonstrated that allow full integration of the scanning ASIC into the acoustic stack while

not relying on the precise alignment of the two substrates. The integration schemes were

demonstrated using a 68 element linear array that includes a custom scanning ASIC in

the acoustic stack. The concept is extended to show the feasibility of an electronically-
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scanned, 50 MHz annular array, which would be suitable for catheter based IVUS imaging

for the management of vascular disease. Feasibility has been shown through simulation

and experiment, demonstrating that satisfactory transducer performance can be achieved

when incorporating a combination of unique materials and structures into the integrated

transducer.
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Chapter 1

Introduction

1.1 Medical Ultrasonic Imaging

The application of acoustic pulse-echo techniques for medical diagnostic purposes dates back

to the late 1940s and early 1950s. Researchers from Japan, the United States, and Sweden

adapted acoustic equipment developed for material �aw detection during World War II to

characterize cancerous tissues in the human body, and were able to create images of the

heart [1, 2]. By the early 1970's ultrasonic (US) imaging had become a widely accepted

diagnostic tool in the medical setting. Since its early days, medical US has bene�ted greatly

from the technological developments of the 20th and 21st centuries, allowing it to expand

into a wide range of clinical applications. Recent advancements such as the miniaturization

of electronics and the development of modern signal processing techniques have not only

allowed ultrasound to be used more broadly as a diagnostic tool, but have also paved the

way for acoustic imaging to be used in conjunction with other medical interventions such

as ultrasound-guided biopsy and needle placement. Today, ultrasonic imaging is the second

most widely used imaging modality world-wide, second only to x-ray [2].

One of the major achievements for the �eld of US imaging was the introduction of the

array transducer in the 1980s. Instead of using a single ultrasonic element focused at a �xed

2



1.2. HIGH-FREQUENCY ULTRASOUND

distance, array transducers consist of a collection of ultrasonic elements. The elements in

an array can be arranged in a line (linear array), in a two-dimensional grid (2-D array),

or in annular rings (annular array). Most scanners employ linear transducer arrays, which

typically have 64 to 384 array elements. By appropriately delaying the signals received from

the elements in a linear array, the ultrasound beam can be electronically steered and focused

throughout the tissue electronically.

1.2 High-frequency Ultrasound

Until recently, the majority of diagnostic US imaging systems used in the clinical setting

operated in the frequency range of 3 to 5 MHz, and could achieve resolutions of approximately

0.5 to 1 mm. While these resolutions are suitable for such applications as obstetrics and

cardiac imaging, there are many applications that require �ner resolutions to image smaller

structures. In the early 1990's new materials led to the development of transducers suitable

for high-frequency (>20 MHz) imaging. These transducers can provide images of sub-surface

structures with microscopic resolution [3]. Early high-frequency imaging employed single-

element transducers that were geometrically shaped to focus the ultrasound energy and

were mechanically translated to steer the beam through the imaging plane. Although this

approach simpli�ed the fabrication of the transducer and the system electronics, the �xed

geometry of the transducer introduced a trade-o� between the image resolution and depth

over which the image could be focused. Conventional ultrasound scanners avoid this problem

by employing a transducer array, which electronically focus the beam to multiple points in

the imaging region.

Since the introduction of high-frequency US transducers, high-frequency imaging contin-

ues to play an important role in the advancement of the �eld of medical ultrasonic imaging.

For example, in [1, 3, 4] the authors identify several prominent areas of high-frequency US

research that are currently driving advancement in the �eld. These areas include catheter-

3



1.3. INTEGRATED TRANSDUCERS

based IVUS imaging for the management of cardiovascular disease [5], imaging of the skin

[6] and eye [7], as well as portable ultrasonic scanners [8].

1.3 Integrated Transducers

One of the signi�cant challenges in the fabrication of high-frequency array transducers is

making electrical connections between the array elements and external electronics such as

ultrasonic beamformers. For conventional transducers, element connectivity is usually ac-

complished using a large number of lengthy coaxial cables [9]. This becomes challenging

for high-frequency applications such as IVUS, in which the small physical dimensions of the

catheter place strict limitations on the number of cables that can be run along its length.

Additionally, the required inter-element spacing (pitch) scales inversely with the ultrasound

frequency. For example, to avoid the formation of unwanted regions of constructive interfer-

ence in the imaging �eld, a 50 MHz array would require array elements with a centre-to-centre

spacing of approximately 30 µm. This pitch restriction results in large element counts for

fully-sampled linear and 2-D arrays, which may require up to 256 and 16,384 elements. Mak-

ing electrical contact to an array with this element size and pitch with a large number of

cables presents a signi�cant fabrication challenge.

Incorporating a miniature ASIC into the transducer probe at the end of the catheter

could potentially reduce the number of signal lines required to connect to external system

electronics by, in e�ect, bringing some of the external circuitry on to the probe itself. Array

integration has been demonstrated with probes employing on-chip beamforming [10�12],

analog-to-digital conversion [13], and the grouping together of array elements by multiplexing

[14, 15]. Electronic integration also eliminates parasitic inductances introduced by coaxial

cables by providing compact connectivity between the front-end electronics and the array

elements [9].
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1.4 Scope of Research

A reduction in the number of cables connecting the array elements to external electronics

greatly simpli�es the fabrication of array transducers, and has previously been accomplished

in a variety of ways. Many of these methods are based on reducing the physical number of

elements in the transducer (referred to as a sparse array) [16], employing channel multiplexors

within the probe housing, using synthetic aperture (SA) imaging techniques [17�19], or

by introducing an ASIC into the probe tip [11, 20�22] that can accomplish some of the

ampli�cation and beamforming usually executed with external hardware. A low electronic

channel count is also the primary reason for the slow development of high-frequency 2-D

arrays. Developing methods for accomplishing channel reduction is much more challenging

at high frequencies due to the microscopic sized element interconnect, and the di�culty

in developing low noise ASICs at these higher RF frequencies. An e�ective method of

channel reduction for high-frequency imaging arrays could lead to big advancements in the

development of miniature IVUS arrays, and high-frequency 2-D arrays.

This thesis describes the design and proof-of-concept of a new type of high-frequency array

transducer that combines low system complexity provided by a reduction in electronic chan-

nel count, with ability to electronically scan the ultrasound beam throughout the imaging

region. The prototype array has been fabricated using a hybrid transducer structure incor-

porating a piezoelectric substrate and a silicon substrate in the same device. Fig. 1.1 shows

a cross-sectional diagram outlining the main features of acoustic stack. The silicon substrate

was designed to have a switching network ASIC that can turn on or o� selected elements in

an arrangement or pattern of array electrodes on the substrate's surface. The piezoelectric

layer was both electrically and acoustically connected to the silicon substrate. By controlling

the order in which the electrodes are switched on or o�, an active sub-aperture pattern can

be scanned across the piezoelectric substrate in much the same way text is scanned across

a pixel board consisting of a grid of light-emitting diodes. This allows the ultrasound beam

to be scanned without mechanically translating the array.
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Figure 1.1: Cross-sectional diagram of the fully-integrated acoustic stack. The switching
network is fabricated in the silicon substrate, and is electrically connected to the transducer
substrate (PZT) using rectangular grids of electrodes.

Although the electrode pattern was developed to have many ultrasonic elements, the

switching network ASIC featured in this design is able to multiplex the array elements down

to only a small number of cables (<15 total) required to transfer the signals from the array

to an external beamformer.

A block diagram illustrating the main features of the design is shown in Fig. 1.2. The

components shown in the block diagram would be duplicated for each individual electrode

in an array of ASIC I/O pads (two cells are shown in the �gure).
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Figure 1.2: A block diagram showing the main features of an electronic scanning circuit for
an array with 5 output channels.

A channel bus is used to connect IC electrodes to one of several output channels. In

this example, each electrode could be connected to any one of 5 channels through an analog

multiplexor. The sixth line in the channel bus is grounded and would be selected when

the element is not part of an active sub-aperture. The channel that a given electrode is

connected to at a particular time would be determined by the address bits applied at the

input of the multiplexor. The pattern of active elements can be translated by shifting the

address bits one step to the right on the address bus. This has the e�ect of electronically

stepping a pattern of active electrodes across the larger grid.

Although the main features of the circuit would remain the same, altering the size and

shape of the ASIC bond pads (or a set of piezoelectric elements connected to them) allows

for the electronic scanning of di�erent array geometries.

The feasibility of the electronically scannable integrated array was demonstrated in sev-
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eral steps. Chapter 3 describes the design and characterization of a prototype switching

network ASIC for an integrated 20 MHz linear array that can be used for SA image acqui-

sition. Although the ASIC is designed for a linear array scanner, similar circuitry could be

implemented for a scannable annular or 2-D array.

Chapters 4 and 5 are concerned with methods of integrating a piezoelectric substrate

with the scanning ASIC, and present two novel CMOS-compatible processes for substrate

integration. In Chapter 4, an integration method is described in which the piezoelectric layer

is capacitively coupled to the scanning ASIC through thin �lms of hydrothermally-processed

sol-gel derived barium strontium titanate, in order to make electrical connections between

the transducer elements and the ASIC electrodes. Chapter 5 presents a novel transducer

integration method that uses micro-fabrication techniques and an anisotropic conductive

adhesive to provide a direct ohmic contact between the ASIC I/O and the piezoelectric

layer.

Chapter 6 examines how these design concepts can be extended to other array geometries,

and demonstrates the feasibility of a electronically scannable 50 MHz annular array. Annular

arrays are attractive for high-frequency imaging since they can provide an improvement in

the depth of �eld over single element transducers, while at the same time requiring 10 to 20

times fewer elements than a linear array. However, unlike a linear array, the axi-symmetric

nature of the annuli prevents an annular array from being electronically steered o� axis. As

a result, annular arrays are mechanically translated or rocked to form an image. Feasibility

of an high-frequency, electronically scanned annular array is shown through both simulation

and experimental results demonstrating that satisfactory transducer performance can be

achieved when introducing the unique materials and structures required for such a device.

Finally, Chapter 7 proposes future directions for the new type of integrated arrays and

discusses how the prototype scanning ASIC and novel techniques could be adapted for the

development of a low-complexity, high-frequency 2-D array or real-time 3-D US imaging

applications.
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Chapter 2

Background

2.1 Pulse-Echo Imaging

A key component of any ultrasonic imaging system is the transducer. The main function of

the transducer is to transmit an acoustic pulse into the imaging medium, and detect signals

that arise from acoustic re�ectors that are distributed throughout the �eld. On reception, the

signals can be analyzed to infer the spatial distribution and composition of structures within

a region of interest. This type of acoustic echo-location technique has been used in sonar

systems for echo-location since the early 1900's. Re�ections arise in the imaging medium

when a pressure wave encounters the boundary of two regions of di�ering acoustic properties.

In particular, the propagating acoustic energy is both re�ected at, and transmitted through

an interface involving two media that have dissimilar acoustic impedances. The characteristic

acoustic impedance of a medium is de�ned as

Z = ρ0c0, (2.1)

where ρ0 and c0 are the density and speed of sound in the medium respectively. Acoustic

impedance is measured in units of Rayleighs (Rayls), and for most materials encountered in

ultrasonic imaging, the impedances are typically in the range 106 Rayls (MRayls) [23].
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2.1. PULSE-ECHO IMAGING

When a pressure wave is normally incident on an interface of two materials with acoustic

impedances Z1 and Z2 respectively, the ratio of the amplitude of the re�ected pressure wave,

pR, to the amplitude of the incident pressure wave, pI , is given by

Rp =
pR
pI

=
Z2 − Z1

Z2 + Z1

. (2.2)

Similarly, the fraction of the incident pressure wave that is transmitted across the interface

can be found as

Tp = 1 +Rp =
2Z2

Z2 + Z1

. (2.3)

Rp and Tp are referred to as the re�ection and transmission coe�cients. More detailed

explanations of the re�ection and transmission of acoustic waves are given in [23, 24].

If the speed of sound is known in the imaging medium, then the distance between the

transducer and an acoustic re�ector can be determined by the amount of time that has

elapsed between the transmitted pulse and the detection of the re�ected signals. That is,

the distance between the re�ector and the transducer can be determined as

d =
t · c0

2
, (2.4)

where t is the time-of-�ight for the transmitted pulse to re�ect o� of the tissue boundary

and return to the transducer.

In early pulse-echo experiments that measured the acoustic time-of-�ight in a variety of

media, it was found that the speed of sound for many biological tissues is relatively constant

[25]. The small variance in speed of sound for biological tissue means that it is not necessary

to know exact speeds of sound for all tissues in the imaging region a priori to provide an

accurate spatial distribution of acoustic re�ectors in a sample. The geometry of the sample

being imaged can be determined reasonably well when substituting an average speed of sound

into Eqn 2.4. The most commonly accepted average speed of sound for biological tissues in
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the human body is cavg = 1540 m/s [2].

Table 2.1 lists the speeds of sound, acoustic impedances, and re�ection coe�cients for

common tissues in the human body. The re�ection coe�cients listed in the table were

calculated assuming that re�ection occurs at an interface involving water and the respective

material.

Medium Speed of sound
c [m/s]

Acoustic
Impedance Z
[MRayls]

Re�ection Coe�.
Rp [dB]

Water 1520 1.48 N/A
Fat 1450 1.38 -29

Blood 1575 1.66 -25
Muscle 1580 1.68 -24
Heart 1570 1.64 -26
Liver 1590 1.69 -24
Bone 4080 7.75 -3

Table 2.1: Acoustic properties for common biological tissues [26].

It can be seen from Table 2.1 that interfaces involving materials with di�ering acoustic

impedances will generate larger re�ections than those having acoustic impedances that are

similar in magnitude. For example, a boundary involving water and a human bone will

generate a much larger re�ected acoustic signal when compared to interfaces involving water

and fatty tissue. Using the relative amplitudes of the re�ection signals along with the time of

�ight data, one can infer information about both the composition and the spatial distribution

of di�erent tissues that are present in the imaging region.

The earliest type imaging scheme used in diagnostic US is referred to A-Mode (or am-

plitude mode) imaging. To create a single A-line, the transducer �rst transmits an acoustic

pulse in to region of interest. The re�ected acoustic signals are analyzed to determine in-

formation about the densities and thicknesses of the internal structures within the sample.

Fig. 2.1 represents the acquisition of an A-line for imaging a blood vessel. IVUS involves the

insertion of a catheter containing a miniaturized ultrasonic transducer in to a blood vessel
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(most commonly the coronary arteries) for the purpose of imaging structures surrounding

the vessel walls such as arterial plaque.

Figure 2.1: The acquisition of a single A-line for catheter-based IVUS imaging.

The �gure shows an initial strong re�ection from a layer of plaque growth on the interior

vessel wall, followed by a similar re�ection due to the boundary of the plaque and the exterior

vessel wall. A third re�ection is detected due to the boundary of the exterior vessel wall

and the surrounding tissue. The small amplitude of the third re�ection indicates that the

acoustic properties of the vessel and the surrounding tissue are similar. The time between

the received re�ection signals is used to determine the thicknesses of the various layers.

A 2-D image is obtained by acquiring and processing several adjacent A-lines. For exam-

ple, the amplitudes of the received signals recorded during A-Mode acquisition can be used to

modulate the brightness of gray-scale pixels which generates a gray-scale map of the acoustic

properties within the sample. This is referred to as a 2-D B-Mode (or brightness mode) scan,

which is the most common representation used in the display of medical ultrasound images.

A cross-sectional B-Mode image of a femoral artery is shown in Fig. 2.2. Vessel thickening
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(denoted by t) can be seen in the image forming on the innermost layer of the vessel [27]. A

bright ring can be seen at the boundary of the t layer and the internal elastic lamina (denote

by i), indicating that the two layers have dissimilar acoustic impedances.

Figure 2.2: IVUS B-Mode image of a femoral artery with intimal thickening (from [27]).

In addition to the generation of re�ected signals at acoustic boundaries, a pressure wave

also attenuates and scatters as it propagates through media such as biological tissue. As

a result, re�ected signals generated at a deep imaging depth are much weaker than those

generated closer to the transducer face. Additionally, the e�ects of both signal attenuation

and scattering increase as a function of frequency [28]. This means that the useful �eld of view

of a particular imaging application is limited by the operational frequency of the transducer.

For example, transducers operating the frequency range of 30-50 MHz are typically only used

for imaging to a depth of approximately of 10 mm [29].

2.2 Piezoelectric Transducers

A cross-sectional view highlighting the main features of a piezoelectric transducer is shown

in Fig. 2.3.

Most transducers used in commercial US systems make use of synthetic piezoelectric ma-
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Figure 2.3: A single-element piezoelectric transducer with acoustic lens.

terials to transform electrical energy to mechanical energy and vice versa. The direct piezo-

electric e�ect refers to the ability of certain crystalline materials to develop a net electric

charge that is proportional to an applied mechanical stress [24]. The inverse piezoelectric ef-

fect refers to a material undergoing a physical deformation with the application of an electric

�eld. The physical property that leads to this e�ect is called ferroelectricity. Ferroelectricity

refers to the presence of an electric dipole moment (or polarization) in the unit cell of the

crystal that can change orientation with the application of an electric �eld [30]. When an

electric �eld is applied along a certain axis, the dipole moments align to the electric �eld

resulting in a deformation of the unit cell. Similarly, a strain applied to the unit cell will

alter the dipole moment which results in a measurable electric potential across the sample

[29].

By the inverse piezoelectric e�ect, when a time-varying potential di�erence is applied

across a piezoelectric substrate, the material acts as a mechanical resonator, which can

transmit a pressure wave into the surrounding media. If the surrounding media have lower

acoustic impedances, the piezoelectric substrate exhibits strong resonance when the thickness

of is equal to half the ultrasonic wavelength, or

l =
λ

2
, (2.5)
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where l is the thickness of the substrate, and λ is the acoustic wavelength in the substrate.

For example, if the speed of sound in the piezoelectric substrate is 4,600 m/s, then a substrate

thickness of 46 µm would result in a resonant frequency of 50 MHz.

Ferroelectric ceramics such as lead zirconate titanate (PZT) are composed of macroscopic

regions of common dipole orientation called domains. Although the dipoles of any given

domain share a common orientation, there is no net polarization of the material due to the

random orientations of the domains themselves. The alignment of all of the ferroelectric

domains is referred to as poling, and is accomplished by applying a strong electric �eld at

a temperature near the Curie point [24]. Once the electric �eld is removed, although the

domains do not remain perfectly aligned, a residual net polarization remains. Early US

transducers used barium titanate ceramics, but these have increasingly been replaced by

PZT ceramics due to its high electro-mechanical coupling [28, 30].

Since PZT and most biological tissues have much di�erent acoustic impedances, only a

small fraction of the acoustic energy can couple in to the imaging medium without the use of

an intermediate matching later. For example, the acoustic impedances of high-density PZT

and water are roughly 34 MRayls and 1.48 MRayls respectively. By Eq. (2.3), an interface

involving these two media results in a transmission coe�cient of 0.08 (or approximately -20

dB). By using a quarter-wavelength matching layer (as shown in Fig. 2.3), the acoustic energy

coupled to the surrounding imaging medium can be maximized. The transmission of acoustic

energy from a medium with acoustic impedance Z1 to another with acoustic impedance Z2,

is maximized and has a maximally-�at frequency response around the frequency of interest

when a quarter-wavelength thick layer is used between the two media that has an acoustic

impedance of

Zm = (Z1 · Z2
2)

1/3. (2.6)

Eq. (2.6) expresses the optimal impedance for a single matching layer, however a broader

acoustic response can be obtained by using multiple matching layers [31].
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The backing layer shown in Fig. 2.3 is a relatively thick layer that serves two main pur-

poses. First, the backing material reduces unwanted reverberations if the acoustic impedance

is close to that of the piezoelectric layer. Secondly, if the backing layer is an acoustically

lossy material, it can dampen out any acoustic energy that does leak into it. A common

material used for backing layers is tungsten loaded epoxy.

2.3 Array Transducers

A common way to improve both the resolution and the penetration depth is to focus the

ultrasound beam such that large constructive interference is achieved in a region of interest,

and destructive interference occurs elsewhere. By using a single concave-shaped ultrasonic

resonator, it is possible to optimally focus the acoustic energy to a single �xed point in the

�eld. The two-way radiation patterns along the lateral direction for un-focused and focused

transducers are shown in Fig. 2.4 (a) and (b) respectively.

(a) (b)

Figure 2.4: Simulated radiation patterns of (a) an unfocused piston transducer, and (b) a
focused piston transducer.

The radiation patterns are generated by taking the maximum value of the pressure en-

velope at a �xed depth in the �eld. A two-way radiation pattern is generated by scanning a
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point target at a �xed distance across the face of the transducer and plotting the maximum

value of the envelope of the received signal as a function of position. The radiation patterns

are normalized to the peak signal received by the array and are plotted on a log scale. Ideally,

an ultrasonic image is displayed with 50 to 60 dB of dynamic range. Hence it is desirable to

have the secondary lobe (or side pedestal) levels in the radiation pattern suppressed by 60

dB with respect to the main peak.

The width of the main lobe of the radiation pattern determines how well the transducer

can resolve two objects in the lateral dimension. The lateral resolution of a transducer is

de�ned as the width of the main lobe between the two -6 dB points on either side of the

peak. This is referred to as the full width at half maximum (or FWHM) measure of lateral

resolution.

Focusing at multiple points in the �eld can be achieved by using an arrangement of ultra-

sonic elements called a transducer array. The use of arrays has been one of the most signif-

icant technological improvements in the �eld of medical ultrasonic imaging. The technique

of focusing and steering acoustic radiation is referred to as beamforming, and is illustrated

in Fig. 2.5. By appropriately delaying both the signals used to excite the array elements

and the detected signals that arise from the re�ected pressure waves, concave wave fronts

of di�erent radii can be created, allowing the ultrasonic beam to be steered and focused

throughout the desired imaging region.
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Figure 2.5: Illustration of transmit beamforming.

The delay pattern is applied to the array elements such that the signals transmitted from

each element all arrive at the focal point in phase and create large constructive interference.

For the focal point, ~S, in the imaging �eld, the delay applied to the ith array element is

4τi =
|
−→
S −−→ri |
c

, (2.7)

where ~ri is the vector pointing from the local origin to the centre of the ith array element,

and c is the speed of sound in the imaging medium.

Similarly on receive, applying the same delay pro�le to the array elements, the re�ected

signals originating from regions close to the the focal point will be summed in phase to create

a large constructively interfering signal. Signals received that originate away from the focal

point typically arrive out of phase and are smaller in amplitude compared to signals re�ected

from regions close to the focal point.

Most ultrasound scanners use a linear arrangement of rectangular array elements called a

linear array, which can be used to focus and steer in a single plane in front of the transducer.

The periodic arrangement of elements in a transducer aperture can result in regions of

18



2.3. ARRAY TRANSDUCERS

undesired constructive interference away from the main radiation beam. These regions are

called grating lobes and can be seen in the radiation pattern of Fig. 2.6.

Figure 2.6: A simulated two-way radiation pattern with grating lobes.

Grating lobes occur when the signals emitted from adjacent elements in the array add

constructively, or equivalently, at locations in the �eld where the path di�erence of the signals

emitted from adjacent elements is an integer multiple of the wavelength. The angles at which

grating lobes appear in the imaging �eld depends on the centre-to-centre spacing (or pitch)

of the array elements. For a linear array, the grating lobes occur at angles > |π
2
| , and are

therefore outside of the �eld of view of the transducer provided that the element pitch is less

than l [23, 28].

Unfortunately this means for a linear array geometry we require a relatively large number

of array elements (128 to 256) to achieve an aperture size that is desirable for most imaging

applications. A second disadvantage is that the ultrasound beam in the plane perpendicular

to the image plane is much wider than in the image plane since electronic focus is not possible
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in that direction. This leads to a loss of image contrast and resolution in this direction. Beam

focusing and steering in all three dimensions can be achieved by sub-dividing the rectangular

elements in to a 2-D grid (called a 2-D array). A 2-D array may contain over 16,000 elements.

Since high-frequency ultrasound was �rst introduced, many researchers have investigated

the problem of fabricating transducer arrays suitable for high-frequency imaging. The prob-

lem is di�cult because the dimensions of the array scale inversely with the ultrasound fre-

quency. For example, to avoid the formation of grating lobes in the radiation pattern, a 50

MHz linear array would require array elements with a centre-to-centre spacing of approx-

imately 30 mm. Fabricating and making electrical contact to an array with this element

spacing is very challenging. An alternative approach is to arrange the array elements in a

series of annular rings called an annular array. Although annular arrays can provide on-axis

focusing using a small number of elements (typically 7 to 12 elements total), o�-axis steering

is achieved by mechanically translating the array due to the axial symmetry of the array

elements. Typical array geometries are shown in Fig. 2.7.

(a) (b) (c)

Figure 2.7: (a) Linear, (b) 2-D, and (c) annular array geometries.

2.4 Transducer Modeling

Acoustic modeling and simulation are widely used design tools in the development of ultra-

sonic transducers. Since array fabrication and experimental evaluation can be challenging,

modeling techniques that predict the electrical and acoustic behaviour of piezoelectric de-
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vices can be used as e�cient and inexpensive means of initial prototyping. For a given array

geometry, modeling can be used to theoretically determine the best possible axial and lat-

eral resolution, dynamic range, as well as predict the electrical and acoustic inter-elemental

cross-talk. The simplest transducer models are one-dimensional, which assume that the

thickness of the piezoelectric resonator is much smaller than the lateral dimension, and that

the device operates under a longitudinal thickness mode expansion [23]. 1-D models provide

a computationally-e�cient �rst step in the process of optimizing the transducer's acoustic

stack response.

2.4.1 KLM Model

The one-dimensional transducer model developed by Krimholtz, Leedom, and Mattaei (KLM)

provides an equivalent-circuit model for a piezoelectric substrate, which can predict the

acoustic response of a transducer in a very computationally-e�cient manner [32]. The KLM

model regards a piezoelectric resonator as a 3-port network, having two acoustic ports (front

and back surfaces) and one electrical port (applied voltage across the substrate). This con-

cept is shown in Fig. 2.8.

Figure 2.8: Three-port network model of a piezoelectric substrate.

The quantities F1 and F2 shown in the �gure are the forces acting on the front and back
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surfaces of the element, v1 and v2 are the particle velocities of the front and back surfaces of

the element, V is an applied voltage, and I is the current �owing in to the electrical port.

The KLM model provides an equivalent circuit that represents the input-output rela-

tionship between the voltage and current applied to the electrical port, and the force and

particle velocities at the acoustic ports. In [32], the authors derive equations for a set of

passive circuit elements that represent various attributes of the transducer. For example,

acoustic properties of the transducer are accounted for using transmission lines, and the

electrical properties are represented by lumped equivalent impedances. The electric and

acoustic ports are coupled through an ideal transformer that represents the transducer's

electro-mechanical coupling parameters. The KLM equivalent circuit for a half-wavelength

piezoelectric resonator is shown in Fig. 2.9.

Figure 2.9: The KLM equivalent-circuit model for a piezoelectric resonator.

In the �gure, Zp is the speci�c acoustic impedance piezoelectric substrate, vp is the speed

of sound in the piezoelectric material, and Xs is a lumped impedance that includes the

e�ects of the piezoelectric coupling coe�cient K2
t , the half-wavelength resonant frequency

ω0, and the clamped substrate capacitance C0 [33]. The circuit can be easily modi�ed to

model the entire acoustic stack of a transducer by including transmissions lines representing

acoustic structures such as matching and backing layers.
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2.4.2 Element Directivity

The directivity function for individual array elements can be used to generate a transducer's

theoretical two-way radiation pattern. The ideal radiation pattern represents the theoreti-

cally best achievable transducer performance in term of lateral resolution and dynamic range.

The directivity function describes the angular pressure distribution at a given radial distance

in front of an acoustic source, which strongly depends on the shape and dimensions of the

element [23]. For example, in [34], Selfridge et. al presented an analytic expression for the

angular directivity in the far-�eld for a narrow strip source operating in an ideal thickness

mode expansion. The directivity function is given as

D(θ) =
sin(πw/λsin(θ))

(πw/λsin(θ))
· cos(θ), (2.8)

where w is the width of the element, λ is the ultrasonic wavelength in water, and θ is the

angle in the �eld measured relative to a vector normal to the element's surface. If the

pressure signal emitted from the element is p0(t), then the signal at a distance r along the

normal vector can be written as

p(r, t) = p0(t−∆tr), (2.9)

where ∆tr = c/r is the propagation delay time for a radial distance r. For points in the �eld

away from the normal vector, the signal at a radial distance r is

p(~r, t) = D(θ) · p0(t−∆tr). (2.10)

That is, the amplitude of the pulse is scaled by the element directivity function.

This concept can be extended to calculate theoretical radiation patterns for an array

transducer in the following way: The total pressure signal at a point, ~r, in the �eld can be

expressed as the sum of the signals from each of the array elements. That is, the pressure
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signal can be written as

p(~r, t) =
N∑
i=1

Di(θ) · p0(t−∆ti −∆tri), (2.11)

where ∆ti is the beamforming delay for the ith element, and ∆tri is the propagation delay

time for the signal emitted from element i to reach point ~r.

The theoretical one-way radiation pattern can then be determined by plotting the max-

imum value of the pressure envelope for a number of point at a �xed radial distance in the

�eld as a function of the angle θ (or alternatively lateral distance from the array's centre).

The two-way radiation pattern can be computed by convolving Eq. (2.11) with itself and

plotting the maximum of the demodulated signal as a function of position [29].

2.4.3 Impulse Response for Annular Elements

A common technique for modeling the acoustic response of annular array elements is the

impulse response method. The impulse response of an acoustic source is de�ned as the

pressure signal that would be measured at a certain point in the imaging �eld if an impulse

signal was emitted from the surface of the resonator [29, 35]. If the response in the �eld to an

acoustic impulse is known, it contains all of the phase and amplitude information required to

calculate the pressure in the �eld for arbitrary transmitted signals. For a uniformly excited

planar source, the instantaneous pressure at point
→
r in the imaging �eld at time t can be

expressed as

p(~r, t) = −ρ∂v0(t)
∂t

∗ h(~r, t), (2.12)

where v0(t) is the normal particle velocity at the surface of the ultrasonic source, ρ is the

density of water, and h(
→
r , t) is the spatial impulse response of the transducer at point

→
r in

the �eld.

In [29], it was shown that Eq. (2.12) can be re-written as
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p(~r, t) = f(t) ∗ h(~r, t), (2.13)

where f(t) is the transfer function between the electrical signal driving and the acoustic

signal radiating from the surface of the transducer.

For a uniformly excited planar source, the impulse response is de�ned as

h(~r, t) =
1

2π

�
S

δ
(
t− r

′

c

)
r′

da, (2.14)

where the integral is over the surface, S, of the transducer. The term r
′
in Eq. (2.14) is the

radial distance between the centre of the incremental surface element, da, and the point of

interest in the imaging �eld.

The impulse response for di�erent types of resonators is determined by the geometry

involved. For example, in [35], Arditi et. al present an analytic expression for the impulse

response of concave shell resonator. The impulse response function of a concave shell can

also be generalized to an �at disc resonator by allowing the radius of curvature to approach

in�nity.

Using the impulse response for a �at disc, the impulse response for an annular ring

element can be determined. This is done by simply subtracting the response of a disc with

a radius equal to the inner radius of the ring, from the response of a disc that has a radius

equal to the outer radius. That is:

ha(~r, t) = houter(~r, t)− hinner(~r, t), (2.15)

where houter(~r, t) and hinner(~r, t) correspond to the impulse responses of the outer and inner

discs respectively.

The total impulse response of the array can then be determined by the sum of the

individual annular responses:
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h(~r, t) =
N∑
j=1

haj(~r, t−∆tj), (2.16)

where N is the total number of rings in the array, ∆tj and is the beamforming delay of the

jth transducer element. Once the impulse response is determined for the annular array, the

radiation pattern can then be computed by determining the pressure signal at a number of

points at a �xed depth, and plotting maximum value as a function of position.

2.4.4 Finite Element Modeling

Although 1-D models provide a computationally e�cient means of assessing the theoreti-

cal response of transducers, models that assume an ideal one-dimensional thickness mode

expansion do not take in to account the e�ect of other modes that may arise due to the

physical structure of the acoustic stack. For example, elemental cross-talk and the genera-

tion of spurious lateral modes may arise in array transducers that have a signi�cant impact

on the axial response and elemental directivity. These acoustic modes are not accounted for

in the simulation of acoustic devices using 1-D transducer models. They can, however, be

accurately modeled using 2-D methods of analysis.

Finite Element Modeling (FEM) employs a numerical method that provides an approx-

imate solution to physical systems that are governed by partial di�erential equations such

as acoustic wave propagation. The �nite element method breaks down physical systems

into a �nite number of discrete elements which join with neighboring elements at nodal

points. Instead of determining the exact solution to the governing equations at every point

in the continuous space, the �nite element numerical method enforces the exact solution

at sub-regions of space [36]. At a given time, each node in the grid has an associated set

of governing di�erential equations that depend on material properties associated with each

sub-region, and pre-de�ned boundary conditions. For time-domain FEM solvers such as

PZFlex (Weidlinger Associates, Los Altos, CA), the unknowns of the system of di�erential
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equations for each node (such as the instantaneous displacement vector and the electric po-

tential) are solved at discrete time steps based on the solutions at previous time steps. In

this way, time-domain solvers determine the wave propagation one time step at a time for

each individually sub-region in the grid.

2.5 Synthetic Aperture Imaging

Certain high-frequency imaging applications such as IVUS require that the transducer array

be embedded in a physically compact housing. Often this means that a reduction in the

number of electronic channels connecting the array to external electronics is required, while

at the same time maintaining adequate transducer performance. Synthetic aperture (SA)

imaging is a common technique that allows for a signi�cant reduction in system channels,

while providing comparable image quality to traditional techniques of image acquisition [37].

Conventional ultrasonic imaging systems that do not use SA techniques, generate images by

sequentially acquiring a number of equally spaced image lines. Using an array transducer, an

image line is formed by �rst applying a transmit delay pattern across all of the array elements

in a full aperture, in order to focus the ultrasonic beam to a single point in the �eld. As the

re�ected pressure waves propagate back to the transducer, recieve delay patterns are applied

to focus the received signals to several points along a line of sight from the array. Multiple

transmit focal zones are typically used for each image line. The image acquisition rate is

therefore determined by the number of lines per image and the number of focal zones per

line.

Synthetic aperture refers to imaging techniques in which the response of a full-sized

aperture is generated from a smaller sub-aperture that is scanned across an imaging region

[23]. It has been demonstrated that SA imaging can provide signi�cantly higher image

acquisition rates when compared to conventional ultrasonic imaging, as well as a reduction

of electronic channel count while maintaining satisfactory image quality [38]. The low system
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complexity associated with the reduced channel count makes electronically-scanned SA image

acquisition ideal for high-frequency applications that require the transducer to be housed in

a physically small package.

The A-scan signal for a transducer that is using N-elements at a time on transmit, and

N-elements at a time for receiving can be expressed as

a(t) =
N∑
i

N∑
j

ri,j(t− τi,j), (2.17)

where ri,j(t) and τi,j are the receive signal and the beamforming delay for the (i, j) receive-

transmit element pair [37]. The �rst and second summations in Eq. (2.17) correspond to

transmit and receive beamforming respectively. Note that if the delay and sum expression

is executed external to the ultrasonic probe, it is required that N independent channels are

needed to connect the array elements to the external beamforming circuitry, which for PA

probes is typically 128 elements.

In SA imaging, array elements are excited one at a time to transmit an unfocused pulse

in to the �eld. This simultaneously generates receive signals for the entire region of interest.

For a single transmit event, the re�ected signals are received on either a full or partial set

of array elements, and stored in memory. The next element is then pulsed, and this process

is repeated until all of the elements in the array have been used for transmitting. Once

this sequence is complete, the stored received signals are delayed and summed to produce

an image that is focused everywhere in the �eld. Although various SA schemes can be

implemented, the most common image acquisition sequence is shown in Fig. 2.10. Using

this scheme, the image acquisition time depends only on the number of transmit events.
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Figure 2.10: Transmit and receive sequence commonly used in SA image acquisition.

In [37], an alternate SA imaging scheme referred to as Multi-Element Synthetic Aperture

Focusing (M-SAF) is presented, that allows for a reduction in the channel count while at the

same time can maintain an image quality that is comparable to conventional PA imaging

schemes. The M-SAF scheme uses a de-focused active sub-aperture for transmit consisting of

Kt array elements, and the re�ected acoustic signals are detected on a receive sub-aperture

consisting of Kr elements. Using the convention of (i, j) to denote the receive-transmit

element pair, the active receive sub-aperture elements are restricted to the range j − Kr/2 ≤

i ≤ j + Kr/2. The expression for an A-line signal using this scheme is

a(t) =
N−Kr∑

i

Kr∑
n

Kt∑
m

ri+n,i+m(t− τi+n,i − δm), (2.18)

where δm is the de-focusing delay of the mth array element. A more detailed description of
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an M-SAF acquisition scheme, in which Kt = 1 and Kr = 5 is given in Chapter 3.

The drawback when using SA imaging is a reduction in the image signal-to-noise ratio

(SNR) when compared to a conventional imaging scheme. In general, the SNR of a system

can be expressed in dB as

SNR = 10log

(
Maximum Instantaneous Recieved Signal Power

Noise Power

)

= 20log

(
A√

Noise Power

)
, (2.19)

where A is the amplitude of the received signal [23].

Common sources of noise that arise in electrical systems, such as thermal and shot noise,

can be accurately modeled as zero-mean, Gaussian distributed processes. It can be shown

that for a zero-mean process, the variance is equivalent to the average power. Therefore Eq.

(2.19) becomes

SNR = 20log

(
A

σ

)
, (2.20)

where σ is the standard deviation of the noise signal. Also note that the variance of a sum

of uncorrelated random variables {Xi}Ni=1, is equal to the sum of the individual variances,

i.e.

var

(
N∑
i=1

Xi

)
=

N∑
i=1

var (Xi) . (2.21)

For the case where all N random variables have equal variances, i.e. var(Xi) = σ2, i =

1, ..., N , Eq. (2.21) becomes

var

(
N∑
i=1

Xi

)
= Nσ2. (2.22)
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Under the assumption that the noise present in an US imaging system is due to uncor-

related, electronic noise with constant variance [37�39], the expression for SNR for imaging

systems employing conventional beamforming can be found in the following way: Since con-

ventional N-element PA systems transmit on all elements, the amplitude of the re�ected

signal is scaled by a factor of N. Upon receive, the re�ected signal is detected on all N ele-

ments and delayed and summed by the receive beamformer. The �nal result of both transmit

and receive beamforming is that the amplitude received signal is increased by a factor of N2.

Also on receive, the noise is detected and summed on all N elements, and therefore the re-

sulting system noise has variance Nσ2. In order to compare the SNRs of various acquisition

schemes, we can assume that the transmitted acoustic signal has unity amplitude and that

the uncorrelated noise signals have a constant standard deviation σ = 1. Using Eq. (2.20) ,

the SNR of a conventional PA imaging scheme becomes

SNR = 20log

(
N2

√
N

)
= 10log

(
N3
)
. (2.23)

For M-SAF acquisition, the transmit sub-aperture consists of Kt transmit elements (which

scales the amplitude by a factor of Kt), and Kr receive elements (which scales the amplitude

by a factor of Kr).

SNRM−SAF = 10log (KtKrNe) , (2.24)

where Ne is the total number of receive sub-apertures in the scanning sequence (i.e. Ne =

N − Kr). For the a 64-elements array, the M-SAF acquisition with Kt = 1, Kr = 5,

corresponds to a -29 dB reduction in system SNR. This illustrates the inherent trade-o�

between system complexity and SNR. Although the number of independent system channels

has been reduced from 64 to 5 in this case, the SNR was signi�cantly reduced as a consequence

of using a SA acquisition scheme.
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2.6 Integrated Transducers

Incorporating an ASIC into the probe housing can greatly simplify the fabrication of trans-

ducer arrays used for applications that require large element counts, or that have strict

limitations on the physical size of the probe. For example, in IVUS imaging, a miniatur-

ized ultrasonic transducer is housed in a catheter which is inserted into a coronary vessel.

Typical IVUS catheters on the market today range in size from 3.5 to 6 F (roughly 1.2 to

2 mm in diameter) [28]. This places signi�cant limitations on the number of coaxial cables

that can be run from the array elements to external systems. It can be estimated that

providing individual system channels for 128 array elements, the minimum cable bundle size

achievable using the smallest commercially-available coaxial cables would be roughly 1.93

mm in diameter (or 5.8 F) [40]. The physical size of the cable bundle (and therefore the size

of the catheter) can be greatly reduced by eliminating the need to externally connect each

element in the array. For example, in [41], the authors demonstrate a 64-element 20 MHz

circular array, which is mounted on the surface of a 1.2 mm diameter catheter. The catheter

tip includes an ASIC that allows image acquisition using a synthetic aperture technique, in

which the elements can multiplexed into a single transmit channel and a 14 receive channels.

In addition to reducing the number of external signal channels, bene�ts in terms of

receive sensitivity and SNR can be realized by providing compact connections between array

elements and the receive output ampli�ers. Shortening the connections reduces the e�ects

of electrical losses and parasitic capacitances associated with lengthy electrical interconnects

[9, 42].

Integrating an ASIC into the probe also simpli�es the fabrication of transducers arrays

with large element counts, such as 2-D arrays for real-time 3-D volumetric imaging [9, 42�45].

ASIC integration into ultrasonic transducers was �rst investigated using capacitive cou-

pling techniques. For example, in [46, 47], sheets of piezoelectric polymer material were

bonded to a silicon substrate with a thin (2-5 mm) layer of epoxy. When an incident pressure

wave causes deformation of piezoelectric layer, an electric �eld is generated that is coupled
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through the dielectric adhesive layer to a gate electrode of an underlying MOS transistor.

The advantage of this method of integration is ease of fabrication since careful alignment of

the two substrates is not required. However, depending on relative thicknesses and dielectric

constants of the piezoelectric and adhesive layers, much of the applied electric �led can be

lost across the adhesive layer. This results in a loss of device sensitivity. A more detailed

explanation of capacitive coupling integration schemes is given in Section 2.7.

2.6.1 Micromachined Ultrasound Transducers

Micromachined ultrasound transducers (MUTs) refer to a particular class of transducer that

are made using microfabrication techniques such as photolithography, selective chemical

etching and thin �lm deposition. This o�ers several advantages over the standard (mechan-

ical) methods of fabricating piezoelectric transducers, such as lapping and dicing and wire

bonding, which become increasingly di�cult with small and densely-packed array elements.

Microfabrication techniques provide robust methods of producing a large number of array

elements with small feature sizes. Further, the fabrication processes involved in the fabrica-

tion of MUTs are typically low-temperature processes (< 400◦C), which makes them fully

compatible standard complimentary metal-oxide semiconductor (CMOS) technologies. This

allows MUT devices to be well-suited for close integration with electronics.

As opposed traditional ultrasonic transducers that employ piezoelectric substrates res-

onating in a thickness mode expansion, microfabricated transducers generate acoustic waves

through vibrating �exible membranes. The two most common types of MUTs are capacitive

micromachined ultrasound transducers (CMUTs), and piezoelectric micromachined ultra-

sound transducers (PMUTs).

The basic structure of a CMUT cell is illustrated in Fig. 2.11.
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Figure 2.11: Cross-sectional view of a single CMUT cell.

The �gure shows a metallized silicon nitride membrane suspended above a heavily doped,

conductive silicon substrate. In transmit mode, the CMUT cell operates in the following

way: when a voltage is applied between the membrane and the substrate, electrostatic forces

attract the membrane toward the bulk, and stress within the material acts as a restorative

force. When subjected to an AC voltage, the membrane oscillates and transmits an acoustic

signal in to the surrounding media. In order to maximize the transmit and receive sensitivity

of a CMUT device, a DC bias voltage is applied to the membrane, giving a static de�ection.

The AC excitation signal is then applied around the DC bias point [48]. The resonant

frequency of a CMUT cell is largely determined by the mechanical sti�ness and radius of the

diaphragm material, and the radius of the cavity. Di�erent array geometries such as linear

[49], annular [50, 51] and 2-D [45] can be synthesized by electrically connecting in groups of

CMUT cells in parallel .

In [45] a prototype integrated array targeted for the application of real-time volumetric

imaging was demonstrated using an ASIC integrated 2-D CMUT array. The array consisted

of a 1024 array elements in a 32 x 32 grid, with a 250 mm element pitch. As an alternative

to individually connecting each array element to external transmit and receive circuitry, the
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array was connected to a custom ASIC that could perform on-chip transmit beamforming

and receive element multiplexing. Each 250 mm x 250 mm cell in the array contained a high-

voltage pulser and memory elements used to load and store beamforming time delay patterns.

When a new transmit beam is to be created, delay information is loaded in to each cell using

16 parallel signal lines. By loading appropriate delay patterns to each element in the array,

the transmit beam could be steered throughout the imaging region. After transmitting, the

IC can switch into receive mode and detect re�ected signals using a sub-aperture consisting

of the 64 diagonal elements.

Integration of CMUTs is commonly done by �ip-chip bonding the array elements to

ASIC I/O electrodes [20, 22, 42�44, 52�54]. A �ip-chip bonding process typically begins

with the deposition of a thick metallic stack on to the ASIC bond pads. This is done to

extend the ASIC bond pads above the surface of the silicon substrate, as well as to provide an

appropriate metallurgy that allows substrate bonding using a conductive adhesive. Common

metal stacks include Au [42, 53], Ni/Au [42], and Ti/Cu/Au/In [9, 55], and range from 4

to 25 mm in thickness. After the ASIC I/O electrodes have been metallized, a matching set

of array element electrodes are aligned and bonded with an anisotropic conductive adhesive

(ACA). An ACA consists of metallic spheres uniformly distributed throughout an epoxy

matrix. Conduction in one direction occurs when several of the metallic spheres becomes

trapped between an array element electrode and the metal stack associated with an ASIC

I/O pad. Shorting of ASIC I/O is avoided provided that the two electrode patterns are well

aligned and separation of adjacent electrodes in either substrate is larger than the conducting

particle diameter. Substrate bonding is achieved by clamping the devices together and curing

the ACA at temperatures between 150 and 190◦C. Bonding the array elements to the ASIC

I/O pads using an ACA has the advantage of providing a direct ohmic between the array

element and the ASIC I/O, which minimizes the losses associated with capacitive coupling.

However, this method relies on the careful alignment of the array element electrodes and

the ASIC I/O pads, which is not required for capacitive coupling methods. Alignment of
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the ASIC electrodes to the transducer electrodes becomes very challenging as the ultrasound

frequency is increased, and the element sizes become microscopic.

An advantage that CMUT arrays have over piezoelectric transducers is that there is a

much smaller acoustic impedance mismatch between biological tissue and the resonating

membranes, which allows for high-bandwidth operation. For example, CMUT arrays with

fractional bandwidths of greater than 120% have been demonstrated [42, 56, 57].

CMUTs, however, have been shown to have less device sensitivity when compared to

piezoelectric transducers [49, 58�60]. Further, the large bias voltages required to achieve

optimal device sensitivity makes integration with standard (low-voltage) CMOS processes

more challenging [51, 57, 61].

The structure of PMUT cell is similar to a CMUT cell, however, instead of using passive

�lms of silicon nitride, PMUTs use thin piezoelectric �lms operating in a �exural resonance

mode. The typical structure of a PMUT cell is shown in Fig. 2.12.

Figure 2.12: Cross-sectional view of a single PMUT cell.

The membranes used in PMUT cells consists of an electroded piezoelectric thin �lm

bonded to a �exible passive material such as SiO2 [62�66]. The �exural resonance behaviour

of a PMUT is determined by the geometry of the cavity and the thickness of the �exible

membrane. The sensitivity of the device is largely determined by the piezoelectric mate-

rial's electro-mechanical coupling coe�cient, k3−1, which describes how the material deforms

laterally when an electric �eld is applied the transverse direction [28]. When an alternat-
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ing electric �eld is applied across the electrodes, the lateral deformation in the piezoelectric

layer causes the membrane to �ex and transmit an acoustic wave in the transverse direction.

Conversely when a stress is applied in the transverse direction, an electric potential can be

measured on the electrodes. The resonant frequency of the �exural mode is largely deter-

mined by the sti�ness of the membrane materials, the boundary conditions, and the shape of

the cavity [48]. PMUTs have the advantage that they do not require the large bias voltages

required by CMUT devices, allowing them to be more easily integrated with low-voltage

electronics.

PMUT arrays have been demonstrated for a range of geometries, including linear [63],

Annular [67], and 2-D [64]. In [64], Dausch et. al demonstrated 2-D PMUT arrays with

up to 512 elements for the application of 3-D inter-cardiac imaging. The PMUT cells were

fabricated in a 400 mm thick silicon-on-insulator substrate. The active component of the

PMUT membranes was formed by spin coating a 1 mm thick layer of PZT �lm, and crys-

tallizing at 700◦C. The PMUT cell cavities were formed underneath each of the membranes

using deep reactive ion etching. Each of the cells also included through-wafer interconnects

to provide electrical bonding sites on the bottom surface of the wafer. This allowed for easy

electrical connectivity for both of the PZT electrodes associated with each cell. A custom

cabling assembly was used to provide each of the signal wires a bonding site on the surface

of a silicon substrates which matched the pattern of PMUT element electrodes de�ned on

the bottom surface of the PMUT substrate. The cable assembly and PMUT substrate were

aligned and bonded together using �ip-chip bonding.

Although PMUTs integration with ASICs for the application of medical imaging is still in

the early research and development stage, an ultrasonic �ngerprint sensor has been demon-

strated that included a PMUT array �ip-chip bonded to a custom ASIC [68]. Much like

CMUTs, PMUTs su�er from a low device sensitivity when compared to traditional piezo-

electric transducers. The device sensitivity for PMUTs is largely limited by the coupling

coe�cient k3−1. For a given piezoelectric material, k3−1 is typically much lower than the

37



2.7. CAPACITIVE COUPLING WITH DIELECTRIC THIN-FILMS

k3−3 coe�cient, which characterizes the electro-mechanical coupling of resonators operating

in thickness mode operation [28].

Another drawback associated with MUTs is that they are inherently more fragile when

compared to conventional piezoelectric transducers. This is due to the requirement for the

thin, �exible, air-backed membranes to be coupled directly to tissue during image acquisition.

2.7 Capacitive Coupling with Dielectric Thin-Films

The development of dielectric materials that exhibit high relative permittivities (or dielectric

constants) is of great interest to the �eld of microelectronic packaging. The push to achieve

further miniaturization of electronic devices and systems is one of the driving forces of today's

microelectronics industry [69, 70]. Conventional passive circuit elements such as capacitors,

inductors and resistors are discrete components that are typically surface mounted on an

interconnecting substrate such as a PCB. The surface mounted discrete components require

a large attachment area and can introduce parasitic e�ects into the circuit [71]. For example

in [72, 73] it was estimated that for a typical PCB, passive components occupy roughly half

of the surface area and outnumber active circuit elements by a factor of �ve. Therefore a

reduction of the physical size occupied by these components will have a signi�cant impact

on the miniaturization of the overall system.

One approach to achieving device miniaturization which has received great interest in

recent years, is the integration of embedded passive circuit components into multi-layered

substrates such as PCBs and silicon [72, 74�76]. Research into embedded passives involves the

development of novel techniques for depositing high-permittivity �lms using low processing

temperatures that are compatible with the surrounding substrate [74, 77, 78].

For example, the capacitance measured between two parallel plate electrodes separated

by a dielectric material is
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C =
ε0εrA

d
, (2.25)

where εr and d are the relative permittivity and the thickness of the insulating material

respectively, and A is the area of the electrodes. Since the capacitance per unit area is directly

proportional to the relative permittivity of the insulating layer, a signi�cant reduction in the

area occupied by a capacitor can be achieved by selecting an insulating material with a high

permittivity. For this reason, ceramic capacitors are typically fabricated using ferroelectric

and paraelectric materials with high relative permittivities [79]. The most common dielectric

layers used in the fabrication of embedded passives are polymer/ceramic composite materials,

which can achieve permittivities in the range εr = 20− 100 and dielectric losses of 0.01-0.03

[77, 80�82].

Embedding passive circuit elements in to the substrate also provides a reduction of device

area by eliminating the large surface area occupied by surface-mount components, and has the

bene�t of reducing parasitic inductances and resistances introduced by the long interconnect

traces associated with discrete surface-mount components [75].

2.7.1 Introduction to Barium Strontium Titanate

Ceramic materials having chemical compositions of the form Ba1−xSrxTiO3 are referred

to as Barium strontium titanate (BST). When x = 0.3 (i.e. Ba0.7Sr0.3TiO3), BST is of

great importance to microelectronic applications since the relative permittivity at room

temperature is maximized [79]. BST has been used in a range of electronic applications such

as capacitors [83, 84], antennas, and phase shifters [85�89]. Low-frequency measurements

have shown that bulk ceramic BST can achieve a relative permittivity as high as εrBST
= 5000

[90]. In addition to exhibiting a high permittivity, BST is attractive for high-frequency circuit

applications due to its relatively low loss tangent, which is a measure of energy dissipation

in the dielectric layer. With x = 0.3, the loss tangent is as low as tanδ = 0.006 [91].
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The deposition of BST thin �lms on to various substrates has been demonstrated using

physical vapor deposition techniques such as sputtering [92, 93] and pulsed laser deposition

[92, 94], chemical vapor deposition [95, 96], and sol-gel processes [83, 97, 98]. These routes of

production of BST typically require processing temperatures ranging from 600 to 800◦C in

order to achieve �lm crystallization. Processing temperatures in this range are incompatible

with substrates such as PCBs or silicon integrated circuits, which have maximum processing

temperatures of approximately 250◦C and 400◦C respectively [99, 100].

2.7.2 Sol-Gel Production of BST

The sol-gel process refers to the synthesis of solid materials from molecular precursors in

solution [101]. The process begins with a 'sol', which is a colloidal suspension of nano-

particles in a liquid at a pH that prevents precipitation [102, 103]. A 'gel' refers to a medium

that has both a solid and liquid phase. In the sol-gel process, the sol precursors react and

evolve over time to form a polymeric gel. The result is a two-phase medium that includes an

interconnected network of polymer chains in a liquid phase [102, 103]. The gel is then dried

to completely evaporate the liquid phase, resulting in an amorphous solid �lm. The drying

of the gel typically occurs at temperatures between 100 and 180◦C [102]. After drying the

amorphous solid �lms are typically crystallized by sintering at temperatures greater than

600◦C. For example, sol-gel production of BST thin �lms achieving relative permittivities

of 100 have been demonstrated using a crystallization temperature of 600◦C [83], and up to

1500 using a temperature of 1100◦C [89].

2.7.3 Hydrothermal Processing

As an alternative to high-temperature methods of producing crystalline ceramic �lms, low-

temperature crystallization of sol-gel derived �lms has been demonstrated using hydrother-

mal processing techniques. In general, the term hydrothermal processing refers to the syn-

thesis of crystalline ceramic materials at elevated temperature and pressures, carried out in
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aqueous media [79, 104�106]. Zeng et al. used hydrothermal processing methods to success-

fully demonstrate a novel low-temperature production of crystalline sol-gel derived �lms of

Pb(Zr0.52Ti0.48)O3 [107], and BaTiO3 [108]. For example, in [108], the deposition of crys-

talline BaTiO3 thin �lms on silicon substrates was demonstrated using a maximum processing

temperature of 160◦C. In this process (termed sol-gel hydrothermal processing, or SG-HT),

an amorphous solution of BaTiO3 is made by �rst combing the precursors Ba(CH3COO)2,

and Ti(OC4H9)4. The solution is then spin coated on to a silicon substrate and dried at

150◦C, resulting in a sol-gel derived �lm of BaTiO3. The sample was then submerged in

a aqueous solution of Ba(OH)2 and sealed in an autoclave. After processing the sample

in the autoclave at a temperature of 160◦C for 6 hours, the �lm exhibited well-developed

crystallinity and surface morphology.

2.7.4 Low-Temperature Production of Sol-Gel BST Composites

The low-temperature SG-HT technique described by Zeng et al. in [107, 108] was recently

adapted for the fabrication of high-quality crystalline �lms of Ba0.7Sr0.3TiO3 [91, 106]. An

improvement to the SG-HT process that was demonstrated by Zelonka et al. includes the

incorporation of BST powder into the sol-gel prior to hydrothermal processing. When a

ceramic powder is added to the precursor sol prior to gelation, the resulting material is

referred to as a sol-gel composite �lm. The authors identify several advantages when using

composite BST �lms for hydrothermal processing that result from changes to the underlying

micro-structure of the �lm that occur during hydrothermal processing. It was shown that

the composite �lms evolve under the hydrothermal processing conditions to form crystalline

bridges of sol-gel derived material that link the BST powder particles together. The resulting

�lm includes a dense, electrically-interconnected network of high-permittivity BST powder

particles. This matrix of interconnected BST powder results in a �lm that exhibits material

properties that closely approximates that of a bulk sample of crystalline BST. Using this

method, high-quality crystalline �lms of BST have been demonstrated that achieve relative
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permittivities up to 1200 using a maximum processing temperature of 200◦C [91, 106]. The

authors identify other bene�ts of sol-gel composite �lms, including better adhesion to the

substrate, and the ability to deposit relatively thick �lms of BST (5 5 mm) when compared

to conventional sol-gel derived ceramic �lms.

2.8 CMOS Integrated Circuit Design

This section presents an overview of the main stages involved in the design of CMOS in-

tegrated circuits. A more detailed description of ASIC design and fabrication is given in

[109, 110]. Prior to fabrication, the design of CMOS integrated circuits is typically carried

out using several stages of computer modeling and simulation. An example design work�ow

outlining the main steps in the process is shown in Fig. 2.13.
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Figure 2.13: ASIC design work�ow

2.8.1 Circuit Simulation

The �rst step involves the simulation of the system, or individual sub-circuits, using idealized

circuit components. This can be done using software packages such as Cadence Virtuoso

Schematic Editor (Cadence Design Systems, San Jose CA), or Advanced Design Systems

(Keysight Technologies, Santa Rosa, CA). These software environments include schematic

capture tools, which allow the user to create schematics and simulate I/O behaviour in both

the time and frequency domains. Initial circuit simulation can be done with generic circuit

components, which do not accurately model the �nal devices used in the fabricated ASIC,

but allow the user to validate the initial concept of various blocks in the system as a �rst
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step in the design process.

The fabricated IC must be implemented using a particular CMOS process or technology,

which is chosen to accommodate design requirements such as maximum operational voltages,

circuit speed, and physical size of the �nal device. Once a CMOS technology is chosen, the

process design kit (PDK) is provided to the IC designer by the ASIC foundry. The PDK

allows the designer to accurately layout, simulate, and validate designs prior to fabrication.

For example, the kit includes circuit models for MOS transistors that accurately represent

the I-V characteristics of the �nal fabricated transistors, accounting for factors such as

threshold voltages, thermal noise modeling, and parasitic capacitances resulting from the

physical layout of the device.

2.8.2 Circuit Layout

In addition to creating the schematic, the ASIC must be physically laid out using software

such as the Cadence Virtuoso Layout Editor. A design layout is a 2-D graphical represen-

tation of the masks used in the fabrication of the device. To further understand layout

representations of transistors, Fig. 2.14 shows a cross-sectional views of NMOS and PMOS

devices, illustrating the main features that need to be represented in a layout view.
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(a)

(b)

Figure 2.14: Cross-sectional representations of (a) NMOS, and (b) PMOS transistors.

CMOS refers to processes that integrate the complimentary NMOS and PMOS semicon-

ductor devices into a common silicon substrate. An NMOS (Fig. 2.14(a)) is fabricated in

a p-type silicon substrate (i.e. doped with majority positive charge carriers), with heavily-

doped n-type di�usions forming the drain and source terminals. A PMOS transistor (Fig.

2.14(b)) is built within a deep n-type well in the same carrier substrate, and uses p-type

drain and source regions. For both types of devices, the gate is formed by depositing a thin

layer of oxide (typically 2-50 nm of SiO2) between the source and drain di�usion regions

[111]. The substrate area between the drain and source directly under the gate oxide is

referred to as the channel region. The substrate (or body terminal) is typically connected to
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the lowest rail voltage used in the circuit (denoted Vss). For a more detailed explanation of

the operation of MOS transistors, see [111, 112].

Fig. 2.15 (a) and (b) show the layout views of NMOS and PMOS devices respectively.

The distinct shapes shown in the �gure represent the various photolithographic masks used

in the fabrication process.

(a)

(b)

Figure 2.15: Layout views of (a) NMOS, and (b) PMOS transistors

The n-wells, in which the active PMOS devices are built, are formed by selectively mask-

ing o� the surface of the substrate with the n-well layer mask shown in Fig. 2.15 (b), and

di�using it with a source of donor impurity atoms such as phosphorous [109, 111]. As a result,

46



2.8. CMOS INTEGRATED CIRCUIT DESIGN

the regions of the substrate outlined by this layer become heavily-doped n-type material,

creating the n-well within the p substrate.

The active area mask is used to de�ne regions on the substrate surface where active NMOS

and PMOS transistors are to be formed. The silicon area outside of the active regions are

covered with a thick oxide material for device isolation, and leaving the substrate surface

exposed within the active regions. After the active area is de�ned, the gate mask is used

to pattern a thin oxide material (SiO2) followed by a layer of polysilicon, forming the gates

of the active devices. The n and p masks are subsequently applied over the entire active

areas, which de�ne the regions that will be doped with n or p-type material to form the

drain and source terminals. Note that since the polysilicon layer is deposited in the active

areas prior to the deposition of the n or p di�usions, the area directly underneath the gate

is shielded from the doping process. This creates the channel region between the drain and

source di�usions as shown in Fig. 2.14.

Once the drain, source and gate structures are de�ned for all of the active devices, the

entire substrate is covered with an insulating oxide layer. The contact mask de�nes small

areas directly above the device terminals where the insulating oxide is selectively etched.

The etched regions are �lled with metal, providing electrical connectivity to the underlying

device terminals.

The layout representations of larger circuits are created by laying out the individual

components and electrically connecting them together using the metal layers. For ease

of routing, multiple metal layers are typically available, which are stacked vertically and

separated by insulating oxide layers. Most modern CMOS processes include more than two

metal layers that can be used for device routing [109].

Fig. 2.16 shows the layout of a CMOS NAND gate, consisting of two parallel PMOS

and two series NMOS transistors. Note that the PMOS devices are fabricated in a common

n-well.
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Figure 2.16: Layout view of a 2-input CMOS NAND gate.

A smaller layout footprint can be achieved with a more e�cient orientation of the devices,

and by reducing the number of distinct di�usion regions. For example, Fig. 2.17 shows the

same NAND gate laid out in a smaller footprint.

Figure 2.17: A more e�cient layout of a 2-input CMOS NAND gate.

The previous layout shows that the PMOS drain terminals are connected to the same

circuit node (labeled Z). Since the drain terminals are the same type of di�usion regions
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(p-type), a smaller layout is achieved by combining the terminals in to a single p di�usion.

Similarly the NMOS source and drain di�usions that are connected together by a metal trace

in the previous layout are combined in Fig. 2.17 into a common n di�usion.

The above examples illustrated the main features involved in the layout of MOS tran-

sistors, however other passive circuit elements such as resistors, capacitors, inductors and

diodes can be de�ned using the layers available in the particular CMOS technology.

2.8.3 Design Rule Checking

The layout of the design must abide by the set of manufacturing requirements (referred to

as design rules), which are speci�ed by the ASIC foundry. The design rules represent the

limits and tolerances of the IC manufacturing process, which are required to ensure reliable

ASIC fabrication [110]. Most common layout editors include a design rule check (DRC)

veri�cation tool, which determines whether the polygons de�ned in the layout view violate

any of the design rules that are de�ned in the PDK. Some of the common categories of

design rules associated with CMOS processes include minimum polygon spacing, minimum

polygon width/area, and minimum polygon overlap [109, 110, 113]. For example, a metal

layer polygon is often required to satisfy a minimum overlap of a contact or via layer in order

to ensure adequate electrical connectivity. The layout must satisfy all design rules set out

by the foundry prior to submission for fabrication.

2.8.4 Layout Versus Schematic

Most IC design software packages also include tools that allow the designer to compare

the circuit de�ned in the layout editor with a reference schematic view. The layout vs.

schematic (LVS) tool parses the layout view to identify circuit elements based on the struc-

tures de�ned in the layout view. For example, the LVS can identify MOS devices and their

corresponding sizes, passive elements such a resistors, capacitors and inductors (and asso-

ciated impedances), as well as device connectivity. This creates a netlist associated with
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the layout view that can be directly compared to a schematic view of the circuit. The LVS

highlights di�erences between the layout and schematic netlists so that corrections can be

made as necessary.

2.8.5 Parasitic Extraction and Simulation

In addition to simulating the circuit's schematic view, a more rigorous circuit simulation

can be done by including the e�ect parasitic circuit elements. The parasitic extraction tool

identi�es (possibly unintended) circuit element such as capacitors, resistors and inductors,

that arise due to the physical layout of the ASIC. For example, a parasitic capacitor can be

created when metal polygons that are separated by an insulating dielectric (e.g. metal 1 and

metal 2 layers), are routed in parallel directly on top of each other [113]. The extraction also

account for resistive e�ects associated with the metal and polysilicon routing paths. The

netlist generated by the extraction tool can be simulated to better re�ect the behaviour of

the fabricated ASIC.

Once the layout circuit has been validated by the ASIC designer and is shown not to

violate any of the design rules, the �les associated with the layout view are submitted to the

foundry for ASIC fabrication.
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Chapter 3

Scanning ASIC

3.1 Scanning ASIC Concept

This chapter describes the design and characterization of a scanning ASIC that is to be

incorporated into the acoustic stack of a novel, fully-integrated high-frequency array trans-

ducer. As described in Chapter 1, the main function of the ASIC is to multiplex a sub-set

of array elements into an active aperture in order to transmit and receive acoustic signals

using a small number of external I/O channels.

Although this chapter demonstrates a speci�c implementation of the scanning ASIC

concept that can be used to electronically scan a sub-aperture of linear piezoelectric elements

across a larger linear array pattern, the electronics presented can be easily adapted to scan

a collection of square piezoelectric elements for synthesizing 2-D array sub-apertures, or

discretized approximations to annular array patterns, This concept is further explored in

Chapter 6.

3.2 Selection of CMOS Process

It is often desirable to excite the transducer elements with a high-voltage pulse in order

to maximize the amplitude of the received echo signals. Using a larger excitation signal
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has the e�ect of increasing the imaging system's SNR. For example, high-frequency imaging

transducers that do not include ASIC-integrated probes typically use sinusoidal excitation

voltages of 60-70 Vpp [114, 115]. Even larger excitation pulses are required for low-frequency

transducers in order to establish the same electric �eld across a thicker piezoelectric sub-

strate. Pulsing the array elements with such high amplitude signals presents a challenge

for integrated transducers since standard sub-micron CMOS fabrication processes typically

have maximum operating voltages that are much smaller than this. For example, two com-

monly used standard CMOS processes are the 0.18µm process from Taiwan Semiconductor

Manufacturing Company and the 0.13µm process from Global Foundries (formerly IBM),

which have a maximum operating voltage of 3.3 V. An alternative would be to fabricate the

scanning ASIC with a high-voltage (HV) technology, such as the 0.8µm process from Dalsa

Semiconductor, which allows a maximum operating voltage of 300 V. As the operational

voltage increases, MOSFETs require a greater physical separation between device terminals

in order to avoid the possibility of dielectric breakdown. As a result, HV CMOS processes

occupy a signi�cantly larger amount of chip area when compared to standard low-voltage

(LV) processes. This presents an inherent design trade-o� when selecting an appropriate

CMOS technology for integrated US transducers: standard CMOS processes allow the font-

end electronics to be integrated in a relatively small chip area but are not able to support

high-voltage element excitation signals, while high-voltage alternatives allow for much larger

excitations but correspondingly occupy a much greater chip area. Since each element of

the proposed array requires dedicated analog multiplexing and associated digital control cir-

cuitry, the physical spacing of the array elements (and therefore the operating frequency of

the array) is ultimately determined by the area that the circuitry occupies.

3.2.1 Austria Microsystems 0.35µm HV CMOS process

The Austria Microsystems (AMS) 0.35µm HV process (referred to as AMSp35HV) is a

4-metal, high-voltage CMOS technology that o�ers a reasonable compromise between the
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e�cient use of chip area and the maximum operating voltage of the devices. HV NMOS and

PMOS devices in the AMSp35 process allow for a maximum drain to source voltage of 50 V

and a maximum gate voltage of 20 V. When integrated in to an acoustic stack, this would

allow the array elements to be driven with a 20 Vpp excitation signal.

The AMSp35HV also makes e�cient use of chip area by allowing HV analog devices

and LV (3.3 V) digital devices in the same substrate. For the proposed scanning ASIC,

this means that the relatively large analog multiplexing cells can be controlled by smaller

digital cells. This provides a signi�cant reduction in the chip area required to implement

the array scanning electronics when compared to using the same size devices for both digital

and analog cells.

The minimum separation of the array electrodes is largely determined by the size of the

HV NMOS and PMOS devices used to multiplex the analog transmit and receive signals in

to the the active sub-aperture. For the AMSp35HV process, these devices measure roughly

35 µm wide, which corresponds to an array element pitch of λ at an ultrasonic frequency

of roughly 40 MHz. This means that with e�cient chip layout, the maximum operating

frequency of the integrated transducer using the AMSp35HV process is 40 MHz.

The PDK that was available for the layout of the fabricated ASIC (AMS Hit-Kit version

3.72) included several basic CMOS cells, such as transistors, inverters, NAND and NOR

gates, and �ip-�ops, however, some other cells were built from these basic components to

suit speci�c design needs. For example, the LV analog multiplexors used in this design were

build up from basic transmission gates. The schematic and circuit symbol of a transmission

gate is shown in Fig. 3.1.
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(a) (b)

Figure 3.1: Transmission gate (a) schematic, and (b) circuit symbol.

When a logic high is applied to the gate of the NMOS transistor, and a logic low is

applied to the gate of the PMOS, the transmission gate is 'closed', and can pass an analog

signal between the shared source and drain terminals. Conversely, the gate is 'open' when

a logic low is applied to the gate of the NMOS, and a logic high is applied to the PMOS,

and will block signals applied to the source or drain terminals. This operation can be used

to build up more complex switching cells such as multiplexors. For example, Fig. 3.2 shows

how a 1-to-4 multiplexor was built from transmission gates for the scanning ASIC design.

Figure 3.2: 1-to-4 MUX based on transmission gates,

54



3.2. SELECTION OF CMOS PROCESS

The output that the input signal is multiplexed to depends on the state of the controller

bits a0 and a1. For example, when (a0, a1) = (0, 0), both of the gates in the top branch are

closed, and the input is connected to 'Out 1'. Likewise, when (a0, a1) = (1, 1) the input is

connected to 'Out 4'.

Another component that was made from the provided cells were parallel-load shift regis-

ters. As illustrated in Fig. 1.2, the control bits of each cell of the scanning ASIC are shifted

to adjacent cells using cascaded shift register stages (implemented as cascaded master-slave

D �ip-�ops). Prior to shifting, however, the �rst array pattern must be initialized. This is

done by loading in a set of pre-de�ned control bits in to the shift register cells using the

circuit shown in Fig. 3.3.

Figure 3.3: Parallel-load master-slave D �ip-�op.

When the bit Ld is low, the bit Si is passed to the input of the �ip-�op through the

NAND and NOR gates. Therefore, if Si is connected to the output of the previous stage,

the circuit acts as a shift register under normal operation when Ld is low. However, when

Ld is high, the parallel load bit PLi is passed to the input of the �ip-�op. In this way

the individual array cells can be programmed with speci�c bit values when the initialization

bit Ld toggles high. By appropriately setting the parallel load bits, the �rst sub-aperture

pattern is loaded upon initialization.

The above examples show how many of the component required for the design of the

scanning ASIC can be built up from the basic components provided by the AMS design kit.
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3.3 Prototype Scanning ASIC

To demonstrate the how the circuit of Fig. 1.2 can be used to electronically scan an active

sub-array pattern across a larger piezoelectric substrate, a custom ASIC was designed and

fabricated using the AMSp35HV CMOS process. The ASIC was designed to control the

electronic scanning of a 20 MHz linear array sub-aperture. Fig. 3.4 shows one of the

fabricated die along with selected I/O pads. The unlabeled I/O pads shown in the �gure

are circuit test points, and are not required to be connected to external electronics for the

IC to be fully operational.

Figure 3.4: Image of one of the fabricated switching network ASICs used to electronically
scan a linear array sub-aperture.

The ASIC includes a set of 68 linear I/O electrodes that are 1 mm length, with a 12 µm

separation, and a centre-to-centre element spacing of 43 µm. The electrode pitch corresponds

to roughly 1.15λ at 40 MHz or 0.6λ at 20 MHz. The dimensions and spacing of the linear

array electrodes are similar to those described in [116]. Table 3.1 includes descriptions of

the 13 ASIC I/O channels outlined in Fig. 3.4.
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I/O Pad Voltage Range Description
Out1-5 +/-1.65 V Output channels for active receive sub-aperture.
GND 0 VDC Circuit ground rail.
RN +/-1.65 V Negative-edge system reset.
CLK +/-1.65 V Low-voltage clock signal.
VDD +1.65 VDC LV positive power rail.
VSS -1.65 VDC LV negative power rail.

VDD20 +10 VDC HV positive power rail.
VSUB -10 VDC HV negative power rail.

Pulser_In +/-10 V Transmit pulser input.

Table 3.1: Power and signal I/O channels for the fabricated scanning ASIC.

Each of the ASIC's I/O channels include the standard electrostatic discharge (ESD)

protection cells that are provided in the AMSp35HV design kit.

To demonstrate a proof of concept of the electronic switching network required for the

fully-integrated electronically scanned array described in Chapter 1, the fabricated ASIC was

designed to scan a �ve-element sub-aperture across the larger 68-element array pattern. The

ASIC's transmit/receive behaviour is illustrated in Fig. 3.5, and can be described as follows:

While the clock signal is low, the ASIC is in transmitting mode. In this mode the 'Pulser_In'

I/O pad is connected to the centre electrode in the current �ve-element sub-aperture. On

the next positive-going clock edge, the ASIC enters in to listening mode. During this phase

of the clock cycle, all �ve of the electrodes in the active sub-aperture can independently

receive signals on the output channels 1 to 5. Once a transmit/receive cycle is complete for a

given sub-aperture, the next negative-going clock edge steps the active �ve-element pattern

one position to the right, and the transmit/receive process is repeated. Fig. 3.5 illustrates

64 transmit/receive cycles using this acquisition scheme.
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Figure 3.5: An illustration of an acquisition sequence for the scanning ASIC, consisting of
64 transmit/receive sub-apertures.

With this operation, once electrically and acoustically connected to a set of linear piezo-

electric array elements, the ASIC can control the transmission of an acoustic pulse in to the

imaging �eld, and receive the re�ected acoustic signals on independent channels connected

to the 5 sub-aperture elements to be delayed and summed externally.

The set of 68 electrodes allows for a total of 64 equally-spaced, �ve-element sub-apertures

to be scanned across the surface of the IC substrate. After all of the 64 transmit-receive

events have completed, the scanning sequence automatically repeats. This type of image

acquisition is equivalent to the M-SAF synthetic aperture technique described in Chapter 2,

and by Karaman et al. in [37] with the parameters Kt = 1 and Kr = 5.

A block diagram showing the main components of the circuit is shown in Fig. 3.6, which

are discussed in more detail in the following sections.
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Figure 3.6: Circuit diagram of the fabricated ASIC showing the main system components.
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Note that the �gure does not show the multiplexing circuitry associated with each of the

68 array elements. The transmit and receive behaviour of each linear electrode is controlled

by the multiplexing circuit shown in Fig. 3.7. The left half of the circuit is activated during

the transmit phase of the clock signal (clock low), while the right half is active for the

receive phase (clock high). A description of the transmit and receive circuits are given in

the following sections.

Figure 3.7: Schematic of the transmit and receive circuitry associated with each of the linear
array IC electrodes.

3.3.1 Transmit Mode Circuit Description

When in transmit mode, the behaviour of the ith linear electrode in the array is determined

by the high-voltage transmit control bit QTx_HVi. On the low phase of the clock cycle,

when element i is to be used for transmitting, bit QTx_HVi is set to logic high, and a low

resistance path is provided between the external pulser and the electrode through two 'closed'

HV transmission gates as shown in Fig. 3.7. When element i is not the current transmit

element QTx_HVi is logic low, and the element is connected to the system's ground for the

duration of the transmit phase of the clock. From Fig. 3.7 it can be seen that when in
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transmit mode, the receive (right) side of the circuit is isolated from the high-voltage pulsing

circuit using an 'open' transmission gate.

3.3.2 Logic Level Expansion

Note that the transmission gates shown in the circuit are required to block or pass high-

voltage (+/- 10 V) pulser signals, therefore the control bits {QTx_HVi} as well as certain

clock signals must take on high-voltage logic levels of +/-10 V. Since implementing more

complex cells such as shift registers with HV devices would require a relatively large chip

area, a more e�cient layout can be achieved by using LV digital circuit components, and

subsequently expanding the bits to logic levels that can control the larger HV analog gates.

This concept is shown in Fig. 3.8.

Figure 3.8: The circuit used to shift LV controller bits to adjacent array elements. The LV
bits are expanded in order to control the HV analog devices.

Here the LV master-salve D �ip �op is used to shift the LV transmit control bits from

element i− 1 to element i on a negative clock edge. The LV control bits QTxi and QTXi are

then expanded in to the +/-10V control signals QTx_HVi and QTX_HVi. The logic level

expander used in this design is a variation of the more commonly used circuit shown in Fig.
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3.9 [117].

Figure 3.9: Logic level expander circuit for uni-polar digital signals.

This expander circuit takes in the LV digital signal Q_LV (and its compliment signal

Q_LV) and produces the signal Q_HV, which has a logic high expanded to VDD_HV. The

input-output relationship is illustrated in Fig. 3.10. Here an LV clock signal that oscillates

between 0 and 3.3 V is expanded to the 0 to 20 V signal having the same phase.
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Figure 3.10: An LV logic signal expanded to an in-phase HV signal with the uni polar
expander circuit of Fig. 3.9.

The operation of the circuit can be explained as follows: when Q_LV is logic high (3.3 V)

and Q_LV is logic low (0 V), NMOS M1 is turned on and NMOS M2 is turned o�. Since M1

is switched on, the 0 V GND appears at the gate of PMOS device M4, setting vGS4 = −20V .

This switches on M4, and causes VDD_HV to appear at the circuit output (Q_HV = 20

V). Conversely, when Q_LV is 0 V and Q_LV is 3.3 V, NMOS M2 is on, providing a low

resistance path between the output node and GND (Q_HV = 0 V).

The disadvantage of this circuit is that although it can expand the LV signal's logic high

level to VDD_HV, it cannot expand the signal's logic low to a value that is more negative

than the original value. That is, the circuit can expand a uni-polar 0 to 3.3 V signal into

an in-phase 0 to 20 V signal, but cannot expand a bipolar +/-1.65 V signal in to a +/-10 V

signal.

The expander circuit that was implemented in the fabricated ASIC is shown in Fig. 3.11.
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This circuit is a variation of the uni-polar expander, which allows for the expansion of bipolar

digital signals. This circuit uses a similar topology to Fig. 3.9 for expanding the logic high

level (top half of the circuit), and includes a similar but complimentary circuit (bottom half)

for expanding the logic low level. The outputs of the two complimentary circuits are sent

through two high-voltage inverter stages to generate the expanded bipolar output signal

Q_HV, and its compliment signal Q_HV.

Figure 3.11: Modi�ed logic level expander circuit for bipolar control signals.

Fig. 3.12 shows the experimentally measured output signals for one of the expanding

circuits included in the fabricated ASIC. The input signal is a 1.5 kHz +/-1.65 V clock

signal used to control the LV digital components. The output signals are the expanded

+/-10V clock signals that are used to control the HV analog multiplexors.
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Figure 3.12: Experimentally measured bipolar HV clock signal (and compliment) expanded
from the external 1.5 kHz LV clock signal.

3.3.3 Receive Mode Circuit Description

When the clock signal transitions to logic high and the system enters into receive mode, each

electrode can be connected through an 6-to-1 analog mux to one of 5 receive channels, or to

ground when not part of an active receive sub-aperture. Since the recieve signals are much

smaller in amplitude (< 1 Vpp) when compared to the transmit signals, the recieve analog

mux was implemented with physically smaller, LV devices. On a given receive phase, the

output channel to which the ith element is connected, is determined by the LV selector bits

a0i, a1i, and a2i. The multiplexor I/O map is given in Table 3.2.
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a2i a1i a0i Element i Connection
0 0 0 GND
0 0 1 Out 1
0 1 0 Out 2
0 1 1 Out 3
1 0 0 Out 4
1 0 1 Out 5

Table 3.2: 6-to-1 receive multiplexor I/O table.

3.3.4 Experimental Characterization of the Scanning ASIC

With each element employing this transmit/receive scheme, the M-SAF scanning sequence

of Fig. 3.5 can be realized with some additional circuitry. First, an initialization step is

required to set the 5 left-most elements as the �rst active sub-aperture in scanning sequence.

As illustrated in Fig. 3.5, the �rst active sub-aperture uses the third ASIC electrode as a

transmit element, and the �rst 5 electrodes are con�gured to receive on output channels 1

to 5 respectively. That is, upon initialization, the transmit control bit QTx_HV3 is set to

logic 1, and the receive selector bits are initialized to allow electrodes 1 to 5 to be connected

to output channels 1 to 5 respectively (according to the I/O map of Table 3.2).

Once the �rst transmit/receive cycle is complete, the transmit and receive control bits

are shifted one element to the right on the next negative clock edge, such that

0 → QTx_HV3

QTx_HV3 → QTx_HV4

and
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{0, 0, 0} → {a01, a11, a21}

{a01, a11, a21} → {a02, a12, a22}
...

{a05, a15, a25} → {a06, a16, a26}

The shifting of the control bits one space to the right sets element 4 as the new transmit

element, and con�gures elements 2 to 6 to receive on output channels 1 to 5 respectively.

This has the e�ect of shifting the entire active Tx/Rx sub-aperture one space to the right.

Note that after the �rst transmit/receive cycle, QTx_HV3 takes on a value of logic 0 so that

it is grounded during transmit mode on subsequent clock cycles. Similarly, the bit pattern

{0,0,0} is shifted into left-most position to ground the �rst element since it is no longer part

of the active receive sub-aperture.

At any part of the scanning sequence, the transmit and receive control bits {QTx_HVi}

and {a0i, a1i, a2i} can be re-initialized to to the �rst sub-aperture by toggling the external

reset bit, RN to logic low.

Fig. 3.13 shows the experimentally measured initialization of the transmit control bit

QTx3, and demonstrates the how the control bit is shifted on subsequent clock cycles.
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Figure 3.13: Experimentally measured initialization and shifting of the LV transmit controller
bits QTx3 and QTx4.

The scanning sequence shown in the �gure is initialized when the external reset signal

RN is �rst toggled low. On the �rst negative-going clock edge following the reset signal,

the transmit bit QTx3 transitions to logic high as expected, allowing element 3 to act as the

transmitting element. On the next negative clock edge, the transmit control bit is shifted

one element to the right so that bit QTx4 toggles high and the control bit QTx3 is returned

to logic low. In Fig. 3.13, the transmit aperture is re-initiallized after 3 clock cycles when

the reset bit is toggled low.

The scanning of a sinusoidal transmit pulse was experimentally measured, and is shown

in Fig. 3.14. In this experiment, a 4 VPP , 20MHz continuous wave signal was applied

to the ASIC's Pulser_In I/O pad using a waveform generator (model 33250A, Keysight

Technologies, Santa Rosa, CA). The voltage signals appearing on ASIC array electrodes 3,

4, and 5 were measured by probing the elements with a high-impedance oscilloscope probe

(PicoProbe Model 12C, GGB Industries Inc., Naples, FL) and recording the signals on an
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In�niium 54846B 8 GSa/s oscilloscope (Agilent Technologies, Santa Clara, CA).

Figure 3.14: Experimentally measured transmit pulse scanning. The input signal is �rst
measured on array element 3 and is shifted one element to the right on each subsequent
clock cycle.

The �gure shows the measured signals over 3 clock cycles. In the �rst clock cycle, the

input signal is measured on element 3 and blocked on all other elements. The signal appearing

on element 3 was measured to be 2.7 VPP , corresponding to approximately 3.3 dB loss from

the input signal. On each subsequent clock falling clock edge, the transmit pulse is shown to

be shifted one element to the right as expected. When transmitting on a given array element,

a small signal can be observed on adjacent electrodes. For example, when the transmitting

on element 4, a 0.3VPP signal can be observed on elements 3 and 5. This corresponds to a

bleed-through level of approximately -22dB.

Fig. 3.15 demonstrates the initialization and scanning behaviour of the receive control
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bits associated with array element 3 (i.e. bits {a03, a13, a23}). Since the signals shown in

the �gure are internal to the fabricated ASIC, the traces were generated by simulating an

extracted view of the ASIC using Cadence's Virtuoso Analog Environment.

Figure 3.15: Initialization and shifting of the Rx controller bits for array element 3

Table 3.3 summarizes how the control bits are initialized and shifted for the 10 clock

cycles shown in Fig. 3.15.
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Clock Cycle Rx Control Bits RN Element 3 Connection
1 {0, 1, 1} → {a03, a13, a23} 0 Output Ch. 3
2 {0, 1, 0} → {a03, a13, a23} 1 Output Ch. 2
3 {0, 0, 1} → {a03, a13, a23} 1 Output Ch. 1
4 {0, 0, 0} → {a03, a13, a23} 1 GND
5 {0, 0, 0} → {a03, a13, a23} 1 GND
6 {0, 0, 0} → {a03, a13, a23} 1 GND
7 {0, 1, 1} → {a03, a13, a23} 0 Output Ch. 3
8 {0, 1, 0} → {a03, a13, a23} 1 Output Ch. 2
9 {0, 0, 1} → {a03, a13, a23} 1 Output Ch. 1
10 {0, 0, 0} → {a03, a13, a23} 1 GND

Table 3.3: Rx bit shift table

The timing diagram shows that on the �rst negative clock edge following the reset signal,

the receive control bits {a03, a13, a23} are initialized to {0, 1, 1} which connects element 3

to output channel 3 (according to Table 3.2). This is expected since the �rst receive sub-

aperture has the �rst �ve elements connected to output channels 1 to 5 respectively. On the

next clock cycle, the receive aperture shifts one space to the right such that elements 2 to 6

are connected to output channels 1 to 5. The control bits for the third element take on the

pattern{0, 1, 0}, which connects element 3 to output channel 2 as expected.

Note that the receive control bit initialization is repeated when the external reset signal,

RN, is triggered on clock cycle 7, as is demonstrated in the Fig. 3.15. If the reset bit was

not toggled low, clock cycle 7 to 64 would result in a GND connection. The bit sequence

automatically repeats after 64 clock cycles.

An experiment was carried out to verify the receive aperture scanning behaviour using

the fabricated ASIC. In the experiment, a 20 MHz, 1.5 VPP sinusoidal signal was applied to

array element 4 in order to simulate a received ultrasonic signal. The signal was generated

with a 33250A waveform generator and applied to the 4th ASIC array electrode using a

Model 12C oscilloscope probe. The measured scanning results are shown in Fig. 3.16.
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Figure 3.16: Experimentally measured receive signal scanning. The signal applied to element
4 is �rst observed on output channel 4, and is shifted to channels 3, 2 and 1 on subsequent
clock cycles as the active sub-aperture is scanned to the right.

The �gure shows that upon initialization, the continuous signal applied to element 4 is

initially coupled to the 4th output channel as expected. On clock cycles 2, 3 and 4, the

applied signal is coupled to output channels 3, 2 and 1 respectively, indicating that the

receive aperture is stepping one space to the right on each subsequent clock cycle. The

signals that were coupled to the ASIC output channels were measured to be approximately

1.3 VPP . Fig. 3.16 also shows some electrical cross-talk between adjacent electrodes, which

was measured to be at a level of -19 dB with respect to the amplitude of the output signal

appearing on adjacent elements.

3.3.5 6-Bit Counter

Once a single scan has been completed (i.e. image data has been collected from all 64 sub-

apertures), the system is automatically re-initialized to transmit and receive on the �rst (left-
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most) sub-aperture in order to allow for continuous scanning. The aperture re-initialization

occurs every 64 clock cycles, and is implemented with the counter circuit shown in Fig. 3.17.

Figure 3.17: 6-bit J-K �ip-�op counter circuit, with outputs fed into a 6-input NAND gate.
The NAND output bit 'Ld' toggles high every 64 clock cycles.

The circuit consists of cascaded J-K �ip �ops feeding in to a 6-input NAND gate. For

a each J-K �ip �op in the chain, the J and K input terminals are tied to the positive LV

power rail voltage (VDD), the outputs, Q and Q toggle their logic values on each positive

clock edges. This has the e�ect of producing a second clock signal at output Q, which has

half the frequency of the input clock signal. By cascading N J-K �ip-�op stages together as

shown in Fig. 3.17, the outputs can be used as an N-bit binary counter. That is, by treating

the �rst J-K output as the least signi�cant bit, and the N th output as the most signi�cant

bit, with each subsequent clock cycle the N output bits follow the counting sequence

{0, 0, ..., 0}︸ ︷︷ ︸
N output bits

→ {0, 0, ..., 1} → {0, 0, ..., 1, 0} → · · · {1, 1, ..., 1}

After all 2N binary states, the sequence is repeated.

The fabricated ASIC includes an LV 6-bit binary counter, which is controlled by the

system's main clock signal. The output of each stage of the counter is used as an input to

a NAND gate. The output of the NAND gate (which is the scan re-initialization bit Ld)

is toggled to logic 1 only at the beginning of the counting sequence when all of the counter

output bits are logic 0. This means that when Ld is used to re-initialize the �rst active
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sub-aperture, the scanning sequence is automatically restarted every 26 = 64 clock cycles.

3.3.6 Output Ampli�ers

From the system block diagram of Fig. 3.6 it can be seen that each of the 5 signal lines that

make up the receive channel bus are fed into an ampli�er chain prior to being connected

to an ASIC output pad. The ampli�er chain consists of two cascaded common-source (CS)

NMOS ampli�ers. The basic circuit layout of the CS ampli�ers used in the fabricated ASIC

are shown in Fig. 3.18.

Figure 3.18: NMOS common source ampli�er with grid resistor biasing.

The capacitors Cin and Cout are bypass capacitors used to block any unwanted DC o�set

that may be present in the input or output signals. The resistors Rg1 and Rg2 are used to

establish a static DC bias (or 'quiescent') voltage at the gate of the NMOS device such that

the total input signal is expressed as the sumVin(t) = VB+vin(t), where VB is the DC voltage

set by the bias resistors and vin(t) is the AC input signal. Fig. 3.19 shows the simulated

iDS − vDS characteristic curves for an AMSp35 NMOS transistor, generated using Cadence

Virtuoso Schematic Editor. The curves show the drain-to-source current, iDS, as a function

of the drain-to-source voltage, vDS, for varying values of the gate-to-source voltage, vGS .
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Figure 3.19: NMOS I-V curves with imposed 1.5 kW load line.

The �gure also shows the 'load-line', which represents the linear relationship between

vDS and the current �owing through the resistor Rd. In this case, a load-line corresponding

to a load resistor of Rd = 1.5 kΩ, is shown. Although the characteristic curves de�ne the

iDS − vDS relationship for the unloaded device, the presence of the drain resistor imposes

the condition that the (vDS, iDS) operation point must also follow points along the load-line.

The DC voltage applied to the gate of the NMOS (VB) determines the point on the

load-line that the ampli�er operates at when no AC input signal is applied. This voltage

can be established at the gate using an internal voltage divider network (as is illustrated in

Fig. 3.18) or by an external power supply through an I/O pad. When an AC input signal is

then applied, the operational point (vDS, iDS) oscillates around the DC bias point, following

points on the load-line.
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The passband gain of the CS ampli�er can be determined by following the small-signal

analysis method described in [111]. The small-signal equivalent circuit for the NMOS CS

ampli�er is shown in Fig. 3.20.

Figure 3.20: Common source small-signal model [111].

In input voltage, vin, is applied across the DC bias resistor Rg2. Since negligible current

�ows into the gate of the NMOS, the gate-to-source voltage is equal to the input voltage

(vGS = vin). In the region of the I-V curves that show relatively �at drain current as a

function of vGS (the saturation region), the NMOS can be modeled as an ideal current

source connected in parallel with resistor ro, as shown in the �gure.

The current in the drain branch of the small-signal model can be expressed as

iDS = gm · vGS +
vDS
ro

. (3.1)

Therefore, ro can be found as the inverse slope of the iDS−vDS curve at the quiescent point,

or

ro =

[
∂iDS
∂vDS

∣∣∣∣∣
vDS=bias

]−1
. (3.2)

The parameter gm shown in the small-signal model is referred to as the 'transconductance'

(units A/V) of the ampli�er. [111]. The transconductance can be found as the slope of the
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iDS − vGS curve evaluated at the bias point (assuming constant vDS)

gm =
∂iDS
∂vGS

∣∣∣∣∣
vGS=VB

. (3.3)

The small-signal gain of the CS ampli�er can be found as

Av = −gm(ro ‖ Rd). (3.4)

Both CS ampli�ers in the cascaded receive chain were implemented using 10 µm wide LV

NMOS devices. The �rst ampli�er in the chain uses a load resistor of Rd = 1.5 kΩ, and a

DC bias voltage of VB = 0V applied to the gate. This corresponds to the same load-line and

bias point shown in Fig. 3.18. With a DC bias voltage of 0 V, the ampli�er's quiescent point

lies at the intersection of the load-line and the NMOS characteristic curve corresponding to

vGS = 1.65 V , which occurs at the operational point (vDS, iDS) = (1.65V, 1.12mA). This

means that the bias point chosen for the �rst stage results in a static DC current of 1.12 mA

when no input signal is applied.

To calculate the transconductance for the �rst stage, the iDS − vGS curve was generated

for a �xed drain-to-source quiescent voltage of vDS = 1.65 V . The resulting curve is shown

in Fig. 3.21.
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Figure 3.21: The iDS − vGS curve for vDS = 1.65 V .

By evaluating the derivative of this curve at the bias gate voltage (vGS = 1.65 V ), the

transconductance was calculated to be gm = 0.0018 A/V

Similarly, the drain-source resistor for the �rst stage was determined to be ro = 17.4 kΩ

by evaluating the derivative of the iDS − vDS curve corresponding to vGS = 1.65 V .

Using Eq. (3.4), the passband gain of the �rst CS stage is

Av1 = −0.0018(17.4kΩ ‖ 1.5kΩ) (3.5)

= −2.42 V/V.

The second CS stage was designed to provide a higher passband gain by using a drain

resistor or Rd = 12.6 kΩ. The I-V curves and load-line for this stage are shown in Fig. 3.22.
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Figure 3.22: NMOS I-V curve showing the load line and bias point used for the second stage
of the output ampli�er chain.

Using the same small-signal analysis used to predict the passband gain of the �rst am-

pli�er stage, the second stage achieves a passband gain of

Av2 = −7.745 V/V. (3.6)

Although the two CS ampli�er stages can theoretically provide a strong receive signal ampli-

�cation in the passband, the parasitic capacitances associated with the NMOS devices that

were not included in the small-signal model of Fig. 3.20 will likely have an impact on the

recieve path gain at higher frequencies. For example, the largest e�ect on the frequency re-

sponse of CS ampli�ers comes from the parasitic capacitance that exists between the NMOS

gate and drain terminals. When a capacitor is connected between the input and output

terminals of an ampli�er (in this case CGD), the e�ective capacitive load on the ampli�er

is equal to C = CGD · (1 + A), where A is the gain of the ampli�er. This phenomenon is
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referred to as the Miller e�ect [111], and will likely reduce the the overall gain of the recieve

signal path at higher frequencies.

The frequency-dependent response of the system's receive signal path including the out-

put ampli�er block was experimentally measured by applying a sinusoidal signal to single

ASIC array electrode and observing how the amplitude of the measured signal at one of the

output channel varies as a function of frequency. The output of the ampli�er was measured

using a high-impedance (Rl =1 MW) rf oscilloscope probe. Fig. 3.23 shows the experimen-

tally measured ratio of Vout/VApplied expressed in dB over the frequency range 1 to 25 MHz.

The �gure also shows the frequency response predicted by the Cadence simulated model

of the receive signal path that includes extracted parasitic impedances associated with the

physical layout of the device.

Figure 3.23: Simulated and experimentally measured Bode plots for the two-stage output
ampli�ers.

At 5 MHz the experimental and simulated gain were determined to be 20.35 and 19.25 dB

respectively. However, at higher frequencies both curves show a signi�cant reduction in gain

when compared to the low frequency portion of the ultrasonic spectrum. The experimental
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receive gain at 20 MHz was reduced to approximately -1.09 dB, while the simulated gain

was reduced to 1.15 dB.

Note that all all frequencies measured, the experimental and cadence extracted view

predicted gains are less than the gain predicted by the small-signal analysis, which predicted a

pass-band gain of 25.4 dB. This suggests that the frequency-dependent parasitic impedances

associated with the physical layout of the ASIC may be causing a signi�cant decrease in

device sensitivity and ultimately a reduction in system SNR. Although the receive signal path

is providing near unity gain at 20 MHz, operation at higher frequencies may be challenging

using the current implementation due to the reduced output signal path gain shown in Fig.

3.23 above 20 MHz. In future implementations of the scanning ASIC, the frequency response

and therefore maximum operational frequency of the system could be greatly improved by

designing the output ampli�er stages such that a greater receive signal gain in the high-

frequency portion of the spectrum is provided. For example, optimizing the physical layout

to reduce the e�ects of parasitic impedances, and using ampli�er feedback schemes are two

common ways that a higher system bandwidth could be achieved.

3.4 Conclusion

This chapter presented the design and characterization of a prototype switching network

ASIC for an electronically scannable 20 MHz linear array, fabricated using the high-voltage

0.35µm CMOS process from Austria Microsystems. The ASIC die includes a set of 68

linear array electrodes with a centre-to-centre spacing of 43µm, and was designed to collect

ultrasonic image data using a M-SAF technique, in which an active sub-aperture is stepped

across the larger 64 element array. Experimental measurements show that in transmit mode,

the ASIC can multiplex a high-frequency pulser signal to the active transmitting element.

The experiments also showed that the analog multiplexors were able to adequately block the

transmit signal on elements that are adjacent to the active transmit element.
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When operating in receive mode, it was demonstrated that the circuit is able to multiplex

an applied signal to the appropriate ASIC output channel, while providing adequate signal

suppression of the signal on adjacent elements in the active receive aperture.

Although improvement in device sensitivity should be addressed in future design itera-

tions of the ASIC, this chapter experimentally demonstrates the feasibility of the electronics

required for the type of electronically scanned high-frequency ultrasound transducer that

was described in Chapter 1.
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Chapter 4

ASIC Integration Part I: Capacitive

Coupling

4.1 Acoustic Stack Optimization

One of the anticipated challenges for the design and implementation of a fully-integrated

transducer, is maintaining satisfactory transducer performance when a silicon layer is intro-

duced into the acoustic stack. For a standard CMOS integrated circuit, the silicon substrate

ranges from 200 to 500 mm in thickness. Since the acoustic impedances of silicon and bulk

PZT are 20 MRayls and 34 MRayls respectively, the acoustic re�ection coe�cient between

these two layers is

R =
ZPZT − ZSi
ZPZT + ZSi

= 0.26. (4.1)

Therefore signi�cant ringing in the axial pulse resulting from the presence of the silicon layer

is expected. This pulse ringing has the e�ect of reducing the transducer's ability to resolve

two distinct scatterers located along a line perpendicular to the transducer's face, as well

as introducing artifacts into the ultrasonic image. Although the acoustic impedance of the

silicon layer cannot be altered, a simple modi�cation which would have an e�ect on the axial
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pulse is to thin the silicon layer, as suggested in [118]. As a starting point for the transducer

design, the KLM equivalent circuit model of a 20 MHz, single-element piston transducer was

used to calculate the pulse-echo response of an acoustic stack with an added silicon layer.

Although the KLM model assumes a perfect thickness mode expansion of the element and

therefore does not show the e�ects of spurious lateral modes that may arise in the silicon

layer, it provides a computationally e�cient model for estimating the pulse-echo response.

The e�ect of lateral modes propagating in the acoustic stack of integrated transducers is

examined in Chapter 6. The transmit KLM model for a transducer that include a silicon

layer representing the switching ASIC, as well as backing a matching layers is shown in Fig.

4.1.

Figure 4.1: Transmit KLM equivalent circuit model for a transducer that includes matching
and backing layers, as well as a silicon substrate representing the controller ASIC.

The optimal parameters for the acoustic stack were determined by varying the silicon

substrate thickness, backing layer impedance, matching layer thickness, and matching layer

impedance, and calculating the pulse-echo response for each combination. A cost function

was then used to select the set of parameters that produced the best pulse echo response in

terms of the pulse length and amplitude. The cost function used to evaluate the response

was suggested by Selfridge et al., and is given by the following expression
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Cost =
1

S2

∞�

t0

|vrec(t)|(t− t0)dt, (4.2)

where vrec(t) is the pulse echo response as function of time, S is the maximum amplitude of

the response, and t0 is the time of the fourth zero crossing of the received signal [119]. The

KLM simulations were carried out for both a high-density bulk PZT (Motorola 3203HD)

transducer substrate and a 1-3 PZT-Epoxy composite transducer substrate. The composite

transducer was represented in the KLM model using experimentally determined material

parameters of a 40% volume fraction of the ceramic [120].

The optimal parameters given by the KLM simulations are given in Table 4.1 and the

pulse echo responses for transducers using the optimal transducer parameters are shown in

Fig. 4.2. Satisfactory pulses were obtained for both transducers despite the presence of the

silicon layer.

Bulk 3203 HD 1-3 Composite PZT
Matching Layer Impedance 4.8 MRayl 4 MRayl
Matching Layer Thickness 20 mm 20 mm
Backing Layer Impedance 16.6 MRayl 19 MRayl
Silicon Layer Thickness 108.75 mm 10 mm

Table 4.1: Optimal 20 MHz transducer parameters as determined by the KLM simulations
for a bulk PZT (3203HD) and a 40% vol. fraction 1-3 composite PZT.
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(a) (b)

Figure 4.2: pulse-echo signals from the optimal transducer parameters listed in Table 4.1
for (a) Bulk PZT and (b) 1-3 Composite PZT. The optimal bulk and composite pulse-echo
signals have fractional bandwidths of 83% and 91% respectively.

The pulses shown in Fig. 4.2 show very little ringing, suggesting that provided the trans-

ducer's materials are chosen appropriately, the presence of a silicon layer in the transducer

stack may not degrade the performance of the transducer to an unacceptable level. It is also

interesting to note that for the transducer using the bulk PZT substrate, the optimal silicon

layer thickness is 108.75 mm. This corresponds to one-quarter of the ultrasound wavelength

in silicon at the centre frequency of the pulse (20 MHz) and therefore the silicon layer acts

like a quarter wavelength (λ/4 ) matching layer between the PZT and the backing layer.

This is no surprise as the acoustic impedance of the silicon (20 MRayls) is approximately

halfway between the acoustic impedances of the PZT and backing layers (34.5 MRayls and

16.6 MRayls respectively). Similar pulses were obtained when the thickness of the silicon

layer was reduced further although this resulted in a slightly reduced peak amplitude. For

the 1-3 composite transducer substrate, the best pulse-echo response is obtained when the

thickness of the silicon layer is reduced to zero. However, working with a silicon layer that

is thinner than 10 mm may be di�cult, so thinner layers were not considered. Based on the

received pulses shown in Fig. 4.2, the �6 dB fractional bandwidths for the PZT transducer
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and the PZT-epoxy composite transducer were 83% and 91% respectively. Although slightly

larger fractional bandwidth and pulse amplitude are achieved with the 1-3 composite sub-

strate, the bene�ts are o�-set by the di�culty of fabricating high-frequency piezoelectric

composites, as well as the challenge associated with reducing the silicon layer to 10 mm.

4.2 ASIC Passivation

Section 4.1 presented the optimization of the pulse-echo response of a transducer when a

silicon layer is introduced in to the acoustic stack. However, the KLM transducer model

used did not account for the method of ASIC integration. One challenge in the fabrication

of fully-integrated array transducers is the problem of bonding the piezoelectric substrate

to the silicon substrate while ensuring electrical and acoustic continuity between the ASIC's

I/O electrodes and the array elements. For most standard CMOS processes, the fabrication

includes the deposition of a thick dielectric material (called the passivation layer) on the

entire surface of the ASIC in order to protect the underlying circuitry from mechanical stress

and contamination. The most common passivation materials used are silicon nitride, silicon

oxide, and several types of polyimide [121]. After the surface of the chip is fully covered,

the output pads are exposed by selectively etching the passivation layer. As a result, the

output pads are recessed from the surface of the chip. This makes bonding the piezoelectric

array elements to the IC's electrodes di�cult. A cross-sectional view of a passivated ASIC

is illustrated in Fig. 4.3.

Figure 4.3: Typical surface topology of an ASIC, which includes a thick dielectric passivation
layer that covers most of the chip surface area.

To determine the depth that the linear electrodes are recessed from the surface of the
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fabricated ASIC described in Chapter 3, a surface pro�le scan was measured using a Dektak

XT pro�lometer (Bruker Corp., Billerica, MA). The surface topology of a portion of the two

left-most linear array electrodes of the ASIC is shown in Fig. 4.4. The linear I/O electrodes

were measured to be recessed approximately 6 mm from the surface of the chip, corresponding

to the thickness of the ASIC's passivation layer.

Figure 4.4: 3-D surface pro�le scan of the fabricated ASIC, showing a section of the �rst two
array electrodes. The linear electrodes are recessed from chip's surface due to the passivation
layer.

A simple method of connecting a passivated ASIC's output pads to a piezoelectric layer

would be to capacitively couple the substrates using a dielectric adhesive. This type of

bonding scheme is illustrated in Fig. 4.5

88



4.2. ASIC PASSIVATION

Figure 4.5: Illustration of a simple capacitive coupling method for integrating the piezoelec-
tric layer and the scanning ASIC.

Electronic integration has been demonstrated for PVDF transducers by capacitive cou-

pling through a thin layer of epoxy [46, 122].

When the piezoelectric array element is capacitively coupled, any voltage signal applied to

the ASIC's output pad gets divided between two series impedances: one corresponding to the

capacitance created with the dielectric adhesive between the ASIC bond pad metallization

and the bottom electrode of the piezoelectric layer, (ZAdhesive) , and another due to the

capacitance of the piezoelectric substrate (ZPZT ) .

This type of interconnection scheme would work well for polymer transducers but can

result in a signi�cant loss of transducer sensitivity for a ceramic transducer due to the high

dielectric constant of piezoelectric ceramic materials. A commonly used piezoelectric ceramic

is PZT5H, which has a dielectric constant of roughly εrPZT
= 1100.

The fraction of the applied voltage appearing across the piezoelectric substrate can be

expressed as

∣∣∣∣VPZTVs

∣∣∣∣ =

∣∣∣∣ ZPZT
ZPZT + ZAdh

∣∣∣∣ . (4.3)

Under the parallel plate capacitor assumption, we can write the complex impedances of the
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PZT layer as

ZPZT =
1

jωCPZT
(4.4)

=
dPZT

jωε0εrPZT
A
, (4.5)

where dPZT is the the thickness of the PZT layer, and A is the area of the ASIC output

electrode that is coupled to the piezoelectric layer through the dielectric adhesive. In a

similar way, the complex impedance associated with the dielectric adhesive can be written

as

ZAdh =
dAdh

jωε0εrAdh
A
. (4.6)

The sum of the two impedances can be expressed as

ZPZT + ZAdh =
dPZT

jωε0εrPZT
A

+
dAdh

jωε0εrAdh
A

(4.7)

=
dPZT · εrAdh

+ dAdh · εrPZT

jωε0εrPZT
εrAdh

A
. (4.8)

Substituting Eqns.4.5, 4.6, and 4.8 into Eq. (4.3), the fractional voltage appearing across

the piezoelectric layer is

∣∣∣∣VPZTVs

∣∣∣∣ =
dPZT

ωε0εrPZT
A
· ωε0εrPZT

εrAdh
A

dPZT · εrAdh
+ dAdh · εrPZT

=
dPZT · εrAdh

dPZT · εrAdh
+ dAdh · εrPZT

. (4.9)
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Based on Eq. (4.9), Fig. 4.6 illustrates how the fraction of the applied voltage appearing

across the piezoelectric layer varies as a function of the relative dielectric constant of the

adhesive layer. The fractional voltage curve was generated assuming a 6 µm separation

between the IC output pads and the array element electrodes on a PZT substrate (i.e.

dAdh = 6 µm ), and using values of dPZT = 117µm (corresponding to λ/2 at 20 MHz), and

εrPZT
= 1100 for the piezoelectric substrate.

Figure 4.6: Ratio of the potential di�erence across the PZT layer to the applied excitation
signal, as a function of the relative dielectric constant of the bonding material.

The �gure shows that if a standard epoxy is used (εrEpoxy
≈ 4), the result is a 24 dB

reduction in transducer sensitivity.

In addition to the poor electrical coupling provided by common adhesives such as epoxy,

many bonding media have signi�cantly di�erent acoustic properties than the surrounding

silicon and piezoelectric substrates. For example, EPO-TEK 301 (Epoxy Technology, Biller-

ica, MA) has an acoustic impedance of Z301 = 2.9 MRayls [123]. Fig. 4.7 shows the KLM

predicted response of a transducer that includes a 6 µm EPO-TEK 301 bond layer, along
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with the optimal acoustic stack parameters listed in Table 4.1.

Figure 4.7: KLM predicted pulse-echo response of an epoxy-coupled integrated transducer.

The �gure shows that in addition to the loss in the amplitude of the response due to

the low relative dielectric constant, large ringing behaviour is observed resulting from the

di�ering acoustic properties of the bonding layer. The ideal bonding medium for capacitively

coupling the ASIC I/O pads to the piezoelectric substrate, would be one that is able to

provide a high relative dielectric constant and an acoustic impedance similar to that of

silicon, while at the same time not requiring processing temperatures or pressures that are

incompatible with either the piezoelectric layer or the integrated ASIC.

4.3 Experimental Methods

In order for a dielectric medium to be useful for capacitively coupling array elements to the

active electronics in fully-integrated transducers, the material must exhibit both satisfactory

electrical properties such as a high permittivity, as well as desirable acoustic properties
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(e.g. not causing signi�cant pulse distortion, low mechanical loss). Moreover, the method

used to deposit the material must involve processing temperatures that are compatible with

the surrounding devices and materials in the acoustic stack, including the active ASIC and

the piezoelectric substrate. The electrical properties of hydrothermally processed, sol-gel

derived BST composite �lms was explored in great detail in [79, 91, 98, 106]. These studies

describe methods of depositing high dielectric �lms of BST using processes that do not exceed

180◦C. For example, Fig. 4.8 shows the experimentally-measured dielectric constant of sol-

gel derived composite BST �lms that were fabricated using a low-temperature deposition

method [106]. The two curves shown in the �gure correspond to composite �lms that were

prepared using di�erent types of BST powder (namely, ceramic and sol-gel derived powders).

See [106] for more detailed descriptions of the methods of powder fabrication.

Figure 4.8: Measured dielectric constant as a function of frequency for composite thin �lms
fabricated using a sol-gel derived BST powder and ceramic derived powder (from [106]).

Although the composite materials described in [79, 91, 106] achieve a relatively high

dielectric constant using low processing temperatures, the acoustic properties of these types
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of dielectric �lms are unknown. The suitability of the BST �lms for use as coupling layers in

fully-integrated acoustic stacks was explored, and is presented in this section. This was done

by �rst verifying the experimental results regarding the electrical properties of BST that

were presented in [106], and secondly, deriving a set of acoustic properties for sol-gel derived

BST composite �lms in order to model the acoustic response of BST coupled transducers.

4.3.1 Fabrication of Hydrothermally Processed BST Composite Films

The processing steps used in the preparation of the hydrothermally processed BST composite

�lms is illustrated in Fig. 4.9. This method closely follows the process outlined in [106] and

is similar in nature to those described in [79].

Figure 4.9: Block diagram showing the main steps in the fabrication of hydrothermally
processed sol-gel derived BST thin �lms.
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The main features of the process are (1) production of the BST sol material, (2) pro-

duction of the composite BST material, (3) application to the substrate and drying, and (4)

hydrothermal processing.

The sol material was made by combining the BST precursor chemicals. First a solution

of barium acetate (Ba(C2H3O2)2), strontium acetate (Sr(C2H3O2)2), and de-ionized water

was prepared. To ensure adequate mixing, the solution was ultrasonically agitated for 10

minutes. A second solution was made by combining titanium butoxide (Ti[O(CH2)3CH3]4),

methanol (CH3OH), and acetic acid (CH3OOH). The mixing ratios used in each solution

were the same as those used in [106], and are shown in Table 4.2. The two solutions were

then mixed together to form the sol.

Table 4.2: Chemical constituents and mixing ratios used in the fabrication of the precursor
sol material [106].

Next, The composite material was made by mixing pre-fabricated BST powder with the

sol in a 1:1 ratio by mass, and ultrasonically agitated for 10 minutes. In [106] two types

of BST powder were used in the preparation of the composite material, namely, ceramic

derived and sol-gel derived powders. However, the experimental work described in this

section is limited to the investigation of composite �lms fabricated using ceramic derived

BST powder. Detailed descriptions of the methods of fabrication of the powders is given in

[79, 106].

Once mixed, the composite was then applied to a substrate (for example, by spin coat-

ing), allowed to gel at room temperature, and �nally dried in an oven for 10 minutes at a
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temperature of 150◦C in order to completely evaporate the liquid phase of the gel.

After the �lm drying step, the sample can be hydrothermally processed. This pro-

cess begins by �rst dissolving barium hydroxide (Ba(OH)28H2O) and strontium hydroxide

(Sr(OH)28H2O) (80:20 mol%) in de-ionized water to form the processing solution. The sam-

ple to be processed was transferred in to a te�on vessel, and completely submerged in the

processing solution. The vessel containing the sample and solution was then placed in an

autoclave and purged with N2 in order to remove any ambient CO2. Once the N2 purge was

completed, the sample was sealed within the autoclave and subjected to an elevated tem-

perature/pressure pro�le, which was controlled by a programmable heater. The recorded

temperature pro�le inside the processing vessel as a function of time is shown in Fig. 4.10.

Figure 4.10: Temperature pro�le measured inside the autoclave during hydrothermal pro-
cessing.

The pro�le includes three distinct features: First a one-hour ramp up to 175◦C, secondly

a two-hour hold at the set-point of 175◦C, and �nally the sample was cooled to <100◦C

before being removed from the autoclave. Once removed, the sample was rinsed with de-
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ionized water and dried in air. The maximum processing temperature of 179◦C is well below

the maximum temperature allowed by the ASIC (400◦C), however, the time/temperature

pro�le shown in Fig. 4.10 has the potential of depoling the piezoelectric substrate.

In order to determine whether depoling would occur under this temperature regime, the

electro-mechanical coupling of a 2 mm square plate of high-density PZT (CTS Corp. Mans-

�eld, TX) was measured before and after hydrothermal processing. The e�ective coupling

coe�cient, keff , (which is a measure of the sample's poling) can be determined using the

resonant and anti-resonant frequencies of the PZT's electrical impedance magnitude [124].

If the resonant and anti-resonant frequencies are denoted by fs and fp respectively, then the

e�ective coupling coe�cient can be approximated as

keff =

√
f 2
p − f 2

s

f 2
p

(4.10)

Fig. 4.11 (a) and (b) show the impedance magnitude spectra for a sample before and after

hydrothermal processing respectively.

(a) (b)

Figure 4.11: Impedance spectrum of a PZT sample before and after HT processing.

The experimentally-measured resonant and anti-resonant frequencies, ans well as the

calculated coupling coe�cients are shown in Table 4.3.
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fp fs keff

Before HT Processing 21.9× 106 18.9× 106 0.5032
After HT Processing 21.5× 106 19.0× 106 0.4680

Table 4.3: Before and after resonant frequencies and e�ective coupling for a PZT sample.

The table shows that although the PZT sample was slightly depoled after it was subjected

to the temperature regime used in the hydrothermal processing step, the e�ective coupling

coe�cient of the sample remained at 93% of its original, unprocessed value.

4.3.2 Electrical Properties of Sol-Gel Derived BST

To verify the electrical properties of sol-gel derived BST shown in Fig. 4.8, a number of

parallel plate capacitors were fabricated that employ BST composite �lms as a dielectric

layer. First a composite �lm was prepared using ceramic derived powder, and following the

method described in 4.3.1.

The un-gelled composite was applied to a section of a nickel-plated PCB (Panasonic R-

1755v) by spin-coating. The typical method of �lm application involved spinning a single

coating on to the substrate at a rate of 2500 RPM, allowing the �lm to dry, and applying

a second coat of �lm at the same spin rate. This method yielded a typical �lm thickness

of 7 µm. The nickel plating on the surface of the PCB substrate served as the bottom

electrodes of the parallel plate capacitors. Next, the composite �lms were either dried and

hydrothermally-processed as described in Section 4.3.1, or simply dried without the added

hydrothermal processing step. Finally, circular aluminum electrodes were deposited on the

surface of the �lm using electron beam evaporation, in order to form the top electrode of

the capacitor. Fig. 4.12(a) shows a single PCB sample with a set of 6 parallel plate BST

composite capacitors de�ned on its surface. The di�erent electrode sizes shown in the �gure

range from 1 to 2.25 mm in diameter. Fig. 4.12(b) shows a cross-sectional drawing of the

sample, to illustrate the various layers involved for the capacitors.
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(a)

(b)

Figure 4.12: Photograph (a) and cross-sectional representation of parallel plate capacitors
fabricated using BST composite �lms on a nickel-plated PCB.

To determine the dielectric constant of the �lms, the capacitance was measured between

the nickel PCB electrode and each of the circular electrodes individually over a frequency

range of 500 kHz to 50 MHz. The sample capacitances were measured using an HP 4396B

impedance analyzer (Hewlett Packard, Palo Alto, CA). By comparing measurements of the

processed and unprocessed samples, the a�ect of the hydrothermal processing step on the

electrical properties of the samples could be quanti�ed. Based on the �lm thickness and

the diameter of the electrode being measured, the dielectric constant of the �lm at each

frequency is found by rearranging Eq. (2.25) to
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εr =
CBST · dBST
ε0·Aelec

, (4.11)

where dBST is the thickness of the �lm, and Aelec is the area of the circular electrode,

and CBST is the capacitance measured with the impedance analyzer. Fig. 4.13 shows the

experimentally-measured dielectric constants for four processed samples and four unpro-

cessed �lms, all made using ceramic BST powder.

Figure 4.13: Measured dielectric constant of BST composite thin �lms before and after
hydrothermal processing.

Although the dielectric constant of the �lms varies slightly with frequency, the hydrother-

mally processed samples yielded an average dielectric constant of roughly 120. This is in

good agreement with the results presented in [106], and shown in Fig. 4.8 for hydrother-

mally processed composites made using ceramic BST powder. Fig. 4.13 also shows typical
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results for unprocessed samples. The unprocessed composite �lms had an average dielectric

constant of roughly 40. This means that the hydrothermal processing step allowed for a

tripling of the �lm's dielectric constant.

4.3.3 Acoustic Properties of Sol-Gel Derived BST

The acoustic stack optimization method presented in Section 4.1 allowed for the design of a

transducer that maintained a satisfactory pulse-echo response despite the presence of a non-

ideal layer within the acoustic stack. The model however did not account for the method of

bonding of the silicon and piezoelectric substrates. Once a set of acoustic properties of the

bonding medium are known, the layer can be included in the modeled stack to determine

the a�ect it will have on the overall acoustic response of the transducer.

In [123], a method of measuring approximate acoustic properties of isotropic media is

presented. This method was used to approximate the speed of sound, density, and mechanical

loss of sol-gel derived BST composite �lms for acoustic modeling purposes. In this procedure,

samples of the material are �rst made to have a thickness of roughly ten wavelengths, and

extending at least 100 wavelengths in the lateral dimension. The surfaces of the sample are

made to be parallel by sanding or lapping. The sample is then mounted in a clamping jig

and submerged in a de-ionized water bath. An ultrasonic transducer is also placed inside

the water bath, and is carefully aligned to be parallel with the surface of the sample. The

transducer is then pulsed and re�ected signals are recorded on an oscilloscope. An illustration

showing a set of reverberation paths is given in [123] and is reproduced in Fig. 4.14.
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Figure 4.14: Illustration of transmitted and re�ected acoustic signal paths used to determine
the speed of sound in a given material [123].

Fig. 4.15 illustrates what a typical pulse-echo signal would look like for this type of

experimental set-up.

Figure 4.15: Transmitted pulse and received signals resulting from the top and bottom
boundaries of sample submerged in DI water.

Using the di�erence in arrival time of the �rst and second re�ection signal, the speed of

sound in the sample can be calculated as

cs =
2ds
∆t

, (4.12)
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where ds is the thickness of the sample, and ∆t is the di�erence in arrival time between the

�rst and second re�ection. Further, if the sample density is known, the acoustic impedance

of the material can then be determined as Zs = ρs · cs.

If an initial pressure wave with amplitude 1 is incident upon the sample, the amplitude

of the �rst re�ected signal, A1, received by the transducer will be equal to the re�ection

coe�cient for the water/sample interface, i.e.

A1 = R1 =
Zs − Zw
Zs + Zw

, (4.13)

where Zs and Zw are the acoustic impedance of the sample and water respectively. A

portion of the initial pressure signal will also be transmitted into the sample, and will have

an amplitude equal to the transmission coe�cient

T1 =
2Zs

Zs + Zw

= 1 +R1. (4.14)

The transmitted pressure will re�ect o� of the far surface of the sample and propagate back

toward the transducer. Hypothetically, if the material is acoustically lossless, the amplitude

of the second re�ected signal, A2, received by the transducer would be equal to

A2 = T1R1T2, (4.15)

where T2 = 1−R1 is the transmission coe�cient going from the sample back into the water.

If the material is acoustically lossless, the ratio amplitudes of the �rst and second received

signals can be calculated from the re�ection and transmission coe�cients alone:
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αcalulated =
A2

A1

= T1 · T2

= 1−R2
1. (4.16)

In an acoustically lossy material, however, the amplitude of the second re�ected signal

will be reduced due to attenuation of the acoustic wave in the medium. If αmeasured is the

amplitude of the experimentally measured re�ected signal, the loss (in units of dB/cm) can

be expressed as

α =
20log

(
αcalculated

αmeasured

)
2ds

, (4.17)

where ds is expressed in cm.

It is recommended in [123] that prior to evaluating the acoustic properties of a material

of interest using this method, the experimental setup should be calibrated using a sample of

glass or other material, for which the loss is known to be very low. It is suggested that the

results can be trusted provided that the measured loss in a glass sample falls in the range of

1 or 2 dB/cm. For this reason, an initial experiment was carried out using a glass microscope

slide. The slide was 1 mm in thickness and had a measured density of ρglass = 2.517 g/cm3.

The sample was submerged in a de-ionized water tank and carefully aligned with single

element PVDF transducer. The transducer was then pulsed at 25 MHz using a Daxsonics

10ERS5 pulser/receiver, and the re�ected signals were measured with an In�niium 54846B

oscilloscope. Fig. 4.16 shows a typical measured pulse-echo signal. For the response shown

in the �gure, the speed of sound was determined based on the time di�erence between the

�rst and second re�ection to be cglass = 4650 m/s.
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Figure 4.16: Receive signals detected when pulsing a 1 mm thick plate of glass with a 25
MHz PVDF transducer.

The measured density and speed of sound result in an acoustic impedance of Zglass =

ρglass · cglass = 11.7 MRayls. Using the calculated and measured amplitudes of the re�ected

signals, Eq. (4.17) yields an acoustic loss of αglass = 2.0 dB/cm at 25 MHz. The measured

values for the speed of sound mechanical loss are in line with the expected loss value for a

glass sample.

Next, a sample of dried BST composite was mounted in the water bath and the pulse-echo

experiment was repeated. To prepare the sample, a BST composite material was made and

allowed to gel in a 5 ml syringe. Once gelled, the material was released from the syringe and

diced into 5 mm thick discs. The BST disc was then dried in a 150◦C oven for 15 minutes,

and hydrothermally processed as described in Section 4.3.1. The the top and bottom surfaces

of the BST disc were then sanded �at to yield a �nal sample thickness of 1 mm. The average

density of the samples was determined to be ρBST = 2.440g/cm3.

A typical experimental pulse-echo signal for one of the BST composite samples is shown
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in Fig. 4.17.

Figure 4.17: Receive signals detected when pulsing a 1 mm thick sample of hydrothermally-
processed BST composite �lm with 25 MHz PVDF transducer.

From the received signal and the calculated sample density, the speed of sound and

acoustic impedance of the BST composite material were determined to be cBST = 5405

m/s and ZBST = 13.1 MRayls respectively. Using Eq. (4.17), the acoustic loss was then

calculated as αBST = 5.82 dB/cm at 25 MHz. A summary of the acoustic propertied for the

sol-gel derived, BST composite �lms is given in Table 4.4.

Table 4.4: Experimentally measured material properties of sol-gel derived, BST composite
�lms.
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4.3.4 BST-Coupled Transducers

Once the electrical and acoustic properties of BST composite �lms are known, the next

challenge is incorporating the material in to an acoustic stack to determine the a�ect it will

have on the overall performance of the transducer. In order to investigate this, a set of

test transducers were fabricated that were designed to mimic the topology associated with

a single element in the �nal 68-element integrated linear array. The top and cross-sectional

views of the test devices are shown in Fig. 4.18.

(a) (b)

Figure 4.18: (a) Top view, and (b) cross-sectional view of fabricated devices used to assess the
acoustic and electric coupling of the piezoelectric and silicon substrates using hydrothermally
process BST composite �lms.

The test structures were fabricated in the following way: First, a 100 nm thick titanium

electrode pattern was deposited on a silicon substrate using a photolithography and electron

beam evaporation. The electrode pattern consisted of a 28.5 mm wide linear strip as well

as a larger contact area for making electrical connectivity to the strip electrode. A trench

structure was then built around the titanium linear electrode in order to mimic the IC's

passivation layer. This was done by �rst spin coating a layer of SU-8 epoxy-based photoresist

(MicroChem,Westborough, MA) on the entire surface of the substrate. The spin rate used

for applying the photoresist to the substrate was 2250 RPM, which yields a �lm thickness of

approximately 6 mm. This corresponds to the measured thickness of the fabricated scanning

ASIC's passivation layer.
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After soft baking the photoresist at 95◦C, the titanium electrode was then masked o�

and the sample was exposed to 220-260 nm UV light for 8 seconds to cure the un-masked

photoresist. A post-expose bake at 95◦C was then performed in order to cross-link the areas

of exposed photoresist into a cured epoxy structure. The sample was then immersed in

a developer bath, where the photoresist is selectively etched to expose the titanium strip

electrode and the larger metallized contact area.

The trench was �lled with un-gelleld BST composite, which was dispensed from a syringe.

A 2 mm square plate of high-density PZT (3203HDSD, CTS Corp. Mans�eld, TX) was

clamped on top of the BST �lled trench, and the composite was then allowed to dry at room

temperature for 12 hours. The PZT plate had a thickness of roughly 117 mm, corresponding

to a resonant frequency of 20 MHz. Finally, the sample was dried at 150◦C to fully evaporate

the liquid phase of the composite �lm.

Away from the resonant frequency of the piezoelectric layer, the test devices have the

equivalent circuit shown in Fig. 4.19. The circuit branch in the center of the diagram

models the layers that are present in the area directly above the linear electrode where the

photoresist has been etched away to form the trench. This branch consists of the circuit

elements, Rti, CBST , and CPZT , which represent the resistance introduced by the titanium

strip, and the capacitances associated with the BST �lm and PZT respectively.

Figure 4.19: Equivalent circuit of the fabricated devices used to characterize BST composite
�lm substrate coupling.
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The value of Rti can be approximated using the resistivity of titanium, ρti, and the

dimensions of the the strip electrode:

Rti =
ρti · l
wti · dti

(4.18)

=
(420× 10−9 Ω ·m) (1.5× 10−3 m)

(28× 10−6 m) (100× 10−9 m)

= 225Ω.

In Eq. (4.18), l is the distance from the titanium contact electrode to the PZT plate, and

wti and dti are the width and depth of the titanium strip respectively. The value of the

capacitor CBST depends on the thickness, dielectric constant of the BST composite �lms. In

this case, the �lm thickness corresponds to the 6 mm trench depth with an additional 1 mm of

material above between the top surface of the photoresist, and the PZT layer (as illustrated

in Fig. 4.18). The capacitance CPZT is determined by the thickness and dielectric constant

of the PZT layer (dPZT = 117 mm, and εrPZT
= 963). Both capacitances associated with

this branch were calculated using the 2 mm x 28.5 mm area of the layers directly above the

titanium strip.

The two side branches of the circuit shown in Fig. 4.19 are associated with the areas

of PZT on either side of the trench. The remaining portion of the PZT plate that extends

beyond the trench occupies an area of 2 mm x 0.985 mm. In addition to the capacitance

associated with this area of PZT (CPZTs) this branch also includes a capacitance CPRs

introduced by the photoresist layer and a resistor Rsi associated with the conductivity of the

silicon substrate. The low resistivity of the silicon wafer used in the fabrication of the devices

(ρsi = 3.5 W-cm) and the geometry involved results in a Rsi a value of approximately 260

W. The value CPRswas calculated using a dielectric constant of εrSU−8
= 4.1). The capacitor

CBSTs is present in the model due to the 1 mm excess layer of BST composite that lies

between the photoresist layer and the PZT substrate.
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Fig. 4.20 shows the experimentally measured impedance spectrum of one of the test

devices prior to hydrothermal processing. The impedance magnitude was measured using

an impedance analyzer over the frequency range of 10 to 20 MHz. The �gure also shows

the theoretical impedance curves for the modeled device with di�ering values ofεrBST
. The

experimental impedance curves matches closely with the theoretical curves associated with

a dielectric constant of 30.

Figure 4.20: Experimental impedance magnitude curve for a BST composite coupled trans-
ducer. Also shown is the theoretical impedance curves for the same device modeled using
di�erent dielectric constants for the coupling medium.

The sample was then hydrothermally processed as described in Section 4.3.1, and the

impedance curve was re-measured. Fig. 4.21 shows that the impedance curve of the device

post-processing has changed, and aligns closely with the theoretical curve associated with a

dielectric constant of 150.

110



4.3. EXPERIMENTAL METHODS

Figure 4.21: The pre and post hydrothermally processed impedance magnitude curves for a
BST coupled device, as well as the theoretical impedance curves for devices modeled with
dielectric constants of 30 and 150.

To verify that the hydrothermal processing provides an improvement in coupling between

the substrate and the piezoelectric layer, the acoustic pulse-echo response of the device was

taken both before and after hydrothermal processing. The pulse-echo responses shown in

Fig. 4.22 were measured by submerging the device in a DI water tank and applying a 50

V amplitude, 20 MHz, single-cycle sinusoidal pulse to the titanium electrode. The signals

shown in the �gure are the received acoustic re�ections from a metal re�ector plate that was

mounted in the water tank.
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Figure 4.22: Experimental pulse-echo responses for before (above) and after (below) hy-
drothermally processing a BST coupled ultrasound transducer.

The �gure shows that after processing, the received signal is roughly 50% larger in am-

plitude, verifying that the hydrothermal processing step yields an improved coupling of the

substrates.

The experimentally-measured pulses shown in Fig. 4.22 demonstrate that hydrothermally

processed BST composite �lms can provide adequate coupling of piezoelectric substrates

to electrodes that are recessed from the surface due to surface passivation of the silicon

substrate. However, the long ring-down time of the device's pulse-echo response would

result in poor axial resolution. This is partially due to absence of a backing or matching

layer, and inclusion of a thick (275 mm) layer of silicon in the acoustic stack.

Using the experimentally-derived acoustic properties of the BST composite �lms shown in

Table 4.4, the BST-coupled devices were simulated using the KLM equivalent circuit model

in order to improve the acoustic response.
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Fig. 4.23 shows the predicted response of the BST-coupled devices as they were previously

fabricated, which included a 275 mm silicon layer, and did not include a matching or backing

layer.

Figure 4.23: KLM predicted pulse-echo response of a BST coupled transducer with a 275
mm silicon layer.

Using this model, it was determined that the amplitude of the experimentally-measured

pulse (after hydrothermal processing) shown in Fig. 4.22 is roughly 3.5 dB lower than what

is predicted from theoretically ideal capacitive coupling (i.e. εrBST
→∞).

The device model was then altered to include a 4.8 MRayl, l/4 thick matching layer, a

16.6 MRayl backing layer, and a reduction of the silicon layer to 108.75 mm, corresponding

to a thickness of l/4 at 20 MHz. Note that these are the same parameters used in the

optimization of the acoustic stack discussed in Section 4.1, only with an added 8 mm layer

of BST �lm. Fig. 4.24 shows the predicted response of the modi�ed acoustic stack. The

resulting received signal has a much shorter ring-down and achieves a fractional bandwidth
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of 83%. It is interesting to note that the despite the addition of a 8 mm layer of BST �lm in

the acoustic stack, the pulse shown in Fig. 4.24 achieved the same fractional bandwith as

the optimal KLM parameter pulse of Fig. 4.2, which did not account for the bonding layer.

Figure 4.24: KLM predicted pulse-echo response of a BST coupled transducer with a l/4
silicon layer.

Through both experiment and device modeling, it was demonstrated that hydrothermally

processed BST composite �lms are capable of providing electrical properties that allow for

satisfactory coupling to integrated electronics, while at the same time providing acoustic

properties that allow the acoustic stack to maintain a satisfactory acoustic response.

4.3.5 BST Integrated Scanning ASIC

In the previous sections it was shown through experiment and simulation that hydrother-

mally processed BST composite �lms can provide both the electrical and acoustic properties

required for use as a coupling medium in the acoustic stack of ASIC integrated transducers.

Using processed BST �lms for substrate coupling, experiments were carried out to demon-

strate the how the fabricated scanning ASIC described in Chapter 3 can be used to scan
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acoustic signals throughout a region of interest.

A piezoelectric substrate was �rst prepared by lapping a plate of 3203HD PZT to a

thickness of 117 mm, corresponding to a centre frequency of 20 MHz. The PZT was plated

on one side with a continuous Cr-Au electrode to serve as a ground plane for the substrate.

Next, a BST composite �lm was prepared using the method described in Section 4.3.1. Prior

to gelation, the �lm was painted on to the surface of the scanning ASIC to �ll the passivation

layer trenches that expose the linear array electrodes. The piezoelectric substrate was then

clamped to the surface of the ASIC using a custom made clamping jig, and the �lm was

left to gel at room temperature for 24 hours followed by �lm drying at 150◦C. After �lm

gelation, the bonded substrates were hydrothermally processed using the method described

in Section 4.3.1. The sample was then cleaned using a dilute acetic acid solution to remove

any residual BST or hydrothermal processing solution that may be present on the surface of

the piezoelectric layer, or on the exposed ASIC I/O pads.

Once the substrates are acoustically and electrically coupled with the processed �lm, the

bonded array is then mounted on to a custom PCB for testing. The ASIC bonding pads are

wire bonded to a set of fan-out PCB traces which are terminated in board-mounted SMA

connectors so that ASIC I/O channels can be connected to external systems using shielded

coaxial cables. PCB traces that were bonded to ASIC power I/O are terminated in a surface

mounted 5-pin power connector. A sample that has been mounted and wire bonded to one

of the PCBs is shown in Fig. 4.25.

115



4.3. EXPERIMENTAL METHODS

Figure 4.25: The BST integrated transducer array mounted and wire bonded to a custom
PCB.

The complete experimental set-up for characterizing the BST integrated array is shown

in Fig. 4.26.

Figure 4.26: Experimental set-up for characterizing the BST coupled transducer array.

The �gure shows a PCB mounted array connected to three external DC power supplies,

which provide the HV and LV power rails. The �ve ASIC output channels are connected
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through coaxial cables which can be individually fed in to the oscilloscope's input channels.

The array is also connected to the high-frequency pulser unit (Daxsonics 10ERS5) through

a shielded coaxial cable.

The experimental setup also shows the PCB mounted array submerged in a DI water tank

for measuring the acoustic response of the device. The tank is mounted on a translation stage

that holds an acoustic target (either a continuous metal plate or wire oriented in the elevation

direction) above the piezoelectric substrate. Precise alignment of the target and the array

is achieved using the translation stage, which allows the target to be controlled in the x, y,

and z axes, as well as tilting and rotating the target relative to the sample.

Since the scanning ASIC was designed to transmit acoustic pulses on the the negative

phase of the clock signal, a triggering scheme is used to control the timing of the transmit

events from the external pulser unit. The transmit triggering scheme is illustrated in Fig.

4.27

Figure 4.27: Transmit triggering scheme used to synchronize the external pulsing unit with
the ASIC clock signal.

The waveform generator shown at the top of the �gure is the 'scan controller', which

governs the repetition rate of the each Tx/Rx cycle. The scan controller produces a +/- 10
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V square wave signal that, on a positive clock edge, triggers the 'ASIC Tx/Rx clock' signal

generator to toggle low for a set amount of time to allow for a transmit event.

Since a transmit pulse typically consists of 2 to 5 cycles of a gaussian-modulated sinusoid,

the transmit phase of a given Tx/Rx cycle occupies a signi�cantly smaller amount of time

compared to the receive phase. For example, 5 cycles of a 20 MHz sinusoidal transmit signal

has a time duration of 250 ns, while the time of �ight for receive signals to return to the

receive aperture from a focal depth of f/2.0 is approximately 8 ms. For this reason the clock

signal generator was con�gured to provide the ASIC with a short duration transmit phase

upon a rising edge of the scan controller signal, followed by a relatively long receive phase.

It is also desirable for the pulser to be triggered after a set amount of time following the

clock's negative clock edge after the clock signal has stabilized to a logic low. This is done

using the 'pulser trigger circuit' shown in Fig. 4.27. The pulser trigger circuit consists of

a LM741 operation ampli�er in an inverting con�guration. The ASIC clock signal is used

as an input to the operational amp, and the output is fed in to the pulser unit's external

trigger input. The circuit is shown in Fig. 4.28

Figure 4.28: Op-amp circuit used in the transmit triggering scheme for delaying the transmit
pulse relative to the negative clock edge of the ASIC clock signal.

The closed-loop gain of this op-amp circuit is determined by the relative values of the

resistors R1 and R2, such that
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Vout
Vin

= −R2

R1

. (4.19)

In this case the resistors were chosen to provide a gain of 4 with R2 = 4∗R1. The capacitors

Cin and Cout are used to block DC components of the input and output signals.

If the input of the inverting op-amp is a high frequency square wave, then the output is a

linear voltage ramp which has a slope equal to the slew rate of the device. When the output

rises above a certain threshold the pulser circuit is triggered, which allows the transmit event

to be delayed relative to the negative clock edge of the scan controller signal. This is how a

delayed transmit signal is achieved. Fig. 4.29 shows how this triggering scheme works using

a 100 kHz clock signal.

Figure 4.29: ASIC clock signal (top), pulser external triggering signal (middle), and pulser
output signal (bottom).

The �gure shows that when the clock signal toggles low the output of the op-amp circuit
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begins to ramp up at a rate of approximately 0.6 V/ms. When the output reaches approx-

imately 2.5 V, the pulser is triggered. By increasing the ASIC clock signal frequency the

pulser is triggered closer to the positive-going edge of the clock.

Note that since the rate at which each Tx/Rx event occurs is governed by the scan

controller clock, continuous scanning and data collection can occur by setting the scan con-

troller to run continuously at a set frequency. Alternatively, individual Tx/Rx events can be

measured one at a time by manually triggering the scan controller to execute only a single

period. The transmit triggering scheme shown in Fig. 4.27 also shows the pulser trigger

out connected to the oscilloscope external trigger input. This was done in order to trigger a

scope acquisition on each transmit event to capture the resulting receive signal.

The described experimental setup was used to assess the acoustic response of the BST

coupled ASIC. First, a pulse-echo was measured using a single array element for both trans-

mitting and receiving. To serve as an acoustic target, a 1�x1� aluminum plate was clamped

and positioned above the piezoelectric substrate at a distance of 6 mm (corresponding to

approximately f/2.0). The ASIC was then con�gured to transmit on array element 34, which

is located roughly at the centre of the full 68 element aperture. The re�ected acoustic signal

received on array element 34 was measured by connecting ASIC output channel 3 to an

oscilloscope. The aluminum target was carefully aligned using the micrometer translation

stage until the received signal was achieved maximum amplitude.

Fig. 4.30 shows one of the received signals acquired on the oscilloscope, which has an

amplitude of of roughly 28 mV peak-to-peak.
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Figure 4.30: Experimentally measured pulse-echo signal from a metal plate target when
transmitting and receiving on element 34 of the sol-gel bonded integrated array transducer.

Although the signal has a relatively narrow bandwidth (7% fractional bandwidth) due

to the presence of the thick ASIC substrate and the absence of matching and backing layer,

the pulse shape is similar to the KLM predicted pulse shown in Fig. 4.23. However, the

results shown in Fig. 4.24 suggest that if the thickness of the ASIC substrate was reduced

to l/4 and appropriate backing and matching layers are applied, a much higher transducer

bandwidth could be achieved.

Next, a receive-beamformed radiation pattern was measured in order to assess the array's

lateral resolution and maximum achievable dynamic range. For this purpose, the aluminum

re�ector plate was replaced by a 100 mm diameter wire target. The wire was clamped taught

extending in the elevation direction, and positioned above the array at a depth corresponding

to f/2.0. Precise alignment of the wire to the centre of the array was achieved by adjusting

the axes of the translation stage to obtain the strongest receive signal when transmitting

and receiving on array element 34.

For each Tx/Rx event, receive signals from the ASIC output channels were saved on

the oscilloscope for o�ine processing. Since the oscilloscope only allowed for a single input
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channel to be saved per trigger event, data was collected in the following way: First, ASIC

output channel 1 was connected to an input of the oscilloscope. A reset signal was sent to the

ASIC, which initialized the array to transmit and receive using the �rst sub-aperture in the

scanning sequence. After the initialization, the scan controller clock was set to run at 3 Hz,

which allowed the system to acquire receive data from channel 1 at a rate of 3 Tx/Rx events

per second. After acquiring 64 receive signals from the �rst output channel, ASIC channel

2 was connected to the scope and the process was repeated until the 64 receive signals was

acquired for all 5 output channels. The saved data was imported into MATLAB and the

signals were delayed and summed according to Eq. (2.18) with the parameters Kt = 1 and

Kr = 5.

Fig. 4.31 shows the experimentally-measured two-way radiation pattern focused at f/2.0,

which corresponds to maximum value of the envelope of the delayed and summed receive

signals as a function of position. The �gure also shows the predicted theoretical two-way

radiation pattern obtained from Eq. (2.18).
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Figure 4.31: Experimentally measured and theoretical two-way radiation patterns at a dis-
tance of f/2.0.

The lateral resolution achieved by the fabricated array, which is de�ned as the -6 dB

FWHM, was measured to be 4.15l or 308 mm. The theoretical lateral resolution was calcu-

lated to be 2.9l or 215 mm.

In addition to exhibiting a wider main lobe when compared to the predicted theoretical

radiation pattern, the experimentally-measured beam pro�le shows signi�cantly higher side-

pedestal and side-lobe levels. Note that the radiation pattern shown in the �gure was

generated from a single scan cycle consisting of 64 transmit and receive events. The level

of the side-pedestal relative to the main lobe can be reduced by averaging the signals from

several scans measured in sequence. Methods of improving the two-way radiation pattern

are discussed further in Chapter 7.
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4.4 Conclusion

This chapter describes novel methods of incorporating ASICs into acoustic stack of high-

frequency transducers. One of the anticipated challenges of introducing a silicon layer in to

the acoustic stack was the generation of unwanted reverberations resulting from a di�ering

acoustic properties of silicon and commonly-used piezoelectric materials such as PZT. Using

a 1-D transducer model, it was shown that by careful design of acoustic stack layers, adequate

transducer response can be maintained despite the presence of a silicon layer. For example,

it was demonstrated through simulation that if the silicon layer is reduced to a thickness

corresponding to λ/4, it can act as a quarter-wave matching layer to the backing material.

This results in the elimination of any unwanted reverberations that are present when a thick

silicon layer is used.

Another challenge of fully integrating ASICs into high-frequency transducers is providing

electrical connections between the ASIC I/O pads and the transducer's array elements while

at the same time maintaining acoustic continuity. The passivization layer that is deposited

on the surface of the ASIC die during fabrication results in the I/O bond pads being recessed

from the surface of the substrate. This makes it di�cult to directly connect the ASIC to

a piezoelectric substrate. Unlike methods such as traditional �ip-chip bonding, capacitive

coupling allows for the arbitrary alignment of the IC and piezoelectric substrates, while at

the same time providing compact electrical connections between the ASIC I/O pads and the

transducer's array elements. A novel method of ASIC integration using capacitively coupling

through hydrothermally-processed sol-gel derived BST �lms was presented in this chapter. It

was demonstrated that the sol-gel derived BST �lms provided both satisfactory acoustic and

electric properties for use as a coupling medium for fully-integrated, high-frequency array

transducers.
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Chapter 5

ASIC Integration Part II: Surface

Metallization

Although the device bonding method described in Chapter 4 provides a relatively simple

method of ASIC integration, capacitive coupling of the substrates will always result in a

loss of device sensitivity due to the limits of achieving high dielectric constants using low-

temperature processes. Another approach to device bonding which has been demonstrated

in the integration of CMUT arrays operating in the frequency range of 3 to 7.5 MHz uses

directional conductive adhesives to provide ohmic contact between the ASIC output pads

and the array elements [9, 20, 42, 53]. In this scheme, metallic bumps are deposited on

the IC pad sites to build up the electrical contact area above the passivated surface. The

bumped IC output pads (which typically have a 50 mm diameter and 250 mm pitch), are

aligned with a matching set of CMUT array contact pads and the substrates are �ip-chip

bonded using an ACA. This provides a low-resistance contact between the array elements

and the IC output pads, resulting in a higher device sensitivity when compared to capacitive

coupling methods. However, this type of bonding method would present a challenge for the

integration of high-frequency linear arrays, in which a set of linear array electrodes de�ned on

a piezoelectric substrate are aligned with a matching set of I/O electrodes on the controlling
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ASIC. Precise alignment is di�cult in this case because of the element pitch restriction

required to avoid the generation of grating lobes in the radiation pattern. For example,

for the array element dimensions of the fabricated scanning ASIC described in Chapter 3,

the two electrode patterns would have to be aligned within a 0.4◦ rotational tolerance in

order to avoid shorting adjacent elements. Further, the metal depositions associated with

conventional Au or solder bumping can measure up to 80 mm in thickness [42], corresponding

to approximately 1l at 20 MHz. In this chapter, a new method of element connectivity is

proposed in which a metallic thin �lm is deposited on the chip that connects to the IC's

output pads, extending up the passivation trench walls, and de�ning a new set of contact

electrodes on the surface of the IC. This concept is illustrated in Fig. 5.1.

Figure 5.1: Cross-section of an IC with I/O electrodes extended up to the chip's surface
using microfabrication techniques.

The �gure illustrates that the new ASIC contact electrodes are now de�ned in the area

between the trenches on the surface of the chip, and can easily be bonded to the piezoelectric

array elements using an ACA without requiring the deposition of large metal stacks or solder

bumps.

The novel CMOS-compatible bonding scheme presented in this chapter allows for the

arbitrary alignment of the IC and piezoelectric substrates, while at the same time providing

low-resistance connections between the ASIC I/O pads and the transducer's array elements.

The novel integration scheme is presented in two parts. First a microfabrication process is

presented that allows for the patterning of surface electrodes. Secondly, a substrate bond-

ing scheme is presented that allows for arbitrary alignment of the piezoelectric layer and
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controller ASIC, while at the same time providing a low-resistivity and compact electrical

connection. Although the focus of this work is on the integration of a high-frequency piezo-

electric transducers, the process is also suitable for the of high-frequency CMUT and PMUT

arrays integrated with CMOS electronics.

5.1 Surface Electrode Patterning

This section describes the microfabrication process used to de�ne a new set of electrodes

on the surface of pre-fabricated ASICs. The �nal result after this processing is shown in

Fig. 5.2. The �gure shows a new set of linear array electrodes de�ned on the surface of the

fabricated scanning ASIC that was presented in Chapters 3 and 4.

Figure 5.2: Cr/Au electrode pattern deposited on the surface of the scanning ASIC. The
electrodes make contact with the IC's output electrodes (bottom of image) and extend up
the trench wall on to the surface of the passivation layer. The new array electrodes are
de�ned in the space above the output pads on the surface of the substrate.

To be compatible with standard CMOS integrated circuits, any post-processing step used
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to de�ne the set of surface electrodes must not exceed the maximum temperature that can

be tolerated by the CMOS process, which is typically around 400◦C. The main steps of the

process are outlined in Fig. 5.3

Figure 5.3: Flow diagram showing the main steps in the photolithography process.

The process begins with a photolithography step, which de�nes the geometry and location

of the new IC surface electrodes. In this step, a 0.5 mm layer of ma-N 405 negative tone

photoresist (Micro Resist Technology, Berlin, Germany) was spun on to the surface of the

chip. After soft baking the photoresist layer at 95◦C for 60 seconds, a photomask was aligned

with the IC using an Oriel 83210 mask aligner (Oriel Corp, Stratford, CT) and exposed with
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220-260nm UV. The photomask used consisted of a glass substrate that includes a set of 68

chromium linear strips that measure 1mm in length. The photomask was aligned to the IC

such that each of the mask's linear strips slightly overlapped an individual ASIC linear array

electrode, extending up to a passivated region of the IC surface, as is shown in Fig. 5.2.

When a negative photoresist is used, regions that are shielded from the UV exposure

remain soluble to the photoresist developer solution, while regions that are exposed to UV

become insoluble, cross-linked polymer chains. Consequently, during the development step,

the soluble photoresist was etched away from the surface of the IC only in the regions that

were directly shadowed by the chromium features of the photomask. This creates a pattern

of openings in the photoresist layer that are identical to the pattern of chromium photomask

features.

After the development step, the selectively etched areas of exposed I/O pad metal (alu-

minum) and surface passivation need to be metallized to form the new set of surface elec-

trodes. The chemistry involved in this step is similar to the methods of metal deposition

used for solder bumping processes that are common in the �eld of microelectronic packag-

ing. For example, part of conventional �ip-chip bonding processes involves the placement

of large solder bumps on the chip's bond pads and surrounding passivation material. Prior

to the deposition of the solder bumps, a multi-layered metallic thin �lm, called the under

bump metallization (UBM) is �rst deposited in an area surrounding the bonding site. The

UBM is required because aluminum is not a bondable metal for most solders. Since this

process involves patterning metallic �lm on the bond pad and the area on the chip's surface

surrounding it, the UBM chemistry must provide good adhesion to both the Al bond pads

and common passivation materials. The most common passivation materials used are silicon

nitride, silicon oxide, and several types of polyimide [121]. Well-known UBM deposition

processes were adapted to extend electrodes for the fabricated scannable array ASIC. Metals

that are commonly used as adhesion layers in UBM �lms include Cr [125], Ti [126], and TiW

[127]. For depositing the metal �lms involved in UBM processes, physical vapor deposition
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is typically used, including sputtering, and electron beam evaporation. As described in [128],

prior to metal deposition, the photoresist patterned IC is cleaned with O2 plasma etching for

30 seconds to remove any oxidation and soluble photoresist residue left in the lithography

pattern openings. 1 kÅ of Cr, followed by 1 kÅ of Au is then deposited on the entire chip

area by electron beam evaporation. After the �lm deposition, the metallized substrate is

immersed in a photoresist solvent (Nano remover PG, Microchem Corp.), which removes the

excess metal and sacri�cial photoresist, and leaving the Cr/Au electrode array pattern on

the surface of the IC.

The �nal metallization depicted in the Fig. 5.2 was determined to provide a 8 W electrical

resistance between the bottom of one of the electrode trenches and its corresponding surface

electrode, which was measured using an HP 4396 impedance analyzer.

5.2 Alignment Method

The second component of this integration scheme is a substrate bonding technique that sim-

pli�es the device fabrication process by allowing arbitrary substrate alignment. The problem

of how to align the two substrates during bonding was avoided by using di�erent electrode

patterns on the surface of the silicon and piezoelectric substrates and then arbitrarily align-

ing the substrates during the bonding process. In this scheme, continuous array electrodes

on the surface of the piezoelectric layer are replaced with a grid of square electrodes. This

concept is represented in Fig. 5.4.
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Figure 5.4: The PZT grid bonding concept. The pattern of connected piezoelectric elements
when a grid of square PZT electrodes is connected to a set of linear array electrodes de�ned
on the surface of the fabricated ASIC.

The �gure shows the pattern of connected PZT elements when a grid of square elec-

trodes is arbitrarily imposed on top of a set of rectangular IC output pads. The connected

piezoelectric grid elements provide a discretized approximation of continuous linear array

elements. If the square piezoelectric elements have dimensions smaller than separation of

the IC output pads, the two substrates can be arbitrarily aligned without shorting adjacent

IC electrodes. This technique has been previously used for coupling piezoelectric substrates

to silicon [129] and �ex circuits [130]. It should be noted that each of the discretized array

elements may not be composed of an equal number of piezoelectric grid electrodes. This

can cause an element to element variation in electrical and acoustic impedance, and active

element area. The amount of variation largely depends on the size and spacing of the grid

electrodes de�ned on the surface of the piezoelectric substrate. A more detailed description

of the e�ect of representing continuous array elements as discretized approximations is given

in Chapter 6.

The gridded piezoelectric layer was fabricated by �rst lapping a plate of high-density

bulk PZT substrate (CTS 3203HDSD) to a thickness of 117 mm, corresponding to a centre

frequency of 20 MHz. Using a similar photolithography/evaporation process as described in
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Section 5.1 for the deposition of the ASIC surface electrodes, a grid of Cr/Au electrodes was

patterned on to the surface of a piezoelectric substrate. A section of the optical mask used

in the photolithography process is shown in Fig. 5.5, which includes an arrangement of 10.5

mm square elements that have a 10.5 mm spacing between them. The side of the PZT sample

that was not lapped had a continuous Cr/Au electrode over the entire surface to serve as

the grounding plane.

Figure 5.5: Section of the optical mask used to deposit a grid of 10.5 mm square Cr/Au
electrode on the surface of a piezoelectric substrate.

5.3 Experimental Pulse-Echo

After the metallization patterns were de�ned on the two substrate surfaces, the PZT was

bonded grid side down to the IC electrode pattern by �rst applying a commercial ACA (Delo

Monopox AC265, DELO Industrial Adhesives, Windach, Germany) to the surface of the IC.

The ACA is then cured by clamping the substrates together in a custom clamping jig, and

raising the temperature of the sample to 150◦C for 15 minutes. The integrated device was

then mounted on a custom PCB and wire bonded for device testing using the same method

described in Section 4.3.5.

The PCB mounted sample was submerged in a DI water bath and a pulse-echo response
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was measured. Once mounted in the water tank, the ASIC was con�gured to transmit and

receive on array element 34. An aluminum plate was clamped and positioned above the

piezoelectric substrate at a distance of 6 mm to serve as an acoustic re�ector. The plate

was carefully aligned using a micrometer translation stage to maximize the amplitude of the

received signal. A pulse-echo response from one of the prepared samples is shown in Fig. 5.6

Figure 5.6: Experimentally measured pulse-echo signal from a metal plate target when trans-
mitting and receiving on element 34 of the ACA bonded integrated array transducer.

The pulse-echo response shown in the �gure has a peak-to-peak amplitude of 38 mV and

an SNR of 30 dB. As was the case for the BST coupled ASIC, the measured response has

a low bandwidth (4% fractional bandwidth) due to the absence of appropriate backing and

matching layers.

To determine the bandwidth that is achievable when using this method of device inte-

gration, the KLM optimization method outlined in Chapter 4 was used to model an acoustic

stack employing this scheme. The acoustic stack included matching and backing layers, as

well as a silicon substrate representing the integrated ASIC, and a 2.5 mm layer of epoxy

to model the e�ects of the ACA. The optimal acoustic stack parameters given by this opti-

mization method are shown in Table 5.1.
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Matching Impedance Matching Thickness Silicon Thickness Backing Impedance
6.0 MRayl 8.0 mm 108.75 mm 18.5 MRayl

Table 5.1: Optimal KLM acoustic parameters for an acoustic stack that includes a 2.5 mm
ACA bonding layer.

The KLM predicted pulse-echo response using the optimal set of parameters is shown in

Fig. 5.7. The pulse has a centre frequency of 20 MHz and a fractional BW of 51%.

Figure 5.7: The KLM predicted PE response of a transducer with added ACA layer.

5.4 Discussion

The CMOS-compatible transducer integration scheme outlined in this chapter provides some

advantages over other commonly used methods of integration. First, conventional �ip-chip

bonding techniques rely on the careful alignment of the ASIC I/O electrodes with an identical

set of electrodes on the substrate containing the transducer array. This may become chal-

lenging for high-frequency linear array transducers because of the strict element width/pitch

condition. Replacing a matching set of linear array electrodes on the piezoelectric substrate

with a grid of square electrodes allows the two substrates to be arbitrarily aligned without
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the risk of shorting adjacent IC electrodes. The process does however rely on the alignment

of the largely transparent photomask with the IC substrate prior to UV exposure. Since it is

only required that the photomask features to have a slight overlap of the IC electrodes, the

alignment tolerance becomes equal to the spacing of the electrodes, and not the much tighter

rotational tolerance. For the linear IC electrode pattern on the fabricated AMS chip, the

translational tolerance is +/- 10 mm, which corresponds to the spacing of the electrode. A

translational alignment within this tolerance is relatively easy to achieve with many common

mask aligners.

In addition to providing a low resistance path between the piezoelectric elements and

the ASIC electrodes, another advantage to de�ning the contact electrode pattern on the

passivation surface using a post-processing scheme is that the electrode pattern becomes

customizable, as opposed to the �xed width/pitch of the fabricated ASIC's I/O electrodes.

That is, by altering the width/pitch of the deposited metallization pattern elements, the

same IC can be used for transducer arrays operating at a variety of centre frequencies. For

example, the electrode pattern shown in Fig. 5.2 was designed (in terms of element pitch)

for a transducer operating at a centre frequency of 20 MHz. By changing the size and

pitch of the surface electrodes, the same IC can be used for a range of frequencies, and

is therefore useful for a wider variety of ultrasonic imaging applications. This �exibility

also opens up opportunities for using di�erent IC electrode geometries on the surface of the

chip, including curved electrodes, which are not o�ered in standard IC fabrication processes.

For example, CMOS integrated annular arrays could be implemented using this substrate

bonding method by de�ning a set of metallized continuous annular shaped electrodes on

the surface of a controlling ASIC that performs functions such as on-chip beamforming or

multiplexing.

A possible disadvantage of using this method of integration is that both the experimentally-

measured and KLM simulated pulse-echo responses for devices that include a 2.5 mm layer

had a lower fractional bandwidths when compared to the BST capacitive coupling method.
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The experimentally-measured pulses for the ACA bonded and BST coupled devices that did

not include matching and backing layers were 4% and 7% respectively. The KLM models for

integrated devices using the two bonding methods, which included optimized acoustic stack

parameters, achieved fractional bandwidths of 87% and 51% respectively. This suggests that

although the ACA bonding method provides an increase in device sensitivity when compared

to the the BST coupling method, the presence of the ACA layer could possibly lead to a

loss in axial resolution due to the larger pulse ring-down. Further comparison of the two

methods of integration is given in Chapter 7.

With the demonstration of both the electronic scanning ASIC and two novel interconnec-

tion schemes for a scannable linear array, the concept is extended in Chapter 6 to investigate

the feasibility of a novel type of scannable annular array. The new type of hybrid array

would be unique in that it allows for the low system complexity o�ered by annular arrays,

while having the advantage of electronic scanning, as opposed to mechanically scanning the

array to form an image.

136



Chapter 6

Scannable Annular Array

6.1 Introduction

The concept of electronically scanning an active sub-aperture across a larger piezoelectric

substrate can be extended to annular array geometries. Annular arrays are attractive for

high-frequency imaging because of their ability to provide on-axis focusing using 10 to 20

times fewer elements than a linear or linear phased array [49, 131�137]. However, due to

the geometry of the elements, annular arrays are not able to provide electronic steering

and focusing o�-axis. To maintain the low system complexity o�ered by an annular array in

addition to the ability to electronically scan the ultrasound beam o�ered by both linear array

and 2-D arrays, a system is proposed that consists of an annular array approximated by a

number of square piezoelectric elements arranged in a 2-D gird. This concept is illustrated

in Fig. 6.1.
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Figure 6.1: An annular array approximated by a number of square elements that can be
translated across a rectangular grid. The dark squares represent array elements that have
been turned on. In this example, an annular array with 3 elements has been created.

Much like the scannable linear array outlined in Chapters 3-5, the scannable annular

array would contain a switching ASIC incorporated into the acoustic stack, however in this

case the ASIC's I/O consists of a grid of square pads as opposed to a set of linear array

electrodes as previously described. By controlling the order in which the electrodes are

switched on or o�, an active annular array pattern could be scanned across the piezoelectric

substrate. This would eliminate the need to mechanically translate the array during image

acquisition. The switching network would be used to connect the elements representing each

ring in parallel so that only a small number of cables (15-20 total) would be required to

transfer the signals from the array to an external beamformer.

Although the main focus of this chapter is demonstrating the feasibility of a scannable

annular array, the fabrication challenges presented in the following sections are relevant

to any transducer that includes a silicon layer in the acoustic stack, such as the previ-

ously discussed scannable linear array. For example, previous studies have examined the

e�ect of fabricating both piezoelectric and CMUT linear arrays on silicon substrates and

have identi�ed the generation of unwanted lateral modes propagating in the silicon layer

[12, 46, 47, 118, 122, 138�140]. The lateral modes that arise in the silicon layer can leak

into the surrounding media and produce unwanted coupling between array elements (cross-

talk), leading to a reduction in the element directivity, distortion of the pulse shape, and

degradation of the radiation pattern. Lateral modes in the silicon layer will likely also be a
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problem for the scannable annular array, and so the best approach for reducing these modes

to acceptable levels for a high-frequency annular array was investigated.

A second problem faced in the design of a scannable annular array is the need to represent

annular array elements by a collection of square grid elements. Using this scheme, the

continuous annular array elements become discretized. As the size of the grid elements

is reduced, a closer approximation to an annular ring can be obtained. However, the total

number of grid elements increases by a factor of four each time the centre-to-centre spacing of

the elements is halved. Since transmit and receive switching electronics must be repeated for

each element in the grid, the centre-to-centre spacing of the grid elements places limitations

on the maximum size (and therefore maximum operating voltage) of the CMOS process used

in the fabrication of the ASIC. If a relatively coarse approximation to a continuous annular

array can theoretically provide satisfactory acoustic performance, then a physically larger,

high-voltage CMOS technology may be used (such as the AMSp35 process) to implement

the scanning ASIC. This would allow the use of higher element excitation voltages, resulting

in a higher system SNR. Further, as the number of grid elements grows, the ASIC input

signals become more heavily loaded with parasitic capacitances associated with the switching

electronics required for each cell. For example, if the external clock signal is required to drive

a larger capacitive load, then the low-to-high logic level transition time of the signal (rise-

time) increases proportionally. The logic level switching time imposes an upper limit on the

scanning rate of the ASIC. For these reasons, it is advantageous to use grid elements that

are as large as possible while still providing a satisfactory radiation pattern.

This chapter investigates these technical challenges in more detail and presents the design

of a 9-element, 50 MHz scannable annular array. It was shown both theoretically and experi-

mentally that the proposed array provides satisfactory performance in terms of the radiation

pattern, pulse shape, and bandwidth. The development of a re-con�gurable CMUT annular

array based on a similar idea has recently been described Fisher et al. [141]. The discussion

in this chapter is limited to the di�culties associated with the design of scannable arrays
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incorporating piezoelectric substrates.

6.2 System Overview

Annular arrays are typically designed using equal area elements. This provides the optimal

radiation pattern for a given number of elements, and has the added advantage of equal

element impedance. Unfortunately, an equal area design often su�ers from large lateral

modes in the outer elements. The problem arises when the width of the outer elements of

the array approach the thickness of the piezoelectric substrate. In [142], it was shown that

elements with a width to thickness ratio below 1.5 begin to display lateral modes at a level

that can signi�cantly distort and lengthen the axial pulse. It is di�cult to maintain a width

to thickness ratio greater than 1.5 unless only a few annular elements are used. For example,

for a 9 element, 50 MHz, 2 mm (64 wavelength) aperture annular array with 10 mm kerfs,

the aspect ratio for the outer element is

w

t
=

48µm

46µm
= 1.04, (6.1)

where w is the element width and t is the thickness of the substrate. A simple solution to this

problem was proposed by Demore et. al. who suggested that instead of machining groves or

kerfs in the piezoelectric substrate to separate the array elements, the annular elements could

be de�ning by patterning electrodes on surface of the piezoelectric surface [143]. Although

the resulting `ker�ess' arrays still have large mechanical coupling between the array elements,

the problem of a poor aspect ratio is avoided. Using FEM, Demore showed that the radiation

pattern and pulse shape produced by the ker�ess arrays were surprisingly good. The results

from Demore's theoretical work were later veri�ed experimentally using a ker�ess 50 MHz

7-element annular array fabricated by Brown et al. [133].

The acoustic stack of the scannable array follows a similar structure previously described,

and is illustrated in Fig. 1.1. Similar to the arrays designed by Demore and Brown [133, 143]
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the array elements are de�ned by the electrode pattern on the surface of the piezoelectric.

However in this case, the annular rings are built up from a collection of tiny square elements

selected from a rectangular grid of elements. A second grid of electrodes is fabricated on the

top surface of a silicon substrate and the two substrates are bonded to electrically connect the

switching network to the array elements and to acoustically couple the transducer substrate

to the silicon substrate.

Much like the integrated linear array described in Chapter 4, the presence of a silicon

layer in the acoustic stack will likely have a signi�cant a�ect on the pulse-echo response of

the scannable annular array. As a starting point for the design of the acoustic stack for

the annular array, the KLM optimization method described in Chapter 4 was repeated for

a 50 MHz transducer. The KLM simulations were carried out for both a high-density bulk

PZT (Motorola 3203HD) transducer substrate and a 40% volume fraction 1-3 PZT-Epoxy

composite transducer substrate. The optimal parameters given by the KLM simulations are

given in Table 6.1.

Bulk 3203 HD 1-3 Composite PZT
Matching Impedance 4.8 MRayl 2.5 MRayl

Matching Layer Impedance 8 mm 8 mm
Backing Impedance 16.6 MRayl 8 MRayl

Silicon Layer Thickness 43.5 mm 10 mm

Table 6.1: The optimal transducer parameters as determined by the KLM simulations for a
bulk PZT (Motorola 3203HD) and a 40% vol. fraction. 1-3 composite PZT.

The pulse echo responses for transducers using the optimal transducer parameters are

shown in Fig. 6.2.
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(a) (b)

Figure 6.2: The received signal from the KLM optimized transducer parameters listed in
Table 6.1 for (a) Bulk PZT and (b) 1-3 Composite PZT.

As was the case for the 20 MHz (linear) array, the pulses shown in Fig. 6.2 exhibit very

little ringing, suggesting that a satisfactory pulse-echo response can be achieved provided

that the transducer's materials are chosen appropriately. It should be noted that the optimal

design parameters determined by the KLM simulations for the 50 MHz acoustic stack are

scaled versions of the optimal parameters for the 20 MHz stack. That is, for the bulk PZT

substrate, the optimal silicon layer thickness was determined to be 43.5 mm, corresponding to

a one-quarter wavelength in silicon at the 50 MHz centre frequency, and therefore is providing

a λ/4 matching layer between the PZT and the backing layer. Based on the received pulses

shown in Fig. 6.2, the �6 dB fractional bandwidths for the PZT transducer and the PZT-

epoxy composite transducer were 85% and 62% respectively. Although the acoustic stack

parameters provided by the KLM simulations can serve as a good starting point for the

design, the KLM equivalent circuit is a 1-D transducer model and does not account for any

lateral modes that may be introduced in to the acoustic stack by the presence of the silicon

layer. To determine the a�ect of lateral modes will have on the response of the scannable

annular array, a 2-D transducer model is required.

142



6.3. LATERAL MODES

6.3 Lateral Modes

In order to determine how lateral modes in the silicon plate and transducer substrate might

in�uence the pulse shape and radiation pattern, simulations were carried out using a com-

mercial FEM software package (PZFlex, Weidlinger Associates, Los Altos, CA). FEM simu-

lations were only carried for the array with a bulk PZT substrate since the size of the model

required for the composite substrate was prohibitively large. A 50 MHz, 9 element, equal

area, 2 mm diameter ker�ess annular array with an added silicon layer was modeled.

Although the KLM optimization process allowed for acoustic stack materials to take on

arbitrary values within pre-de�ned limits, the annular array was modeled in PZFlex using

'real-world' materials that have been previously characterized, and can be well approximated

in terms of their acoustic and piezoelectric properties [123, 144�146]. The materials used in

the FEM are shown in Table 6.2, and were chosen to have material properties as close as

possible the optimal KLM parameters.

Material Density
[kg/m3]

Long. Velocity
[m/s]

Z
[MRayls]

PVDF (Matching) 1880 2400 4.5
3203HD PZT 7800 4600 36

Silicon 8430 2340 19.7
Tungsten-loaded
Epoxy (Backing)

6500 1600 10.4

Table 6.2: Material properties used in the FE modeling of a 9 element, equal area, 2 mm
diameter ker�ess annular array with an added silicon layer.

To reduce the complexity of the model, the annular array was represented using a series

of continuous annular electrodes rather than the grid of square electrodes. A 10 mm space

was left between the electrodes. The e�ect of representing the annular elements using a grid

of square electrodes is investigated in Section 6.4.

Fig. 6.3 (a) shows the FEM prediction of the pulse-echo response recorded on the axis of

the array at a focal distance of 4 mm (f/2). Unfortunately, a secondary pulse can clearly be

seen in the response approximately 0.4 ms after the main pulse, which is shown more closely
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in Fig. 6.3 (b).

(a) (b)

Figure 6.3: (a) The FEM predicted pulse-echo response at f/2 for a 9-element annular array
with λ/4 silicon layer, and (b) close up of the secondary pulse.

The secondary pulse was determined to have an amplitude of �37 dB relative to the

main peak, and a centre frequency of 33 MHz. In practice, ultrasonic images are typically

displayed using 50 to 60 dB of dynamic range, and therefore the secondary pulse predicted

by the simulation would create an image artifact. Furthermore, since 33 MHz is well within

the bandwidth of the transducer, the secondary pulse cannot be �ltered out without causing

distortion of the main pulse.

The FEM simulation was repeated for the same array, only without the added silicon

layer. The predicted pulse-echo response is shown in Fig. 6.4. It can be observed from Fig.

6.4(b), that there is no evidence of the secondary pulse in the transducer's response once

the silicon layer is removed. This suggests that the likely source of the secondary pulse is a

spurious mode traveling in the silicon substrate, as has been noted in [12, 46, 47, 118, 122,

138�140].
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(a) (b)

Figure 6.4: (a) The FEM predicted pulse-echo response at f/2 for a 9-element annular array
without an added silicon layer, and (b) close up of the secondary pulse.

Fig. 6.5 shows the FEM predictions of the secondary pulses resulting from separately

exciting individual rings of the array that included a 43.5 mm silicon layer. The pulses

were generated by applying the excitation voltage to selected rings, while keeping the other

rings electrically �oating. By �oating the other rings in the array, the pulse-echo responses

include the e�ect of elemental cross-talk. The �gure includes the pulses obtained from

exciting elements 1, 3, 5 and 7.
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Figure 6.5: The secondary pulses obtained when individually exciting array elements 1, 3,
5, and 7. For a given ring excitation, the remaining rings are left electrically �oating.

It can be seen in the �gure that the secondary pulses from outer rings arrive at the

focal point sooner and have been dampened less than the secondary pulses arising from

exciting the inner elements individually. This suggests that the secondary pulses observed

in the pulse-echo response are arising from modes traveling in the lateral direction of the

transducer. Although the secondary pulses from each individual ring are relatively large, the

pulses arrive out of phase and the net result is the smaller secondary pulse previously shown

in Fig. 6.6.

Various methods have been employed to suppress the lateral modes in linear and phased

arrays, including thinning the silicon layer [118], and adding a layer of loaded epoxy on the

surface of the silicon to dampen the modes [140]. Both of these techniques were investigated

using FEM in order to identify a method of reducing the secondary ripple in the pulse-echo
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response for the scannable annular array.

By adding an acoustically lossy material to the outer edge of the model, which has an

acoustic impedance that is approximately matched to the silicon layer, the amplitude of the

lateral mode will smoothly attenuated as it propagates in the lossy layer. Fig. 6.6 shows the

pulse-echo response at f/2 when a 100 mm wide, 12 MRayl `epoxy' ring is added around the

edge of the array.

(a) (b)

Figure 6.6: (a) The FEM predicted pulse-echo response at f/2 for a 9-element annular array
with λ/4 silicon layer and surrounding epoxy, and (b) close up of the secondary pulse.

The secondary ripple in the response has been reduced to approximately -45 dB with

respect to the main peak. Although adding a ring of acoustically-matched lossy material to

the edge of the array resulted in an 8 dB reduction of the secondary pulse, to avoid imaging

artifacts it is desirable to reduce the amplitude to a level of -60 dB with respect to the main

pulse.

Fig. 6.7(a) shows the secondary pulses that are obtained when the thickness of the

silicon layer is decreased from 80 mm to 20 mm. As the silicon plate thickness decreases, the

amplitude of the secondary pulses was also found to decrease. This trend is summarized in

6.7(b), which shows the peak secondary pulse level as a function of the silicon layer thickness.
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(a)

(b)

Figure 6.7: (a) The two-way axial secondary pulses for silicon layer thicknesses of 80 mm,
43.5 mm, 30 mm, and 20 mm. (b) The variation in peak secondary-pulse level as the thickness
of the silicon layer ranges from 0 mm to 80 mm.
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It can be seen that in order to achieve a peak secondary pulse level under �60 dB, the

thickness of the silicon substrate must be reduced to less than 20 mm. Fig. 6.8 shows the

axial pulses for an annular array with no silicon layer and an annular array with a 20 mm thick

silicon layer. The pulses produced by the two arrays are nearly identical. The amplitude of

ringing introduced by the silicon layer is suppressed by approximately 60 dB with respect to

the main pulse. Although the thickness of the silicon layer is smaller than the ideal thickness

for a quarter wavelength matching layer (43.5 mm), the amplitude of the pulse is negligibly

reduced compared to the case where a 43.5 mm silicon layer is used.

Figure 6.8: FEM pulse-echo responses for transducers with a 20 mm silicon layer, and no
added silicon.

In addition to pulse distortion, lateral modes in array structures can also degrade the ra-

diation pattern. To investigate this problem, the two-way radiation patterns were calculated

using the FEM model and the ideal impulse response method. The impulse response used

for the simulations, was the analytical expression derived by Arditi et al. in [35], which is

discussed in greater detail in Section 2.4. The pulse used for the impulse response method
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was chosen to match the pulse predicted by the FEM model that does not include the silicon

layer, so that the di�erences between the radiation patterns calculated by both models could

be attributed directly to unwanted lateral modes and electrical coupling between the array

elements. Fig. 6.9 shows the two-way radiation patterns generated from both the FEM and

impulse response methods.

Figure 6.9: Two-way radiation patterns for the impulse response method, and FEM with 20
mm Si layer.

The FEM simulated array included a 20 mm thick silicon layer. The radiation pattern

was calculated at a focal distance of 4 mm (f/2). The two radiation patterns are remarkably

similar with secondary lobes in the radiation pattern predicted using the �nite element FEM

model are only slightly higher than those predicted using the ideal model, although still

suppressed lower than �60 dB with respect to the main peak.
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6.4 Grid Element Size

To reduce the system complexity associated with fabricating the hybrid array structure it is

important to minimize the number of 2-D array elements that are tied together to form an

annular ring. However, as the size and centre-to-centre spacing of the grid elements increases,

secondary lobes in the two-way radiation pattern will also increase. The objective, therefore,

is to design an array with the largest grid element size and spacing allowable while keeping

the amplitude of secondary lobes in the two-way radiation pattern below approximately �

60 dB with respect to the peak. An advantage of annular arrays over linear arrays is that

an increase in element spacing (>l ) is possible while still avoiding the formation of grating

lobes in the radiation pattern. To reduce the complexity of the scannable annular array, it

would be desirable if this property of annular arrays would allow the centre-to-centre spacing

of the 2-D grid elements to be larger than one wavelength.

The �nite element model used to predict the two-way radiation pattern shown in Fig. 6.9

assumed that the annular array was fabricated using a series of continuous annular shaped

electrodes, and cannot be used for this calculation. Instead, the impulse response method

was used to calculate the radiation pattern produced by an array formed using a collection of

square elements selected from a 2-D rectangular grid. By comparing the resulting radiation

pattern to the radiation pattern produced by an ideal annular array with continuous annular

shaped electrodes, it is possible to investigate how the rectangular grid spacing and element

size in�uences the amplitude of secondary lobes. The impulse response of each grid element

was approximated by an appropriately delayed delta function multiplied by the continuous

wave directivity of the element and divided by the propagation distance.

The two-way radiation pattern for a 2 mm diameter 9-element annular array formed by

selecting square elements from a 2-D grid with various grid element width and pitch combina-

tions is shown in Fig. 6.10. For comparison, the 2-way radiation pattern for a corresponding

9-element annular array with continuous annular shaped elements is also shown.
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Figure 6.10: Two-way radiation patterns for the ideal case (continuous annular array ele-
ments) and array de�ned by a number of square grid elements of various width/pitch com-
binations. As the pitch and element width decreases, the radiation pattern approaches that
of a continuous annular element array.

The optimal combination of grid element size and pitch would allows for the fewest grid

elements while maintaining comparable performance to that of the continuous aperture.

When an element width of l and a pitch of 2l are used, unacceptably large grating lobes

are seen in the radiation pattern. Although the grid elements are used to approximate an

annular array pattern, it appears that grating lobes introduced by the periodicity of the 2-D

grid cannot be avoided, and therefore the grid pitch must be restricted to approximately l

or less. Fig. 6.10 shows that despite the relatively coarse representation of the annular array

formed from the grid elements having an element width of l/2 and a pitch of l, the resulting

radiation pattern is similar to the radiation pattern produced by the array with continuous

annular elements. This shows that it is not necessary to use a grid spacing �ner than l.
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6.5 Proposed Array Connectivity Method

Once the grid element size and spacing are selected, an easy way to connect the transducer

substrate to the silicon substrate is to join the substrates using an ACA in a similar manner

to the method described in Chapter 5. Much like the case for the scannable linear array, if the

electrodes de�ned on the surface of the PZT substrate are of identical width and pitch as the

grid of ASIC output pads, precise alignment for �ip-chip bonding becomes challenging due

to the �ne piezoelectric element spacing required to avoid grating lobes. For example, at 50

MHz the centre-to-centre spacing for the electrode patterns would need to be approximately

30 mm. If each grid element was de�ned using a 30 mm x 30 mm electrode, then the two grid

patterns would need to be aligned to within 15 mm to avoid the creation of short circuits

between adjacent grid elements. Similarly an error in the alignment angle of less than 0.4◦

would be required to avoid unwanted short circuits for a 2 mm x 2 mm substrate.

Adapting the method outlined in Chapter 5, an easy way to avoid this problem for the

scannable annular array would be to fabricate the electrode patterns on the two substrates

using a slightly di�erent centre-to-centre spacing and then purposely misalign the patterns

during the bonding process. By purposely misaligning the substrates a pseudo random

pattern of connected electrodes can be obtained that is similar to the pattern of array

elements used for sparse 2-D arrays. Fig. 6.11 illustrates this concept.
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Figure 6.11: Grid of PZT surface electrodes arbitrarily aligned to a grid of ASIC output
pads with a larger width/pitch combination.

The �gure shows that if the PZT electrode grid has a �ner width and pitch than the ASIC

output pad grid, then the two electrode grids can be arbitrarily aligned without shorting

adjacent elements. Note that for the case shown in Fig. 6.11, although not every PZT surface

electrode is connected to an ASIC output pad, each ASIC electrode is connected to at least

one PZT substrate electrode. As long as the ASIC output grid satis�es the width/pitch

conditions outlined in Section 6.4, grating lobes will not be present in the radiation pattern

despite not all of the PZT electrodes connected.

As an example, Fig. 6.12 illustrates the pattern of connected PZT electrodes for a 2

mm diameter 9-element annular array with two electrode patterns skewed 11° relative to

each other. The grid representing the ASIC output pads has a centre-to-centre spacing of l

and an electrode width of l/2, and the grid representing the PZT electrodes has a centre-

to-centre spacing of 0.7l and an electrode width of 0.35l. The active array pattern shown

includes 2,585 active IC output pads exciting 4,135 PZT grid elements. This corresponds to

approximately 76% of the total number of PZT grid elements that would have been connected

if the two grids were of identical size and spacing, and were perfectly aligned.
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(a)

(b)

Figure 6.12: (a) The active electrode pattern for an IC output electrode grid with grid
element width of 0.5l and a centre-to-centre spacing of l, and a PZT electrode grid with
grid element width of 0.35l and a centre-to-centre spacing of 0.7l and imposed on top, and
(b) a close-up of the same pattern of connected elements.
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Although each of the nine rings is composed of roughly the same number of grid elec-

trodes, there is some element-to-element variation. Table 6.3 shows the number of PZT

surface electrode associated with each ring for the active elements shown in Fig. 6.12.

Ring Number of Grid Electrodes
1 478
2 448
3 412
4 463
5 455
6 491
7 506
8 452
9 430

Table 6.3: The number of PZT grid electrodes associated with each of the nine annular array
elements.

The largest element-to-element variation occurs between ring 3 and ring 7, representing

a 23% di�erence in the total number of connected grid elements.

The loss in the active area can result in a loss of element sensitivity due to higher element

impedance, as well as a reduction of elemental directivity. The issue of element-to-element

variation when using this method is discussed further in Chapter 7.

When the electrode grids are perfectly aligned any grating lobes present in the radiation

pattern are expected to lie on an axis parallel to the transducer's face. Once the grids are

rotated relative to each other this is no longer the case. Therefore to examine the amplitude

of the secondary lobes it is necessary to calculate the radiation pattern everywhere in the

�eld of the array. The resulting two-way radiation pattern at a distance corresponding to f/2

is displayed as a gray-scale image where the image brightness corresponds to the maximum

value of the demodulated beamformed signal at each location relative to the peak value.

The images are displayed using a log scale. Fig. 6.13(a) and (b) show the two way radiation

pattern using dynamic ranges of 60 and 70 dB respectively.
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(a) (b)

Figure 6.13: a) The resulting two-way radiation pattern at 4 mm (f/2) displayed using 60
dB of dynamic range. (b) The resulting two-way radiation pattern at 4 mm (f/2) displayed
using 70 dB of dynamic range.

Secondary lobes have been suppressed by approximately 60 dB with respect to the peak

amplitude in all directions and there is no evidence of grating lobes in either of the two-way

radiation patterns. This simulation was repeated using skew angles ranging from 8 and 14◦,

and lateral translations ranging from -20l to 20l, and in each case similar results were found.

6.6 Experimental Results

Transducer arrays were constructed to investigate the accuracy of the FEM simulation results

presented in Section 6.3, as well as to further assess the suitability of the interconnection

scheme outlined in Section 6.5. The arrays consisted of 9 equal-area annular elements, with

2 mm apertures, and include a silicon layer in the acoustic stack to represent the acoustic

properties of a switching ASIC.

6.6.1 Array Fabrication Process

The following fabrication process was developed for the construction of the annular arrays:

First, a set of annular array electrodes was deposited on the surface of silicon wafers using a
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photolithography and PVD metal deposition process. The photolithography process begins

by spin coating a 500 nm �lm of ma-N 405 negative photoresist on to the surface of a 2�

silicon wafer. After soft-baking the photoresist at 95◦C the wafer was aligned with an optical

mask using an Oriel 83210 mask aligner and exposed with 220-260 nm UV light. The optical

mask consists of a pattern of 9 concentric equal-area annular rings with a pitch of 17 mm, and

an outer diameter of 2mm. The mask also includes a set 20 mm wide traces that connect to

the 9 annular elements. After UV exposure, the sample was immersed in a bath of MF-319

photoresist developer (Rohm and Haas, Philadelphia, PA), to selectively etch the un-exposed

photoresist. Once fully developed, the array pattern was electroded by evaporating 50 Å of

Cr followed by 500 Å of Au on to the surface of the wafer. A section of the electrode pattern

deposited on a silicon wafers is shown in Fig. 6.14(a).

Using a similar process, a grid pattern was then deposited onto square plates of high-

density bulk PZT (TRS 200-HD, State College, PA). The PZT electrode grid consisted of

10.5 mm square Cr/Au electrodes with a 10.5 mm electrode spacing. The PZT electrode

pattern is shown in Fig. 6.14(b).

(a) (b)

Figure 6.14: (a) A section of the electrode pattern deposited on a silicon wafer. The Cr/Au
deposition de�nes the electrodes for 9 equal-area annular elements with a 2 mm aperture
as well as a set of 20 mm wide traces for connectivity to the annular elements, and (b) The
electrode grid deposited on the PZT plate. The grid electrodes are 10.5 mm squares with
10.5 mm kerfs.

Next, the PZT was bonded grid side down to the annular ring pattern de�ned on the
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surface of the silicon using Delo Monopox AC265. The bonded PZT substrate was then

lapped to the desired thickness and electroded with a continuous Cr/Au �lm to form a

ground plane for the piezoelectric substrate.

In order to verify proper electrical connectivity, impedance measurements were taken of

each array element at this point in the fabrication process and compared the KLM equivalent-

circuit transducer model. Note that the thin metal traces used to connect to the array

elements introduce a series resistance to the transducer model and need to be included in

the KLM equivalent circuit. The traces were 20 mm wide and approximately 7 mm in length

for the central element. Using a resistivity of ρ = 22.1 nW�m at 20◦C for gold [144], the trace

resistance is

R =
ρl

wD

= (22.1× 10−9) (7.0× 10−3)

(20× 10−6) (50× 10−9)
(6.2)

= 154.7Ω. (6.3)

In Eq. (6.2), l, w, and D are the width, length, and depth of the traces respectively.

Figs.6.15(a) and (b) show the experimentally-measured and KLM predicted impedance

curves respectively for a transducer operating at a centre frequency of 42 MHz. The

impedance traces of the transducer are in good agreement with the theoretical predictions

indicating that proper electrical and acoustic connectivity was achieved.
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(a) (b)

Figure 6.15: The impedance traces for the central element of a 42MHz annular array from
(a) the KLM transducer model, and (b) experimentally-measured.

As discussed in Section 6.3, one way of reducing spurious modes that arise due to the

presence of silicon layer in the acoustic stack is to adequately thin the substrate. A this point

in the fabrication process, substrate thinning was accomplished by mounting the sample to a

glass carrier plate for rigid support (PZT side down) and lapping the back side of the silicon

layer to the desired thickness. The transducers were then backed with a tungsten-loaded

epoxy in a 7-to-1 mixture by weight for an acoustic impedance of approximately 10 MRayls

[144]. As a �nal step, a l/4 PVDF matching layer was bonded to the front (grounded side)

of the PZT plate.

6.6.2 Pulse-Echo Measurements

Using the fabrication method outlined in Section 6.6.1, a 50 MHz annular array was con-

structed that included a 20 mm silicon layer in the acoustic stack. The fabricated array

was mounted and wire bonded to a custom PCB for ease of connection to an external

pulser/receiver. The PCB-mounted array was then submerged in a D.I. water bath contain-

ing a quartz block to obtain the transducer's pulse-echo response. Pulse-echo measurements

were made by aligning the array with the quartz block and exciting individual array elements

with a 60V amplitude, 50 MHz single-cycle pulse (Daxsonics 10ERS5 pulser/receiver), The
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re�ected acoustic signal was detected by the same array element and was recorded using an

Agilent In�niium 54846B oscilloscope.

Fig. 6.16(a) and (b) show the FEM predicted, and experimentally-measured, pulse-echo

response for the array's central element respectively.

(a) (b)

Figure 6.16: (a) The FEM predicted and (b) experimentally-measured pulse-echo response
for the central element of a 9-element annular array with 20 mm silicon layer.

A secondary ripple can be observed in the FEM predicted pulse, which is shown in Fig.

6.17. The secondary pulse occurs in the response approximately 0.4 ms after the main pulse at

a level of -56 dB. Fig. 6.17 also shows the same portion of the response for the experimentally

measured signal.
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Figure 6.17: The secondary pulse for the FEM predicted (top) and experimentally-measured
(bottom) pulse-echo response for the central element of a 9-element annular array with 20
mm silicon layer.

The ripple shown in Fig. 6.17 for the experimentally-measured pulse appears throughout

the entire response at a level of -43 dB with respect to the main peak. It was noted that a

similar signal can be observed even when the transducer is not being pulsed, and therefore

can largely be attributed to the noise �oor of the experimental set-up (transducer, cabling

and oscilloscope). This means that in order to compare the level of the lateral modes in

the fabricated array to the FEM-predicted pulse, the lateral modes in the experimental-

measured response would have to appear at a level above the -43 dB noise �oor. In Section

6.3 it was noted that the secondary pulses generated from the outer rings are larger in

amplitude compared those generated from the inner rings. Fig. 6.18(a) and (b) show the

FEM predicted, and experimentally-measured, pulse-echo response for the array's outer-most

element. Secondary pulses can clearly be observed in both pulses.
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(a) (b)

Figure 6.18: (a) The FEM predicted and (b) experimentally-measured pulse-echo response
for the outer-most ring of a 9-element annular array with 20 mm silicon layer.

6.19 shows the secondary pulses observed in the FEM and experimental pulses respec-

tively.

Figure 6.19: The secondary pulse for the FEM predicted (top) and experimentally-measured
(bottom) pulse-echo response for the outer-most ring of a 9-element annular array with 20
mm silicon layer.
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The close agreement between the experimentally-measured and the FEM-predicted pulse-

echo responses suggest that when all 9 array elements are used to form a focused beam, the

resulting beamformed pulse-echo response will be similar to the FEM-predicted response

shown in Fig. 6.8, and the secondary pulse due to lateral modes will be suppressed to

roughly 60 dB with respect to the main peak.

6.7 Conclusion

This chapter presented the design of a scannable 50 MHz, 9-element annular array based on

a hybrid transducer structure incorporating a piezoelectric substrate and a silicon substrate

in the same device. Initial modeling of the acoustic stack using a KLM equivalent circuit

model showed that a satisfactory pulse could be obtained using a bulk PZT substrate and

appropriate backing/matching layers provided the thickness of the silicon substrate was re-

duced to approximately 45 mm. Unfortunately, lateral modes were observed in the pulse-echo

response when the hybrid array structure was simulated using FEM. It was demonstrated

though both simulation and experiment that by decreasing the silicon layer thickness, the

lateral modes could be reduced to the level where there was little degradation of the radiation

pattern or pulse echo response or the array.

One problem faced in the design of the scannable annular array is the need to approximate

a continuous annular ring using a collection of rectangular elements. As the size of the grid

elements is reduced, a closer approximation to the ideal ring shape can be obtained. However,

it was demonstrated that the factor that ultimately restricts the size of the array elements

is the periodicity introduced by the rectangular grid. Similar to a linear or 2-D array, the

centre-to-centre spacing of elements used to de�ne the annular rings must be restricted to

approximately one wavelength (or less) to avoid the formation of grating lobes. Provided

that this condition was satis�ed, a satisfactory radiation pattern could be obtained using a

relatively coarse one-wavelength centre-to-centre element spacing.
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The device integration concept that was described in Chapter 5, in which the components

are bonded using an ACA, was adapted for an annular array geometry and experimentally

investigated. In this scheme, the problem of how to align the two substrates was avoided

by using di�erent electrode patterns on the surface of the silicon and piezoelectric layers

and then purposely skewing the substrates during the bonding process. By carefully choos-

ing the electrode patterns, it is possible to create a pattern of connected electrodes that

resembles the pattern of elements in a sparse 2-D array. The theoretical two-way radiation

pattern generated using this method was found to be reasonably invariant to changes in the

alignment.
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Chapter 7

Conclusions and Future Work

This thesis presented the proof-of-concept of a new type of fully-integrated, high-frequency

array transducer that combines a low electronic channel count with the ability to elec-

tronically scan the ultrasound beam throughout an imaging region. The design includes a

scanning ASIC that is incorporated in to the acoustic stack, which controls the scanning of

an active sub-aperture across a piezoelectric substrate. This allows the ultrasonic beam to

be scanned without the need for mechanical translation. A reduction in electronic channel

count is of great importance for applications that require both a large number of array el-

ements and strict limitations on the physical size of the probe. Feasibility was shown by

addressing the unique challenges associated with the design and fabrication of such a device,

including demonstration of a custom scanning ASIC, experimentally validating two novel

device interconnection schemes, and showing through both simulation and experiment that

satisfactory transducer performance can be achieved when introducing a silicon layer in to

the acoustic stack.

7.1 Scanning ASIC

The purpose of the prototype scanning ASIC outlined in Chapter 3 was to demonstrate a

proof-of-concept of the electronics required for fully-integrated, electronically scanned arrays.
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Although the fabricated ASIC was designed to be used with a 20 MHz linear array, the

concept can be easily adapted to implement other types of geometries such as 2-D or annular

arrays.

It was demonstrated experimentally that the prototype ASIC was able to multiplex a

high-frequency pulser signal in to individual array elements and sequentially step the trans-

mission across the array pattern with very little electrical cross-coupling between adjacent

elements. The experimentally measured electrical cross-talk between adjacent elements dur-

ing transmit was determined to be at a level of -22 dB with respect to the transmitted

pulse.

Likewise, the multiplexing and scanning of the receive sub-aperture was experimentally

veri�ed. When a 20 MHz sinusoidal signal was applied to the array electrodes (mimicking a

received acoustic signal), the receive aperture was shown to scan across the ASIC as designed.

At 20 MHz, the received signal path was observed to be slightly attenuating. The voltage

signal measured at the ASIC's output channels was measured to be reduced by 1.2 dB with

respect to the amplitude of the applied signal.

One of the areas of ASIC's implementation that could be greatly improved is the design

of the output ampli�er block. While the output ampli�ers can provide 20 dB of gain at

the lower portion of the ultrasonic spectrum, the gain is reduced to near unity at 20 MHz.

Additionally, the sharp drop-o� of the spectral response will also likely result in signal

distortion in the recieve path. For example, once appropriate matching and backing layers

are used in the design, the integrated transducer can theoretically achieve a broadband

pulse-echo response (Fig. 4.24). The steep slope in the frequency response of the recieve

path would result in �ltering some high-frequency content from the recieve signals, resulting

in signal distortion. Therefore, improving the frequency response of the output path can

have a signi�cant impact on the scanning ASIC's sensitivity, SNR, and linearity. A simple

way to achieve a wider frequency response is to apply a feedback scheme on each of the CS

ampli�er stages. Although it has the e�ect of reducing the overall gain of an ampli�er stage,
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applying a negative feedback scheme (for example, by adding a resistor between the gate

and the source terminals) can provide a signi�cant widening of the frequency response [111].

7.2 Device Connectivity

After verifying the functionality of the scanning electronics, the next step in showing feasi-

bility of the fully-integrated arrays was to demonstrate methods of device integration. The

�rst method of integration that was investigated involved capacitively coupling the ASIC's

array electrodes to the piezoelectric substrate using high-dielectric thin �lms. In Chap-

ter 4, it was experimentally shown that hydrothermally-processed composite �lms of BST

achieved electrical permittivities of up to εrBST
= 140 using low-temperature processes that

are compatible with both the scanning ASIC and the piezoelectric substrate. Using a set

of test structures, it was shown that the hydrothermal processing of the sol-gel derived �lm

resulted in a signi�cant improvement in device sensitivity resulting from the increase in the

dielectric constant of the coupling �lm.

In addition to providing adequate electrical connectivity, it was shown through simula-

tion that transducers employing BST coupling �lms for device integration can maintain a

satisfactory acoustic response. Once an approximate set of acoustic properties was exper-

imentally determined, the BST �lm was incorporated into a 1-D acoustic stack model. It

was demonstrated through simulation that an 86% fractional bandwidth could be achieved

using an acoustic stack that includes a 7 mm �lm of BST as a coupling material.

An experimental two-way radiation pattern was measured for a 20 MHz, BST integrated

linear array. The measured radiation pattern displayed side lobes that were suppressed

roughly 40 dB with respect to the main peak, and achieved a -6 dB FWHM of 308 mm.

From Fig. 4.31, it can be seen that although the main lobes of the experimental and

theoretical radiation patterns match closely, the level of the side-pedestal was experimentally

measured much higher than the theoretical prediction. One possible explanation for the
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di�erence in the theoretical and measured radiation patterns is the relatively large noise

�oor that is introduced by ASIC. The noise �oor can be observed in the received signal

shown in Fig. 4.30. Typical noise �oor levels for the received pulse-echo signals recorded

in this experiment were determined to be in the range of -20 to -30 dB with respect to the

peak level of the main pulse.

Fig. 7.1 shows the predicted radiation pattern when -27 dB of added white Gaussian

noise (AWGN) is added to the time-domain signals used in the theoretical beamforming

calculation.

Figure 7.1: Experimental and theoretical two-way radiation pattern with 27 dB of AWGN
at a distance of f/2.0.

Although the relative shapes of the main-lobes remain unchanged, the side-pedestal levels

of the experimentally measured radiation pattern are in better agreement with the theoret-

ically predicted radiation pattern once the receive signal noise �oor is taken into account.

This e�ect is further illustrated in Fig. 7.2, which shows how the level of the side-pedestals
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changes in the theoretically predicted radiation pattern as the SNR of the beamformed sig-

nals is varied from the ideal case. At an SNR of 55 dB the predicted radiation pattern closely

matches the ideal case. It should be noted that the low SNR observed in the experimental

results are more than what would be expected from the loss of SNR associated with the

M-SAF acquisition scheme (discussed in Section 2.5), and is likely due to sources of noise

arsing in the ASIC and experimental set-up.

Figure 7.2: The ideal two-way radiation pattern, and the theoretical radiation patterns
generated using received signal SNR levels of 27, 30, 40, 50, and 60 dB.

These results suggest that a great improvement can be achieved by investigating the

main sources of noise in the ASIC or experimental set-up, and implementing noise reduction

techniques in future design iterations.

The second approach to device integration is an adaptation of common �ip-chip tech-

niques to provide direct ohmic contact between the ASIC electrode and the PZT electrodes.

170



7.2. DEVICE CONNECTIVITY

Typically �ip-chip bonding relies on the deposition of thick metal to rise the electrode above

the surface of the ASIC substrate. Instead of raising the ASIC bond site above the surface

of the passivation layer, a new method was investigated in which a metallic thin �lm was

deposited on the chip that connects to the IC's output pads, extends up the passivation

trench walls, and de�nes a new set of contact electrodes on the surface of the IC. The newly-

de�ned surface electrodes can then be bonded to the piezoelectric array elements using an

anisotropic conductive adhesive. Further, by approximating continuous array electrodes on

the surface of the piezoelectric layer with a grid of square electrodes, a simpli�ed alignment

of the piezoelectric substrate and the ASIC electrodes was achieved. In addition to provid-

ing a low-impedance contact between the ASIC electrodes and the piezoelectric elements,

the surface metallization pattern can also be customized for di�erent element widths and

pitches, allowing the same scanning ASIC to be used for a wider variety of applications and

frequency ranges. The pulse-echo associated with this scheme provided a 3 dB increase in

signal amplitude when compared to the capacitive coupling method described in Chapter 4.

It was determined through both experiment and simulation that the pulse-echo responses

for devices using the BST coupling method produced higher bandwidths when compared to

devices using the ACA bonding method. This is possibly due to the di�erence in acoustic

impedance for the two bonding layers. It was shown in Chapter 4 that the acoustic impedance

of hydrothermally processed BST had an acoustic impedance of 13.1 MRayls, which may

provide better acoustic matching between the PZT and the silicon substrates. Since the

acoustic impedance of epoxy (ZEpoxy =2 MRayls) is much di�erent than the impedances

of the surrounding materials, the ACA bonding layer may be causing reverberations in

the acoustic stack. A higher bandwidth could be achievable for the ACA bonding method

through further acoustic stack optimization, such as the use of multiple matching layers.

The simpli�ed method of alignment using a 2-D grid of square PZT electrodes to ap-

proximate continuous array elements, was investigated in Chapter 6 for use in a proposed

scannable annular array. In this method, both the ASIC I/O pads and PZT substrate elec-
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trodes are de�ned as a 2-D grid of square elements. Using di�erent electrode patterns on

the surface of the silicon and piezoelectric layers and then purposely skewing the substrates

during the bonding process results in discretized approximations to continuous annular array

elements, and resembles the pattern of elements in a sparse 2-D array. Although the pattern

of connected electrodes changes with di�ering alignments, the resulting two-way radiation

pattern was found to be reasonably invariant to rotations and translations. For the PZT grid

sizing shown in Fig. 6.11, the simulated beam pattern remained satisfactory for rotations

of 11◦ +/- 3◦ and was found to be invariant under vertical and horizontal translations. One

disadvantage associated with creating discretized array elements by purposely misaligning

the electrode grids is the possibility for an element-to-element variation the number of PZT

grid electrodes that are connected to a particular ASIC I/O channel. For example, the grid

geometry used in Chapter 6 produced a maximum variation of 23%. Despite the variation in

active element area associated with this geometry, the theoretical two-way radiation patterns

shown in Fig. 6.13 showed a tightly-focused beam formation, lobe, and side lobes that were

reduced to a level of under -60 dB with respect to the main peak. Although this grid geom-

etry maintained a satisfactory theoretical two-way radiation pattern, further investigation

could be done to determine whether an improvement could be achieved by choosing an opti-

mal combination of PZT and IC electrode grid geometry to minimize the element-to-element

variation in connected grid electrodes.

9-element annular array transducers were constructed to experimentally assess both the

ACA bonding interconnection scheme and to determine the e�ect that thinning silicon layer

to 20 mm would have on the pulse-echo response. Measurements of the array element's

impedances were in good agreement with the theoretical predictions indicating that proper

electrical and acoustic connectivity was achieved. A pulse echo response was measured for a

42 MHz annular array that incorporated a 20 mm silicon layer into the acoustic stack. The

pulse-echo response showed no reverberation due to the presence of the silicon layer. The

experimentally measured amplitude of spurious modes for the outer-most ring of the annular
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array was in good agreement with the FEM predicted level. This indicates that provided the

silicon layer is reduced to a thickness of 20 mm, the lateral modes present in the 9-element

beamformed pulse-echo signal will be reduced to -60 dB with respect to the main pulse, as

predicted by FEM simulations.

7.3 Acoustic Stack Design

One of the anticipated challenges in the design of fully-integrated arrays which include a

piezoelectric substrate and a silicon substrate in the same device, was incorporating the sili-

con layer in to the acoustic stack while maintaining a satisfactory transducer response. Both

Chapters 4 and 6 investigated this challenge using acoustic modeling and experimental veri�-

cation. Initial modeling of the acoustic stack using a KLM model showed that a satisfactory

pulse could be obtained using a bulk PZT substrate and appropriate backing/matching lay-

ers provided the thickness of the silicon substrate was reduced to a thickness of λ/4. At this

thickness, the silicon layer acts as a quarter-wave matching layer to the backing material.

However, once the hybrid array structure was simulated using a 2-D model, lateral modes

were observed in the pulse-echo response at a level of -37 dB with respect to the main peak.

It was found that by decreasing the silicon layer thickness to approximately 20 mm, the lat-

eral modes could be reduced to the level where there was little degradation of the radiation

pattern or pulse echo response of the array.

7.4 Future Directions

One way to improve the SNR of the system would be to adapt the M-SAF imaging scheme

described in Section 2.5, to use a larger transmit sub-aperture. For example, using 5 array

elements for transmitting (i.e. kt = 5), a theoretical SNR improvement of 7 dB could be

achieved (by Eq. (2.24)). One way to implement this would be to use the single transmit

channel used for the kt = 1 case, and connect all 5 transmit elements electrically in parallel.
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This is equivalent to transmitting with a single element with 5 times the width as the kt = 1

case . Although larger acoustic pressures would be generated at certain points in the imaging

�eld (and therefore stronger acoustic re�ections), it would also result in a loss of transmit

directivity, since the directivity function of an acoustic resonator becomes more narrow as the

width of the element increases. An alternate approach that is discussed in [37] would be to

provide each of the 5 transmit aperture elements a dedicated transmit channel. By applying

a de-focusing delay pattern across the transmit aperture, the imaging region becomes more

uniformly insoni�ed.

Fig. 7.3 shows how the two-way radiation pattern can be improved by using a 5 el-

ement transmit aperture. The �gure shows the theoretical and experimentally measured

radiation patterns when the received signal have an SNR of 27 dB. Also shown is the

theoretically-predicted radiation pattern using a �ve element transmit sub-aperture, and

de-focusing transmit delays.
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Figure 7.3: The experimentally measured, and theoretically predicted two-way radiation
patterns for the M-SAF scheme with kt = 1 and kt = 5.

Although the main lobe of the kt = 5 case remains unchanged, a signi�cant improvement

in the side-lobe level can be observed compared to the single transmit element case. Since this

method relies on independently exciting each of the elements in the transmit sub-aperture,

4 additional ASIC I/O channels and some additional HV multiplexing circuitry would be

required. Although this would add to the overall size of the ASIC, this imaging scheme can

provide a 10 dB reduction in side lobe level.

Another improvement that can be made in future iterations of the design is a reduction

in the physical size of the scanning ASIC. In addition to the 13 ASIC I/O channels shown

in Fig. 3.4 that are required to be connected to external systems, the image also shows 9

I/O pads serve as circuit test points. The test points allow signals to be probed at various

points in the circuit, and were included to assess various sub-systems of the ASIC, such as
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the HV expander signal shown in Fig. 3.12, the transmit and receive control bits shown in

Figs.3.13 and 3.15, and the bias points appearing at the gates of the common source output

ampli�ers. Once these circuit elements are fully veri�ed, the test pads can be excluded from

future iterations, allowing for a signi�cant reduction in die area. By excluding these test

points, the lateral dimension of the ASIC could be reduced to approximately 3 mm for a

64-element linear scanning ASIC.

The results presented in Chapters 4 and 6 suggest that a hybrid PZT-silicon transducer

structure can achieve a high bandwidth axial response provided that the silicon layer is

su�ciently thinned, and appropriate backing/matching layers are used. This was demon-

strated experimentally in Chapter 6 using fabricated test transducers. The next step in the

development of the integrated transducer is to measure a pulse-echo response and radiation

pattern for a full array that includes one of the fabricated scanning ASIC that has been phys-

ically thinned, and includes backing a matching layers. The thinning of the scanning ASIC

could be achieved post-integration using mechanical methods such as lapping. In addition to

providing a better axial response, an improvement in the two-way radiation pattern is also

expected since the use of a matching layer optimizes the acoustic coupling from the piezo-

electric substrate into the imaging medium. This has the e�ect of increasing the system's

SNR, resulting in a low side-pedestal level in the two-way radiation pattern.
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