ABSTRACT

SANDERS, JEAN LUNSFORD. Ultrasound Imaging Systems Using Capacitive Micromachined
Ultrasonic Transducer (CMUT) Arrays with In-Probe Electronic Circuits. (Under the direction
of Omer Oralkan.)

Ultrasound imaging is a widely used imaging modality because it is non-ionizing, low
cost, portable, and can give high-frame rate real-time feedback. The capacitive microma-
chined ultrasonic transducer (CMUT) has several advantages over the classic piezoelectric
transducer technology in that it is generally more broadband, has a high design flexibil-
ity, and has potential for batch fabrication which would enable the commercialization of
ultrasound devices. This dissertation takes novel CMUT designs and characterizes and
experimentally shows how these new devices fit into the current technology landscape to
further enable understanding for others in the field.

The three different custom CMUT arrays examined with custom systems are row-
column (RC) addressed 2D arrays, 1D transparent arrays, and ultra-wideband (UWB) arrays,
all of which are fabricated on borosilicate glass substrates. For the RC arrays, this sub-
strate results in reduced substrate coupling which increases the signal uniformity between
rows and columns. This has been fully characterized and a target application of neural
stimulation and cross-sectional imaging has been explored.

Following the RC array and application is a handheld probe for interleaved ultrasound
and backward-mode photoacoustic (PA) imaging. This is a prototype intended for further
miniaturization into catheters where the co-aligned optical transmission and acoustic
reception will reduce the form factor in a significant manner without inhibiting the col-
lection of functional and acoustical tissue properties enabled by the combination of these
two imaging methods. Imaging results were obtained with interleaved ultrasound and PA
imaging for a multi-point target phantom.

The final probe design centers around the UWB device for acoustic angiography (AA),
an area that has previously only used separate transducer designs for the low-frequency
transmit and high-frequency receive necessary in AA. The presented device has the band-
width necessary to achieve both transmit and receive with the same elements, and a fully
packaged 256-channel probe is demonstrated that enables greater control over transmit
and receive paths for this emerging field. Full probe and CMUT characterization has been
reported, and harmonic reduction methods were implemented to reduce unwanted trans-
mitted harmonics. These were combined to successfully implement acoustic angiography

with a tissue-mimicking phantom.
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CHAPTER

1

INTRODUCTION

1.1 Overview

1.1.1 Motivation

Ultrasound has several advantages over other traditional medical imaging systems in that
it is nonionizing, portable, and low cost. Capacitive micromachined ultrasonic transducers
have advantages over traditional piezoelectric technology such as: batch fabrication, wider
bandwidth in immersion, and high design exibility. When integrating these devices for
medical imaging, including low-noise ampli ers (LNAs) near the CMUT on the receive
path mitigates the effects from any cabling before the signal reaches a digital system. While
LNAs in a probe are common practice, this work implements these basic principles to novel
CMUT devices. This then enables CMUT characterization and implementation for novel
results. Some of the results shown here include results from improved CMUT devices such
as transparent arrays for photoacoustic imaging, row-column (RC) arrays with eliminated
substrate coupling, and ultra-wideband arrays for acoustic angiography.



1.1.2 Thesis Organization and Contribution

This dissertation will discuss the implementation of custom ultrasound systems to demon-
strate novel functionality.

Chapter 2 presents background information on medical ultrasound imaging including
the basics of sound propagation, beamforming, and common image formation methods.
Bandwidth, multi-element design considerations, and noise measurement methods are
also discussed.

Chapter 3 discusses common CMUT background information. The comparison between
CMUTs and piezoelectric transducers is explored, as well as a brief overview of fabrication
methods. Additionally, rst-order theory of modeling is reviewed, and commonly used
biasing circuity is also explored.

Chapter 4 addresses row-column arrays which have a glass substrate. This glass substrate
is insulating and thus non-conductive which leads naturally to a signi cantly reduced
capacitive substrate coupling as is common in silicon-substrate CMUTs. These arrays are
characterized and then used to demonstrate the advantages and disadvantages of various
biasing con gurations. Cross-sectional B-mode imaging is also demonstrated.

Chapter 5 demonstrates a handheld 1D CMUT array probe designed for interleaved
ultrasound and photoacoustic imaging. The array for this probe is optically transparent
in the wavelengths of interest, and so this probe takes advantage of this through-CMUT
path and illuminates the region of interest through the CMUT. This probe is designed,
characterized, and demonstrated as fully functional.

Chapter 6 describes a handheld ultra-wideband 1D CMUT array ultrasound probe
and subsequent application and usage in acoustic angiography. Array characterization is
followed by probe design. Imaging methods to reduce the CMUT harmonics in transmit
are reviewed and implemented. This is combined to demonstrate acoustic angiography in
a tissue-mimicking phantom.

Finally, Chapter 7 gives a summary of contributions and areas for future work to further
extend these contributions.

These have resulted in the following publications. These publications are presented in
part or in full in their related chapters.

1. The row-column (RC) array successfully demonstrated reduced substrate-coupled ca-
pacitance. Further exploration interpreted the reduced bandwidth effects of increased
top-electrode resistance and provided an easily-integratable CMUT-design level solu-
tion. Furthermore, extended analysis of off-states suggests a closed-loop path as the
most effective route for future RC implementation. The related publications are:



J. L. Sanders, A.O. Biliroglu, X. Wu, O.J. Adelegan, FY. Yamaner, and O. Oralkan, ‘A
Row-Column (RC) Addressed 2D Capacitive Micromachined Ultrasonic Transducer
(CMUT) Array on a Glass Substrate,” in IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control, 2020

J. L. Sanders, X. Wu, D. N. Stephens, and O. Oralkan, “A Row-Column (RC) Addressed
2D Capacitive Micromachined Ultrasonic Transducer (CMUT) Array on a Glass Sub-
strate: Preliminary Results,” 2018 40th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society (EMBC) , Honolulu, HI, 2018

. A handheld probe for backwards-mode photoacoustic imaging interleaved with ultra-
sound imaging. This contained integrated LNAs to reduce cable effects and a custom
optical path to ef ciently illuminate the CMUT backside. The related publications
are:
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CHAPTER

2

MEDICAL ULTRASOUND IMAGING

This chapter gives an overview of key concepts in medical ultrasound imaging. The concepts
start with the low-level sound propagation characteristics such as speed, attenuation, and
resolution before branching into higher-level multi-element concepts such as beamforming,
focusing, and apodization. Imaging trade-offs and methods are then discussed such as
varying formation methods and the impacts of motion. A specalialized image formation
method called photoacoustic imaging is then discussed as this method is key for the work
presented in Chapter 5.

2.1 Sound Propagation

Ultrasound is de ned as sound at frequencies greater than 20 kHz, which is the upper limit
of human hearing [1]. It is used in many applications including medical imaging along
with other imaging methods such as magnetic resonance imaging (MRI) and computed
tomography (CT); however, ultrasound has the bene t that it is nonionizing, often portable,
and relatively low cost [2] as can be seenin Table 2.1



Table 2.1 Imaging Modality Comparison [2]

Modality Ultrasound X-ray CT MRI
Whatisimaged Mechanical Mean tissue Tissue Biochemistry
properties absorption absorption

Safety Very good lonizing radiation lonizing radiation  Very good
Speed 100 frames/ sec Minutes 0.5 min to minutes 10 frames /sec
Cost $ $ $$5$ RN
Portability Excellent Good Poor Poor

2.1.1 Speed

As can be seenin Fig. 2.1, both a transmitted and re ected signal are often important when
considering ultrasound imaging.

Differences in acoustic impedance cause re ections in the transmitted pressure waves
which are then detected by the ultrasound receiver.

Acoustic impedance is de ned as

Z,= ¢ 2.1)

where Z,, is the acoustic impedance in Rayls, is the material density inkg /m?2, and
c is the speed of sound in the material in m /s[3]. A series of standard parameters can be
found in Table 2.2 [4]. Note that ,y, and B/ A are properties related to the attenuation and
nonlinearity of the tissue.

Fig. 2.1 gives an example of what happens when an object is placed in the eld of view
of the ultrasound transducer. Note that there are received signals corresponding to all
distinguishable acoustic impedance differences. Also note that the higher frequency signals
[Fig. 2.1(b)] are able to distinguish between the front and back face of a single wall due to
the corresponding wavelength being smaller than the thickness of the target feature.

The relationship between the distance traveled by the ultrasound wave and the time
the signal spent traveling before it was received can be described by

c= distance traveled
- time

(2.2)

Note that if calculating the distance traveled for a received ultrasound wave, the ultra-
sound wave will need time to propagate to the scatterer and back which becomes, using



Figure 2.1 A demonstration of ultrasound transmission (red) and re ection (blue) as well as the
comparison between the effects of (a) low frequency and (b) high frequency signal resolution.
Additionally, the time-distance relationship is demonstrated as well as the 180 phase shift when
re ected. Ultrasound probe diagram is used with permission from Ali Onder Biliro glu.

Table 2.2 Common Tissue Parameters [4]

Tissue C y 4 B/A
(units) M/s dB/ MHzY -cm Kg/m3®  MRayls

Blood 1584 0.14 1.21 1060 1.679 6
Bone 3198 3.54 0.9 1990 6.364 —
Brain 1562 0.58 1.3 1035 1.617 6.55
Breast 1510 0.75 15 1020 1.540 9.63
Fat 1430 0.6 1* 928 1.327 10.3
Heart 1554 0.52 1* 1060 1.647 5.8
Kidney 1560 10 20 1050 1.638 8.98
Liver 1578 0.45 1.05 1050 1.657 6.75
Muscle 1580 0.57 1* 1041 1.645 7.43
Spleen 1567 0.4 1.3 1054 1.652 7.8
Milk 1553c 0.5 1 1030 1.600 —
Honey 2030° — — 1420° 2.89° —
Water @ 20C 1482.3 2.17e-3 2 1.00 1.482 4.96




the round trip times ( t; and t,) and one-way distances ( d, and d,) in Fig. 2.1.

This relationship becomes very useful when doing practical ultrasound experiments,
because it allows for the exact distance calculation from the received time signal. This
means that an experiment can be setup up with the same distance between the ultrasound
transducer and the target object in a repeatable way, which is important because the
distance impacts several key parameters such as attenuation which is further discusses in
Section 2.1.2.

2.1.2 Attenuation

The operating frequency of the device is a key factor in determining the available imaging
depth since frequency dependent attenuation in tissue can limit the depth of penetration.
For homogeneous tissue, attenuation is due to absorption (propagation energy converted
to heat) and scattering [5]. An approximated relationship between the attenuation and
frequency is

Attenuation = (ss,e 2 depth f (2.4)

where issue IS the attenuation coef cientindB /cm/MHz, attenuation is the signal
attenuation in dB, depth is the depth of the target in cm, and f is the center frequency of
the transducer in MHz [6]. Note that there is a factor of 2 because this formula assumes
there is a round-trip signal which results in the total distance for attenuation being twice
the depth of the target. This is commonly simpli ed to the depth of penetration being set to
roughly 300 wavelengths [7]. Some common attenuation coef cients of different biological
materials can be found in Table 2.2.

This effect can be halved by methods such as acoustic angiography which limit the
high-frequency attenuation to only half of the total round trip. This is discussed in more
detail in Chapter 6.

For values not found in Table 2.2,  can be calculated by [8]

tissue — A f " (2-5)



The values of A and n can be experimentally determined by regression analysis [8].
Edible oils such as vegetable oil are often used in early electronic testing because their
nonconductive property allows electronics to be used in an immersion environment similar
to water without shorting the electronics. A table with commonly used edible oils is found
in Table 2.3.

Table 2.3 Ultrasonic Attenuation Properties of a Veraiety of Edible Food Oils at 25 °C[8]

Oiltype A 102 n toMHz=Npm ?!
Canola 7.83 1.84 58.1
Corn 6.43 185 57.6
Olive 11.4 1.82 61.9
Peanut 13.2 1.81 55.5
Soybean  6.28 1.85 56.1

2.1.3 Resolution

The trade-off for depth of penetration is both axial (in the depth direction) and lateral (per-
pendicular to the depth direction) resolution. Spatial resolution is de ned as the minimum
distance that two points can be resolved [6].

N
Axial resolution :T (2.6)

F
Lateral resolution = D (2.7)

N is the number of pulse cycles; is the wavelength; F is the distance from the focal
point; and D is the size of the aperture (diameter, if circular aperture) [6]. F/ D is often
referred to as the f-number and is a useful unit of measurement as it normalizes the image
to the transducer size.

Since lateral resolution is dependent on the distance from the transducer face, the
lateral resolution is de ned as the 3-dB width of the point spread function at the focal point.

With the information contained in ~ (2.4), (2.6), and (2.7), itis clear that certain frequen-
cies are more optimal for different imaging scenarios. One example would be measuring



the internal organs of a mouse. Because of a mouse's relative size to a human, a higher
frequency (40 MHz) allows for imaging the smaller organs in higher resolution, and the
relative small size of the mouse makes the limited depth negligible.

For human organs and tissue on a larger scale and deeper desired penetration depth, a
lower frequency, generally from 1 MHz — 15 MHz is desired  [2].

For an unfocused rectangular transducer, the near zone length is the distance from the
face of the transducer to the location where the amplitude peaks, and it can be calculated
using (2.8) [6]. Fig. 2.2 gives a good illustration of this relationship.

D2
Nearzonelength=4— (2.8)

Figure 2.2 A diagram depicting the effects of frequency on near and far zone lengths  [6].

2.2 Bandwidth

As can be seen in Section 2.1.2 and Section 2.1.3, there are several trade-offs between
different frequency selection choices. A higher frequency corresponds to a shorter wave-
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length and thus a higher axial and lateral resolution; however, a narrowband high frequency
transducer will have certain limitations.

The number of cycles is also an important factor in axial resolution, and a 1- or 2-
cycle pulse is only achievable with a more broadband signal. Additionally, a bandwidth
that includes lower frequencies will enable the imaging of deeper tissue, albeit with lower
resolution, due to attenuation limitations of the higher frequency signal.

Itis for these reasons that a broadband transducer is desired in medical imaging systems
that rely on ultrasound such as traditional ultrasound and photoacoustic imaging.

2.3 Multi-element design considerations

For a linear array of elements, D (the diameter of the aperture) will change from a single
element to instead be the length of the array as the elements combine to form an effective
aperture size that is the sum of their individual widths. Using an array allows for beam
focusing by applying appropriate delays as described in Section 2.4.

The pitch (the distance from the center of one element to the center of the next) in any
linear array has an important constraint to limit image artifacts called grating lobes. This
relationship to avoid grating lobes is

itch < < 2.9
pitch < 2.9)

which arises from the Nyquist criteria  [9] in the spatial domain. A more complete and
realistic analysis of the effects on pitch on image quality can be found  [9].

2.4 Beamforming

As can be seenin Fig. 2.3, ultrasound beamforming follows the same steps as most real-time
imaging systems. The transmit delays (the difference in transmit times of the elements)
are applied to the transmit signal and are commonly used to generate either a plane wave
[Fig. 2.4(a)] or a focused point [Fig. 2.4(b)].

Since the transmit delays are known, the expected round trip time to each point can
be calculated, and the relevant portion of each ultrasound element's receive path can be
summed to calculate the intensity at the speci ed receive point (Fig. 2.5). The time received
ultrasound signal from a single element is called an A-scan, and this process is described in
more detail in Section 2.7.3.
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Figure 2.3 Flowchart describing real-time beamforming.

Figure 2.4 Ultrasound transmit con gurations demonstrating the possibilities with an array and
time-delayed signals. An (a) angled plane wave, (b) focused point, and (c) diverging wave are
depicted [1].
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Figure 2.5 Demonstration of received signals from a point re ector generating different delays
which are able to be adjusted and summed to form a stronger signal  [1].

2.5 Focusing

The process of focusing allows all of the transmitted signals to arrive at a speci ¢ location
at the same time. This causes the separate signals to add coherently and results in a larger
amplitude at that location.

The width of a focused beam is measured as the physical distance between the 2, 3-dB
locations, and a standard de nition to calculate the width of a focused beam is

_ focal length
Widthof focused beam 5 (2.10)

where focal length is the distance between the surface of the transducer and the focal
point, is the wavelength, and D is the same aperture diameter [6].

Note that as the frequency increases, or the wavelength decreases, so too does the spot
size.

2.6 Apodization

Apodization is the process of weighting the contributions of the elements in either transmit,
receive, or both, and this can be used to reduce the side lobes of the beam [10] which, if no
apodization is applied (all elements are transmitted with equal amplitude emulating a rect
function), results in a sinc shaped beam in the far eld. If an aperture windowing function is
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used, the beam pattern is convolved with the Fourier transform of the windowed function.

An important effect to be aware of when apodizing is the effect on the near- eld pattern.
A more thorough explanation of near- eld patterns is present  [11]; however, for an easy
demonstration, examine Fig. 2.6 which compares an unapodized (left) and apodized (right)
signal in the near eld.

2.7 Image Formation Methods

2.7.1 Linear Scanning

One common method for imaging with large aperture arrays is linear scanning. In this
method, a small subgroup of arrays is linearly stepped across the transducer as can be seen
in Fig. 2.7(a). This gives a high quality near and far eld images which can be interpolated
to increase the display resolution, and the hardware complexity for this imaging modality

is relatively low because only a small window of the array is on at any one time. This same
simplicity can increase the time it takes to complete one scan rather than if all of the
components were on at the same time if a large number of beams are used.

One variation of this method is vector beamsteering which was shown in Fig. 2.4(a).
This introduces beamsteering which, ifimplemented in a way that can be changed in real
time, can be used to enhance the re ection of selected targets as well as widening the eld
of view. One example of this is steering a beam to be perpendicular to a needle as it is
inserted to allow for better needle visualization and steering as can be seen in Fig. 2.8. This
method keeps the high resolution in the near eld and increases the width of the far eld
view, but it sacri ces far eld resolution as the beams are more spread out [12].

A third type of linear steering involves a curved array as can be seen in Fig. 2.7(b). This
method uses the physical aperture's shape to spread out the beams in a similar manner to
the vector beamsteering. This curved array is better suited for larger, softer tissue where
the entire array can make contact.

2.7.2 Conventional Phased Array Imaging

Conventional phased array imaging is an imaging scheme that involves simultaneous rings
of all of the aperture elements sequentially focused at the midpoint of a series of scan lines
as can be seen in Fig. 2.4(c). Each scan line is composed of one ring, each focusing at the
midpoint of the line.

There is a minimum number of beams required to avoid unnecessary imaging artifacts
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Figure 2.6 Diffraction beam pro les extending from very near eld (bottom) to far eld (top) for
an unapodized (left) and truncated gaussian apodized (right) aperture  [10].
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Figure 2.7 (a) A linear array with linear stepped beamsteering. (b) A convex array with stepped
beamsteering. (c) A linear array with sector beamsteering. (d) A linear array with ash angle
beamsteering.
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Figure 2.8 (a) Unsuccessful ultrasound imaging of a needle without beamsteering, and (b) suc-
cessful ultrasound imaging of a needle with beamsteering.

which can be calculated using the Nyquist rate for sampling the space and can be written
as

sin (sectorzangle)

Minimum number of beams =4 Ngements (2.11)

where the sector angle is the total angle from the rst beam to the last beam,  Ngjements
is the number of elements in the array, and is again the wavelength.

Phased array imaging produces high resolution images and is often used in imaging
cardiac tissue. It is ideal for this situation as it has a very narrow near eld which allows
it to image through the rib cage and more spread far eld to capture more of the cardiac
tissue [12].

2.7.3 Coherent Plane-Wave Compounding (Flash Angle Imaging)

Coherent plane-wave compounding, also known as ash angle imaging, is a method
whereby a series of plane waves is transmitted at varying angles. The received data is
then summed incoherently to form a nal image as can be seen in Fig. 2.4(d) to form an
image that is the width of the transducer and depth speci ed by the receive delays. This
inclusion of different angles has been shown to reduce speckle, and the software beam-
forming nature of this approach lends it to be highly scalable and exible [13]. The resultis
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a high quality near eld and far eld image that takes relatively few rings to complete and
thus has a high frame rate. For these reasons, this is a widely used option.

To calculate these plane waves, the transmission delays for each element and the receive
delays for each pixel must be calculated.

Figure 2.9 A diagram explaining the calculation for transmission delays for coherent plane-wave
compounding where the device face is located at the horizontal line andisand (  xf,z;) is the cur-
rent point of interest in the imaging eld; A and B sum to form the distance from the propagating
plane wave (the angled line) to the current point of interest.

Fig. 2.9 depicts a plane wave angled to the right at the beginning of a transmission. Each
transmission will use a different value for , allowing for an image of the full plane. Using
trigonometry to calculate the distance for A [(2.12)] and B [(2.13)] and dividing those by the
speed of sound gives the total delay [(2.14)] for any point in the transmission eld ( X;,z;).

_ (xat xg)sin( )

A - (2.12)
_zgcos( )
8= o (2.13)
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tx = AT B (2.14)

The delays for receive can be calculated using the distance formula and shownin  (2.15)
and assuming that the receive location is in the center of the surface of the current element
(Xe1,Ze) Where z,, is always 0 due to axis placement.

(Xi  Xe1)2+ Zf2
rx = c (2.15)

An additional equation of interest is the relationship between the f-number and the
sector angle [14].

Length 1
H= 9 =

(2.16)

N sector

shows that the f-number (F#) is inversely proportional to the sector angle, meaning
that the wider the sector angle, the lower the f-number. Also included in (2.16) are the
transducer length (Length), number of angles (N), and wavelength ().

2.8 Noise Measurement Methods

Other than imaging depth and resolution, another common speci cation is how much the
noise impacts the signal. There are several different methods that can be used to measure
this, and they are situationally dependent.

2.8.1 Contrast-to-Noise Ratio

The rst method is the contrast to acoustic noise ratio (CNR) which is de ned as

< I—Iesion > < I—back round >
CNR= —g— 2

2
lesion + background)

(2.17)

where <L> isthe meanand ? s the variance of the speci ed area of the signal [15].
CNR allows for the quanti cation of the detectable difference in echogenicity between
two regions. This is commonly simulated by a region lled with scatterers (the background)
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bounded by a region that does not have any (the lesion). CNR is a useful speci cation
because it ignores speckle size, though it is object dependent [15].

2.8.2 Signal-to-Noise Ratio

The signal-to-noise ratio (SNR) is another commonly used method. This can be measured
similarly to the CNR in  (2.17) with the difference of the means divided by the difference
of the standard deviation [16]. However, when there is an A-scan or single, sinusoidal
waveform, [17]

1 P 2 E

Asignal
SNR=10 log,y, P——— (2.18)

noise

is more appropriate, where A is the amplitude of each time sample of the signal and
noise regions respectively. Note that the signal and noise regions should consist of the same
number of samples.

2.8.3 Contrast-to-Tissue Ratio

When measuring ultrasound images that have a tissue background noise component,
the contrast-to-tissue ratio (CTR) is another slightly different but important variant to
consider. This is a particularly common measurement in acoustic angiography, and it uses
the uncompressed, envelope-detected, beamformed data. The equationis [18-20

i <

Vi icr
CTR=20 log,, —orenuebie (2.19)

Tissue

To calculate the V values, a region of interest can be drawn in the microbubble and
tissue areas, and the mean value taken of that region. The peak values in each region can
also be used.

2.9 Impacts of motion

Motion in clinical use will be unavoidable, but it will be best to keep the center of the point
spread function in its true location. To this end, two angle sequences are discussed. One is
linear [ ., n+1r n+2 = 0 v n 22 n 1. n)andthe other is alternating polarity [ o, 1,

1 2 PARARL ns n]-

20



Figure 2.10 A series of gures showing the effects of motion verses angle sequencing in coherent
plane wave compounding in ultrasound imaging  [14].
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As Fig. 2.10(d) shows, the alternating polarity angle sequence gives a much more true
original point though the spread has signi cantly increased due to the motion.

2.10 Photoacoustic Imaging

Photoacoustic imaging (PAl) is an ultrasound-compatible imaging modality that capitalizes
on the photoacoustic effect which was discovered by Alexander Graham Bell. He found that
an acoustic signal was generated when a light that changed intensity with time illuminated
the target [21].

This was expanded upon to ultimately form PAI whereby a pulsed laser illuminates
target tissue. When the light hits and thus heats the tissue, the tissue expands due to
the thermoelastic effect, and the generated acoustic signal can then be received with a
traditional ultrasound transducer array and be reconstructed to form an image (Fig. 2.11).

Figure 2.11 Demonstration of received acoustic signals from a point using a pulsed laser for
thermoelastic excitation [1].

This imaging modality results in functional information about the tissue, namely the
distribution of the different optical absorption coef cients of the target tissue [21]. Addi-
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tionally, since the receive transducer can be a standard ultrasound transducer, this imaging
modality lends itself to convenient integration with interleaved ultrasound imaging.
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CHAPTER

3

CAPACITIVE MICROMACHINED
ULTRASONIC TRANSDUCERS (CMUTS)

This chapter begins with an overview of current transducer technologies before moving
into the speci cs of capacitive micromachined ultrasonic transducers (CMUTSs). This focus
on CMUTs is due to their increase in use for medical imaging as a result of their low cost due
to batch fabrication, highly variable and customizable design nature, and inherently wide
bandwidth when in contact with tissue. CMUT fabrication methods are brie y overviewed
followed by modeling their operation. This is concluded with a review of common biasing
methods.

3.1 Current Transducer Technologies

Capacitive Micromachined ultrasonic transducers (CMUTSs), piezoelectric micromachined
ultrasonic transducers (PMUTSs), and piezoelectric transducers are the three types of ultra-
sonic transducers most commonly used in products.
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3.1.1 Piezoelectric Transducers

Piezoelectric transducers (Fig. 3.1) take advantage of the nature of the piezoelectric effect
which is the ability of a speci ¢ material to create charge in response to force  [22] and visa

versa.

Figure 3.1 A diagram detailing the different sections commonly found in a pizeoelectric trans-
ducer [23].

Piezoelectric materials are responsible for a large majority of the ultrasound probes
today, but because their impedance (approximately 30 MRayl) does not well match the
acoustic impedance of tissue (approximately 1.5 MRayl), they require a matching layer
between the transducer and tissue. In addition, they couple energy both toward the image
and away from the image, and they thus require a large backing layer (Fig. 3.1) to limit the
resulting ringing, and this limits the available bandwidth  [22].

3.1.2 Micromachined Ultrasonic Transducers (MUTS)

Two types of micromachined ultrasonic transducers (MUTS) are piezoelectric MUTs (PMUTS)
pictured in Fig. 3.2 and capacitive MUTs (CMUTSs) shown in Fig. 3.3.

Both PMUTs and CMUTs are formed of a thin exible plate suspended over a cavity, and
the tunable geometry of the cavity and membrane set the center frequency and bandwidth
of the transducer which results in a wide variety of optimized design applications. A series
of these MUTs (each individual unit referred to as a cell) are connected in parallel which
has an averaging effect and reduces the effects of cell-to-cell variation, making them a
reasonable option for in-air operation as well.

25



Figure 3.2 A diagram detailing the different sections commonly found in a PMUT [24].

Figure 3.3 A diagram detailing the different CMUT designs [25].

26



The geometry of MUTs is such that the majority of the energy in transmission is coupled
through the front plate, eliminating the need for the thick backing displayed in Fig. 3.1. The
substrate for these devices can be further thinned by grinding down the substrate layer,
allowing for an even lower pro le device.

3.1.2.1 Capacitive Micromachined Ultrasonic Transducers (CMUTS)

Though CMUTSs require a high DC bias voltage to operate at a high pressure sensitivity,
they naturally have a high fractional bandwidth along with the good acoustic match to
tissue and are thus very suitable for medical ultrasound imaging since the broadband
nature of CMUTs translates into a high imaging resolution (Section 2.2). Their fabrication
process, similar to that of highly commercialized integrated circuits, means that CMUTs
have the potential to be commercially produced in mass, signi cantly reducing the cost
and potentially reaching a wider market as a result.

3.1.2.2 Piezoelectric Micromachined Ultrasonic Transducers (PMUTS)

PMUTs do not require large bias voltage which enables their integration directly with the
more prevalent devices, and they also have lower electrical impedance than CMUTs which
allows for better matching with lower noise  [22]. PMUTs have a challenging high design
sensitivity to frequency, and they introduce additional challenges because of the speci city
required by the thin Im piezoelectric layer. Their most limiting factors are that they do

not have the same wide bandwidth when in contact with tissue, and they have a limited |l
factor [22].

3.2 CMUT Fabrication

Our integrated Microsystems for Imaging, Sensing, and Therapy (iMIST) group hasre ned a
production process to create CMUTSs similar to those shown in Fig. 3.3(c). First, a borosilicate
glass wafer is etched to form cavity holes and then gold is deposited as the bottom electrode.
Next, anodic bonding is used to adhere the top plate which consists of the top silicon and
nitride layer as well as a thick handle layer which exists for ease of handling. The silicon
nitride is an important insulation layer that keeps the two electrodes separate when pull-
in occurs due to a high bias voltage. The cavity is then opened to allow for outgassing
as well as access to the bottom electrode. After sealing the cavity, a gold top electrode
is sometimes deposited, and after this the CMUT wafer is ready to be diced and used in
different applications.
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More application- and CMUT-speci c fabrication methods are described in Section 4.2
and Section 6.2.

3.3 First Order Theory of Modeling

3.3.1 Mass-Spring Model

Though it is possible to model CMUTs in the mechanical domain, the equations involved
are very calculation intensive and not intuitive. If we assume the membrane thickness is
much smaller than the gap height, an assumption that is very reasonable for CMUTSs, the
mechanical portion of the CMUT may be modeled as a mass-spring system as shown in
Fig. 3.4. A reasonable mechanical domain to electrical domain analogy between force and
voltage as well as velocity and current can be drawn to transform this mechanical domain
gure into an electrical domain model  [26].

Figure 3.4 (a) The spring-damper model used to model CMUTs in the mechanical domain. (b)
The parallel plate capacitance model that is used to describe rst order CMUT motion in the
electrical domains.
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3.3.2 Combining the Electrical and Mechanical Domains

In the electrical domain, a reasonable rst-order approximation of the CMUT is a parallel
plate capacitor since the top and bottom electrodes are parallel plates. Using the parallel-
plate information in the mechanical domain and the electrical capacitor information in
the electrical domain, we can fully develop a rst order model for the CMUT which can
be analyzed in the electrical domain, a trait that proves useful in performing later circuit
analysis.

The spring constant and mass can be related to the resonant frequency of the top plate

by

v
_ 1t

1
fo= o (3.1)

0
My

where f, is the resonant frequency, k, is the spring constant, and m, is the mass of the
plate. On the electrical side, we know from basic circuit theory that

d d d d
lemur = 5rQ = GrCOV ()= CETV ) +V OIC). (3:2)

In standard operation, the CMUT is usually biased with a DC voltage, and so the time
derivative of the voltage in (3.2) goes to zero.
A useful way to refer to the gap height is with the effective gap height, dgs;, or

_ dis
deff - dvac +— (33)
r
where d;, is the silicon nitride insulator thickness, and  d,,. is the thickness of the
vacuum cavity [26] as visible in Fig. 3.3. This representation for d; is useful because it
incorporates the relative dielectric constant of the membrane into the effective gap height.
Using (3.2) and (3.3) as well as the parallel plate approximation, we arrive at

coxy=—2—= 2 Py Lo
derr X der(d ) degs dets detr

detf

) (3.4)

where  is the permittivity of free space and S is the area of the top plate  [26]. Taking
the derivative of (3.4) with respect to time leads to
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where dx/ dt is the velocity of the top membrane and C, is the static bias capacitance. If
we then combine (3.2) and (3.5), we nd that

_ Co dx
lemuT _VBIASd_E (3.6)
eff

where Vg, a5 IS the static voltage applied across the membranes. Thisis labeled as Vp¢
in Fig. 3.4.

3.3.3 Transformer Ratio

Remembering that the analogy to current is velocity, we can write an equation explicitly
listing the transformer ratio as

current =n velocity (3.7
Which then, using (3.6) and (3.7) gives us a transformer ratio of

Co
deff

N =Vgas (3.8)

which is the electric eld times the capacitance.

3.3.4 2-Port Model

In the mechanical domain, there is a radiation loss associated with the plate as it couples
to the medium, and this loss is analogous to impedance because it is a ratio of pressure
(voltage) to velocity (current). This can be writtenas  Z,eq4ium @S Shown in Fig. 3.5. Since the
overall dimension of the transducer is signi cantly larger than the wavelength at resonance,
this impedance can simply be modeled as a resistance ( Ryeq) (Fig. 3.6).

To use water as an example, R,e4 IS 1.5 MRayl. There is an entirely imaginary component
of the plate impedance, Z e ,and this can be written as aninductor (Lt ) @nd capacitor
(Cpiate ) in series. Additionally, the mechanical structural losses can be modeled as a resistor
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Figure 3.5 The 2-port network model for a typical CMUT  [26, 27].

Figure 3.6 Simpli ed 2-port network model for a typical CMUT in immersion [26].

(Rmech mem)- There is a spring softening capacitance ( Cs,) that is well known and equal in
value to - C, [26].

To analyze this in the electrical domain, it must be transformed using the transformer
ratio from (3.8). Under normal circumstances C,empr N?2 iS Signi cantly smaller than
the spring softening capacitance Cs,, and thus Cs,, may be ignored. Additionally, when
the CMUT is being operated in immersion, R,.4 dominates over the structural losses
Rmech mem Whichresultsin Ryech mem D€ING Negligible [26].

Fig. 3.6 gives a simpli ed model of a CMUT in immersion mode. Note that the force has
been rewritten by substituting in for pressure (P) and after transformation as

n

F! P (3.9)

Rmed
which is a result of the voltage equivalent circuit being Thevenin to Nortan equivelant
circuit transformed into a current source using  R,,c4 as the resistance [26].
Please note that this circuit model assume a small signal and is thus not applicable for
a transmit situation unless the transmit amplitude is small. A more detailed model should
be used for those situations [26], [27—-34].
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3.4 Biasing Circuitry Overview

As previously discussed, a CMUT is a capacitor, and as such has a top and bottom plate
with an insulator normally sandwiched between. Movement in the top plate will cause
movement in the coupled medium, and the reverse is also true. This movement creates a
pressure (acoustic) wave in transmit. If the material in the top plate moves, this causes the
top plate to move, which is the receive mode.

A time-varying electrical signal (alternating current, or AC signal) will move the thin
top plate, transferring energy from the electrical domain to the mechanical domain, and
moving the top plate will generate a small electrical signal in the reverse energy domain
transfer.

If the top plate is pulled in by applying a constant electrical (direct current, or DC) signal,
the spring softening effect (Section 3.3.4) causes the time-varying portion (AC) to become
much more effective.

This means that in practical operation, a DC signal is desired to "turn on" the CMUT,
and an AC path must be present to apply and receive the signal, assuming both transmit
and receive modes are desired.

This is most commonly performed with a bias-T circuit, shown in Fig. 3.7.

Figure 3.7 Biasing con gurations for CMUT (gold) operation with AC (red) and DC (blue) paths
highlighted. (a) same-side and (b) opposite side con gurations shown.

Note the two different signal paths. In Fig. 3.7(a), the AC signal and DC bias are combined
at the top of the CMUT to apply both from the same direction. In Fig. 3.7(b), the AC signal is
applied from the right, while the DC bias is applied from the left, while Ry, and C,, provide
a DC and AC ground respectively. While the grounding elements are not always strictly
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necessary, it is good practice to include them.

R, and R, ; are both biasing resistors that signi cantly reduce the AC signal (often on
the order of 50-200 Vyeak 1o peak@pp)) at the input of the DC supply. These also act to limit
the maximum current draw from the DC supply in the event that a CMUT element breaks
and becomes a short. A1 M resistor often works well for this value.

C, and C,, are both Itering capacitors to help protect the AC signal generator from a
high bias voltage (often on the order of 30-100 V). The desired frequency of the transmit
signal determines the capacitor value; a lower frequency corresponds to a larger capacitor
size. For standard ultrasound operation (1-20 MHz), 0.1  F works well, remembering that
the voltage rating of the capacitor should also be considered.
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CHAPTER

4

A ROW-COLUMN (RC) ADDRESSED 2D
CMUT ARRAY ON A GLASS SUBSTRATE

This chapter presents an RC CMUT array fabricated using anodic bonding on a borosili-
cate glass substrate. This is shown to reduce the bottom electrode-to-substrate capacitive
coupling. This subsequently improves the relative response of the elements when top or
bottom electrodes are used as the “signal” (active) electrode. This results in a more uniform
performance for the two cases. Measured capacitance and resonant frequency, pulse-echo
signal amplitude, and frequency response are presented to support this. Biasing con g-
urations with varying AC and DC arrangements are applied and subsequently explored.
Setting the net DC bias voltage across an off element to zero is found to be most effective to
minimize spurious transmission. To achieve this, a custom switching circuit was designed
and implemented. This circuit was also used to obtain orthogonal B-mode cross-sectional
images of a rotationally-asymmetric target.

4.1 Introduction

Volumetric ultrasound imaging enables improved anatomic visualization when compared
to 2D ultrasound imaging [35]. Unfortunately, volumetric imaging with full image exibility
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requires a 2D ultrasound array which has an N 2 channel count, where N is the number
of elements in one direction. A high channel count signi cantly increases the necessary
hardware and includes challenges accessing each individual element [36]. One solution
is to sparsely populate the 2D array; however, this introduces side lobes and reduces the
overall available output pressure [37, 38]. Another solution is to image slices of a target
volume by the mechanical scanning of a 1D array. The resulting lateral stack of 2D images
can be rendered as a full 3D volume [39], though this process increases the necessary time
to create a single volume.

The row-column (RC) array, though often used in more complex imaging schemes,
enables a simpler, electronically controlled slicing technique. The RC array's structure
enables selecting a single element by indexing its row and column  [40-46]. Since only the
rows and columns are needed to access any element, the channel count is reduced to 2N
instead of N 2. This reduces hardware and software complexity and additionally enables
easy electrical access to the row and column elements at the edge of the array [40—44]. This
can be used, for example, to select several rows and all columns which will effectively create
a 1D array for 2D imaging. In this example, if the selected rows are shifted, a different slice
of the target can be imaged. This speci ¢ approach reduces the AC-channel count to N
since the orthogonal side is a static channel instead of a system channel. This method does
require additional hardware, speci cally the integrated switches for channel control.

One promising application opened up by the use of RC arrays is nerve stimulation
under ultrasound image guidance [47]. Often, there are obstacles such as calci cations in
arteries that can block ultrasound [48, 49]. Orthogonally imaging these locations before
stimulation can allow for more optimal positioning adjustments and as a result, more
optimal stimulation. Additionally, the same array used for imaging can be focused to
stimulate the nerve [50-56.

The capacitive micromachined ultrasonic transducer (CMUT) has emerged as a viable
alternative to the traditional piezoelectric transducers in several elds. This is due to its
broad bandwidth, lack of a necessary matching layer for imaging, and design exibility.
This emergence of CMUT arrays remains true for RC arrays [57-60.

Most CMUT RC arrays use silicon for the substrate material. This silicon substrate
capacitively couples to the bottom electrode [60—63 which reduces the receive sensitivity.
In these designs, the coupling is only apparent when the bottom electrode is probed. This
is because the circuit to ground continues through this coupling to the resistive substrate
and then back through adjacent elements to the common ground on the top plate [61]. An
insulating substrate has been shown to reduce this coupling [64, 65].

In this chapter, we present a glass-substrate RC CMUT array fabricated by anodic bond-

35



ing. We show that the insulative properties of the glass substrate eliminate the substrate
coupling effect, and we investigate the uniformity and bandwidth of the arrays. We exam-
ine the effects of silicon resistance on the top plate electrodes. Furthermore, the bene ts
and drawbacks of different RC CMUT biasing schemes are experimentally examined and
discussed. Imaging performance of the array has been explored by imaging orthogonal

planes on a phantom.

4.2 Array Design and Fabrication

After designing the RC arrays using a commercial nite element modeling software (ANSYS
v16, ANSYS Inc., Canonsburg, PA)[66], the CMUTs were fabricated as described in Fig. 4.1.
The process ow describes devices with gold bottom electrodes and silicon top electrodes.

Figure 4.1 Process ow used to fabricate 2D RC-addressed CMUT arrays with dimensions in Ta-
ble 4.1. (a) Cleaning borosilicate glass substrate. (b) De ning device cavities. (c) Bottom electrode
deposition and lift-off. (d) Anodic bonding. (e) Handle wafer and BOX removal of the SOI wafer.
(f) Silicon etch for outgassing and reaching pads as well as de ning the elements in one direction.
(g) PECVD silicon nitride deposition for sealing. (h) Nitride etch to access the bottom- and de ne
the top-electrode pads. (i) Gold deposition to access top pads.
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The general process ow is similar to the previously reported 3-mask process based on
anodic bonding [67]. The borosilicate glass wafer is suitable for anodic bonding, and it was
used as the substrate material to eliminate the capacitive substrate coupling. After cleaning
the 700- m thick wafer, a negative photoresist was patterned and hard baked to promote
photoresist-wafer adhesion. 350-nm device cavities were de ned by reactive ion etching
(RIE), followed by 150 nm of bottom electrode deposition (20-nm chromium followed by
130-nm gold) and lift-off resulting in a 200-nm gap height.

A 200-nm layer of silicon nitride was deposited to form an insulating layer on a silicon-
on-insulator (SOI) wafer using plasma-enhanced, chemical-vapor deposition (PECVD).
The wafer was then anodically bonded to the previously mentioned borosilicate wafer.
This transferred the silicon device layer of the SOI to the glass substrate with cavities. The
handle wafer was removed by mechanical grinding (600  m), and the remaining 100 m
was removed using potassium hydroxide (KOH). Then, the 0.3-um buried oxide (BOX) layer
was removed using 10:1 buffered oxide etch (BOE) solution. The silicon /silicon nitride layer
at the bottom electrode pads location was etched to release the gas trapped in the cavities
during bonding. This etch step also separated the top electrodes into rows, allowed access
to pads, and created dicing lines. Oxygen plasma was used to remove the photoresist at
this step.

A PECVD silicon nitride layer was deposited to seal the cavities in a vacuum. This was
followed by reactive ion etching (RIE) of silicon nitride to access the top silicon electrodes
and bottom electrode contacts. To enable good electrical contact, chromium and gold were
deposited on these electrode pads.

These arrays were successfully fabricated with several different geometries. Three ex-
ample sets of design parameters are shown in Table 4.1 and an optical image of a Design 1
array is shown in Fig. 4.2.

4.3 Transducer Characterization

We validated the aforementioned design and fabrication process using a 32x32 Design-3
RC array which is described in Table 4.1. This was achieved through impedance measure-
ments, resonant frequency and capacitance uniformity tests, pulse-echo experiments, and
bandwidth characterizations. Comparisons between top- and bottom-electrode signal
application were examined, and these results con rm the reduced substrate coupling from
the borosilicate wafer.
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Figure 4.2 Micrographs of a 2D RC-addressed CMUT (a) full top view of an RC array and (b) a
closer view showing element pads.

Table 4.1 CMUT dimensional parameters

Parameter CMUT Unit
Array Design 1 Design 2 Design 3
Element pitch 98 178 292 m
Element width 90 170 284 m
Element length 90 170 284 m
Top electrode pitch 98 178 292 m
Top electrode width 95 175 289 m
Top contact thickness (Cr / Au) 20/180 20180 200180 nm
Array outer dimensions (square) 3.128 5.688 9.336 mm
Number of cells per element 4 9 16 -
Center frequency in air 16 11 8.5 MHz
CMUT cell

Cell side length (square) 43 54 68 m
Distance between cells 4 4 4 m
Total plate thickness 15 15 15 m
Top electrode thickness 200 200 200 nm
Insulation layer thickness 200 200 200 nm
Vacuum gap height 170 170 170 nm
Bottom electrode thickness (Cr /Au) 20/130 20/130 20/130 nm
Simulated pull-in voltage 188 119 51 Vv
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4.3.1 Impedance Measurements

A common initial step to verify functional CMUT elements, impedance measurements
are often used to measure the resonant frequency in air as well as the total capacitance. A
standard impedance measurement is taken with an impedance analyzer using a coplanar
probe. Due to the RC array geometry, this is not possible because the top and bottom
electrodes are not adjacent. Instead, the array was wire bonded to a chip carrier, and a
PCB was designed to measure the impedance of the array elements. The designed board
consists of an SMA connector and manual single-pole single-throw switches to select the
elements along a column or row. All electrodes in the other direction are grounded (Fig. 4.3).
The parasitic capacitance from the additional printed circuit board (PCB) was estimated
to be around 30 pF, and this capacitance is present in both the top- and bottom-electrode
measurements. The trace lengths were not uniform for different elements, so the resulting
parasitics are also not uniform. To measure the top- and bottom-electrode measurements,
the chip carrier was manually rotated 90 relative to the original measurement position.

Figure 4.3 Diagram of testing setup for impedance, pulse-echo, and frequency response measure-
ments with (a) one full top-electrode row and (b) one full bottom-electrode column excited.

Using this method, an impedance measurement was performed on a Design-3 RC array
using a network analyzer (Model E5061B, Agilent Technologies, Inc., Santa Clara, CA, USA).
This applied the small signal as well as a 30 V DC bias voltage (59% of the simulated pull-in
voltage for this device). The resulting real and imaginary parts of the inputimpedance for a
single electrode row can be seen in Fig. 4.4. The smaller secondary peak results due to the
channels used for cell-to-cell connections. The number and location of channels between
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cells affect the resonant frequency of the plate in each cell.

Figure 4.4 Electrical impedance measurements (V pc = 30 V) for one full top-electrode row of
Design 3 (a) real and (b) imaginary as diagramed in Fig. 4.3.

To demonstrate the eliminated substrate-coupled capacitance, uniformity measure-
ments were taken for both row and column electrodes in the same Design-3 32x32 element
CMUT array. A series of impedance measurements were taken in air at 30 V DC bias (59
% of the simulated pull-in voltage) using the same method described for Fig. 4.4. These
impedance measurements were taken for each row and column in the array. The resonant
frequency and device capacitance were extracted and can be seen in Fig. 4.5. Average val-
ues ( ) and standard deviation () for top and bottom electrodes are included for both
extracted values as well. The device capacitance was found to be uniform over row and
column elements which shows the eliminated parasitic capacitive substrate coupling.

4.3.2 Pulse-Echo Response

Another method of examining the effects of capacitive substrate coupling is observing
the pulse-echo signal. With silicon-substrate RC arrays, the pulse-echo response from the
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Figure 4.5 Uniformity plots of a Design-3 RC array (V pc = 30 V) showing the distribution of (a)
resonant frequency and (b) device capacitance measured in air. These compare the top active,
bottom ground (T) and bottom active, top ground (B) cases. Forf ¢ (MHz): 1 =28.62, 1 =0.07;
g =858, g=0.06.ForCy(pF): 1 =103, 1 =3.6; g=112, g =11.Thereisan additional
approximately 30 pF attributed from the chip carrier packaging and PCB used in the test setup.
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bottom electrode is signi cantly reduced  [62]. We replicated this setup by transmitting a
pulse and receiving an echo signal to examine the effects of the reduced substrate-coupled
capacitance.

The same Design-3 RC CMUT from Fig. 4.4 and Fig. 4.5 was used for this experiment. The
wire-bonded array was attached to an oil tank, and vegetable oil was used as the coupling
medium. The oil-air interface served as the re ector. A programmable PC-based imaging
backend (Vantage256, Verasonics, Inc., Redmond, WA, USA) was used to transmit and
receive the signal. The central 4x4 elements were activated simultaneously to increase
the signal strength and one of those elements was used to receive the echo signal. This
experiment was repeated by interchanging the AC and DC activation between the top and
bottom electrodes. The same elements were used in transmission and reception for both
experiments.

The transmit signal was a 3-MHz, 43-V |, single-cycle sinusoidal-approximated burst
with equalizing pulses. This was coupled with a 40-V . bias voltage using the biasing
schemes shown in Fig. 4.3. This similar pulse-echo response for both a row and column
can be seenin Fig. 4.6. The frequency spectra were normalized to the maximum of the two
pulses. Since the frequency spectra of the transmit pulse is the same for both pulses, both
signals have the same bandwidth. They have a -6-dB band between 2.2 MHz and 3.8 MHz
when normalized to their respective maxima as indicated by the asterisks.

The two pulse-echo signals are similar in amplitude and frequency, though they are not
exactly the same. Pulse-echo experiments at frequencies other than 3 MHz demonstrated
signi cantly different amplitudes when measured. This led to further exploration of the
broader frequency characteristics of the top and bottom electrodes when activated with a
broadband pulse. This is explored further in the following section.

4.3.3 Frequency Response

To examine the frequency dependence of the top and bottom electrodes, a broadband
pulse was transmitted using the same Design-3 array used in the prior sections. A function
generator (33500B, Keysight Technologies, Santa Rosa, CA, USA) was used to transmit a
broadband signal to the central 30x30 elements of the array. A hydrophone (HGL-0200,
Onda Corp., Sunnyvale, CA, USA) was positioned at the center of the RC array, and the
frequency band of the resulting signal was examined. The AC and DC signals were then
alternated to the orthogonal electrodes, and the experiment was repeated without moving

the setup. This allowed for an accurate comparison of the bandwidth between the top and
bottom elements when used in transmit. With impedance measurements, we demonstrated
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Figure 4.6 Pulse-echo response at 3 MHz of a Design-3 RC array with the central 4x4 elements on.
Transmission and reception was performed from either a top- or bottom-electrode. Frequency
spectra of received signals is also plotted. The relative -6-dB bandwidth is indicated by asterisks.
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that the insulating substrate eliminated the capacitive coupling to the substrate. The one-
way transmit measurement presented here facilitates the examination of the effects of the
element resistance on the transmit signal's bandwidth.

A 25-ns, 20-V unipolar pulse was transmitted with a 20-V ¢ bias superimposed using
the described method above. The transmitted pressure signal was received with the hy-
drophone, and the resulting bandwidth characterization can be seenin Fig. 4.7. The gure
shows a signi cantly reduced high-end frequency for the silicon top electrode. This effect
is a result of the element resistance which is more fully discussed in  [25]. The element
resistance has been calculated for the Design-3 array using the methods explained in  [25],
and the values are displayed in Table 4.2.

Figure 4.7 Bandwidth characterization of a Design-3 array using a 25-ns 20-V unipolar pulse at
20-Vp ¢ to activate the top and bottom electrodes independently and receive using a hydrophone.
Both bandwidths are normalized to the maximum total value.

Clearly, there is a signi cant difference between the top and bottom electrode resis-
tance values of 172 and 0.42 . Fig. 4.8 examines the effects of this negligible (bottom,
gold electrode) and non-negligible (top, silicon electrode) resistance by diagramming the
equivalent circuits for top and bottom electrode activation. As seen in Fig. 4.8(a), top elec-
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Table 4.2 Element Resistance for Design 3 Array

Electrode Material Resistance per Element ()
Current Top Silicon (Si) 172
Future Top Gold on Silicon (Au / Si) 0.12
Current Bottom  Gold (Au) 0.42

trode actuation results in a distributed resistive-capacitive circuit model. As the transmit
signal travels along the electrode, the element resistance (R .) is additive, and the signal
is attenuated. Bottom electrode activation portrays a more favorable situation where the
added resistances (R, and R, ) are combined in parallel. This results in a lower effective
resistance overall [Fig. 4.8(b)].

Further examination of top electrode activation  [Fig. 4.8(a)] gives three key components
of interest: the angular frequency ( ! ), element resistance (R), and element capacitance
(C). The element resistance and element capacitance combine to form a low-pass Iter
which can affect the transmit signal bandwidth. In ~ [25], itis explained thatwhen ! RC<0.35,
this Itering effect is negligible for RC arrays ( <1% potential drop). Using this rule, the
corresponding <1% potential drop frequencies for the different resistance scenarios have
been calculated and are displayed in Table 4.3.

Table 4.3 Frequency for Potential Drop <1% for Design 3 Array

Active Electrode Freq. for Potential Drop  <1% (MHz)

Current Top 0.28
Future Top 410
Current Bottom 110

This increased top silicon resistance shown in Table 4.2 causes the increased ! RCin
Table 4.3 and thus the decreased frequency. The 280 kHz limit calculated fora <1% potential
drop on the top electrode in transmit clearly explains the narrower band observed for the
top element activation shown in Fig. 4.7.

Fortunately, the CMUT fabrication process described here (Fig. 4.1) easily allows for
the deposition of a gold layer on the top electrode [67]. This would signi cantly decrease
the element resistance and correspondingly eliminate the bandwidth limitation as shown
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Figure 4.8 Diagram explaining the effects of a high element resistance when the signal is rst
transmitted along the (a) top and (b) bottom electrodes. Corresponding circuit diagrams are
included where R ¢ is the per element resistance. R ; and Ry, are the corresponding top electrode
resistances when transmitting with the bottom electrodes. Notethat R ,+R, R:*Nwhere Nis
the number of elements in the array.
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in Table 4.2 and Table 4.3, respectively. With these modi cations, the presented array is a
good candidate for future applications where equal top- and bottom-electrode responses
are critical.

4.4 Biasing Con gurations

CMUT operation in conventional modes requires an applied DC bias with a superimposed
AC signal. There are several different con gurations possible for RC array activation. This
section will examine eight of those con gurations and subsequent experimentally-obtained
pressure eld maps.

441 Methods

To examine the bene ts and drawbacks of different con gurations, we examine two broad
scenarios: orthogonal DC-AC application [Fig. 4.9(a)] and same-side DC-AC application
[Fig. 4.9(b)]. In orthogonal-side biasing, the AC signal is applied to either rows or columns.
DC is then used to activate the orthogonal columns or rows and thus select certain elements.
In same-side biasing, AC and DC signals are combined before being applied to the same
side. In this scenario, the orthogonal side is grounded to complete the loop and select the
speci ¢ elements. Note that in both con gurations, the off state indicated on the columns

in Fig. 4.9 is also applied to the off rows (not shown).

There are two general ways to disable the unused elements for either con guration. In
the rst, the corresponding electrodes for both row and column can be left open (denoted
as "open off", indicated in red in Fig. 4.9). In the second, equal DC may be applied for both
row and column to zero the applied net bias (denoted as "zero DC", indicated in brown in
Fig. 4.9). To achieve a zero-DC state with orthogonal-side biasing [Fig. 4.9(a)], ground is
applied to both rows and columns to disable an element since that will create a zero-DC
difference with the active, AC-only signal. This has been termed the "ground off" state
for this chapter. For same-side biasing [Fig. 4.9(b)], DC is necessary to create a zero-DC
difference with the active, AC +DC signal. This application of DC to eliminate the bias across
an element is termed "dc off" in this chapter.

To demonstrate these different biasing con gurations, a 32-channel switching printed
circuit board was designed. This circuit uses octal high-voltage analog switches (MAX14802,
Maxim Integrated, San Jose, CA, USA) and is implemented with custom software for inte-
gration as shown in Fig. 4.10.

With all con gurations, there are elements outside the fully enabled elements that
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Figure 4.9 Biasing con gurations showing (a) orthogonal-side DC activation with open-off and
ground-off con gurations including the bleeding resistor as well as (b) same-side DC activation
with open-off and DC-off con gurations. Off-states are applied to both columns (shown) and
rows (not shown).

Figure 4.10 A 32-channel switch PCB with controls for AC, DC, and ground for all channels.
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are partially active. For example, in Fig. 4.9(a), the fully activated on element is shown
in the middle. The dark gray (top) elements have AC but no applied bias, and the dark
yellow (bottom) elements have bias but no AC applied. These partially active regions were
examined for all on- and off-combinations described. Additionally the effects of applying
signals to top- vs bottom-electrodes were experimentally examined.

Our initial setup was the one shown in Fig. 4.9(a) without the bleeding resistor for the AC
signal. This resulted in a oating electrical node between the two capacitors in the circuit:
(1) the AC capacitor included to Iter the DC bias and protect the transmit-receive circuitry
and (2) the inherently capacitive CMUT device. The bleeding resistor was added to remove
this effect.

A series of pressure maps was scanned using the calibrated hydrophone in a 2D XY
plane above the surface of the RC array. Vegetable oil was used as the coupling medium,
and the hydrophone was scanned using a 3D linear translational stage (PRO165, Aerotech,
Inc., Pittsburgh, PA, USA). Transmit signals were single-cycle-approximated sinusoidal
bursts with equalizing pulses generated by the Verasonics programmable PC-based imaging
backend. All transmit signals were sent with no time delays.

4.4.2 Results

Two different series of hydrophone scans were performed. The rst series described here
examines same-side biasing used the Design-3 array from Section 4.3. The second series
examines orthogonal-side biasing using a Design-2 array. The arrays used were chosen
based on available arrays. The two setups were designed to result in a similar XY eld
pattern to enable comparison between the two. Additionally, simulations for both were
performed and used to further account for the difference in setup between the two runs.

For the same-side biasing experiments, a Design-3 array was scanned with 11 activated
central rows and columns. The scan was a 10-mm by 10-mm square in 0.5-mm steps at a
7.2-mm height. The transmit signal was centered at 7 MHz with 25V, amplitude and 12
V DC bias. The received signal was averaged 8 times. The resulting pressure scans can be
seen on the left of Fig. 4.11, with Fig. 4.11(a) showing the ideal, simulated state.

Each scanin Fig. 4.11 is accompanied by a diagram to the right depicting the different
states of the elements. Gray blocks indicate a completely disabled element. Green blocks in-
dicate a completely enabled element. Yellow blocks indicate elements that are AC activated
but not DC biased, and darker gold blocks show DC biased elements without AC activation.
Note that elements biased with DC on one side and AC +DC on the other are effectively
AC-only selections and have been colored accordingly. The location of the applied signal is
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Figure 4.11 On the left are pressure maps of same-side biasing Fig. 4.9(b) ] with a Design-3 array.
On the right are diagrams explaining which con gurations are present in each scan. Average
power levels (dB) of each section relative to the center are also included in the bottom right of
each diagram. These con gurations include (a) the ideal simulation state. Ground-off (b) AC-
bottom column and (c) AC-top row activation as well as open-off (d) AC-bottom column and

(e) AC-top row activation are shown. The dynamic range is 20-dB. 3-dB and 6-dB pressures are
delineated.
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also depicted by the dashed square superimposed on top of the pressure map. The top gray
silicon plates (rows) are indicated by the top central rectangle, and the bottom orange gold
plates (columns) are indicated by the bottom central rectangle.

The average power of each section was calculated when compared to the central on-
guadrant of that scan. These relative numbers are shown for same-side measurements
in Fig. 4.11 where a more negative number corresponds to a quieter measurement (less
spurious transmission). The experimental results were then compared to the ideal simu-
lated state, and the difference of these powers can be seen in Table 4.4. A larger number
corresponds to a larger difference between the real (experimental) and ideal (simulated)
state.

Table 4.4 Off-State Comparisons

State Top Bottom ex./sm.(dB) Top Bottom ex./sm.(dB)

© On  AC+DC GND - GND AC+DC -
0 Off AC+DC DC 3.4 DC  AC+DC 2.0
% AC+DC OPEN 9.2 OPEN AG-DC 8.3
« DC GND 2.5 GND DC 2.9

OPEN GND 1.0 GND OPEN 3.2
< On AC DC - DC AC -
P off AC GND 2.0 GND AC 2.7
g AC OPEN 4.7 OPEN AC 2.3
f__S’ GND DC 1.1 DC GND 0.9
S OPEN DC 1.3 DC  OPEN 0.6

For the analysis of orthogonal-side options, a 32x32 element Design-2 array with 10
activated central rows and columns was used. This was scanned at a height of 2.4 mm. The
transmit signal was 5-MHz with 32-V ,; and 22-V DC. The received data was averaged 16
times. The scan area was a 7-mm by 7-mm square with a 0.25-mm step size in the X and Y
directions. The same steps for analysis have been applied to this data set. The nal analysis
results are shown in Table 4.4.
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4.4.3 Discussion

There are trade-offs to consider in any system design. In applications utilizing CMUT RC
arrays, consideration should be given for circuit function (transmission only, reception only,

or both), aperture selection (full rows /columns, subsections), physical space, and power
constraints (required hardware complexity). In this section, based on the experiments, in
which we characterized the pressure eld right in front of the RC arrays biased and excited

in different con gurations, we present an analysis to guide any designer in the selection of

a particular con guration for biasing and operating the arrays. In this analysis, our focus is
mainly on the comparison between several different partially enabled states (Fig. 4.12).

In Fig. 4.12, the label AC is used to refer to any section that is partially enabled as a result
of AC signal applied to a terminal. Similarly, the label DC is used when elements are partially
enabled because they have a constant DC bias applied to one terminal. In Fig. 4.12(a), the
term “Off” is used to describe the edge elements in Fig. 4.11 in which both terminals are
connected to either open or ground, i.e. open-open, ground-ground, open-ground, and
ground-open.

In both AC and DC labeled groups, i.e. where an AC or DC voltage is connected to one of
the terminals of the element, there are the two off-states as described previously in Fig. 4.9.
These are zero-DC- and open-off states. In the zero-DC con guration, equal DC bias is
applied on both terminals of the CMUT to create a zero-DC difference across the referenced
element. The open con guration has at least one electrode disconnected. These terms are
used in Fig. 4.12(b) to differentiate between the two off states. For example AC +DC applied
to one terminal and DC applied to the second terminal would result in an AC:Zero-DC
state. Using this terminology to remain consistent, the DC:zero-DC state has both sides
connected to DC which results in a zero-potential difference between the terminals.

A nal comparison is made in Fig. 4.12(c) to examine the effects of applying AC and DC
signals to the top compared to bottom electrodes.

The most element-to-element coupling was visible in same-side biasing with the par-
tially off elements with one terminal left open  [Fig. 4.12(a)]. These elements are still partially
activated by electrical crosstalk from the on elements. Apparent coupling is stronger when
this AC+DC is applied to the top plate [Fig. 4.11(d)] instead of the bottom plate [Fig. 4.11(c)].
This is the worst state for coupling for this setup shown here; however, this biasing scheme
may be a better choice if the application of interest will only use entire rows or columns
for transmission. In this instance, there would be no partially-on elements. The currently
partially-on areas (light red) would be fully enabled (green), and all other elements would
have no AC or DC applied (gray). Additionally, if rotation is not desired, AC and DC combi-
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Figure 4.12 Different partial on-states grouped together based on their common characteristics
for comparison. Whisker plots with (a) different partial on-states. These partial on-states are
then subdivided showing (b) the effects of off-states and (c) the effect of top vs. bottom plate. Off
and AC+DC states are only included in (a). Color selection is chosen to mirror the colors used in

Fig. 4.11.
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nation before the switch can reduce the number of high-voltage switches required.

Open-off has the advantage that it is one of the simplest switch states to include in a
design. Additionally, partially AC- or DC-activated elements are less likely to draw current
if the off state is open. The effects of the open-off state can be seen in Fig. 4.12(b). When
DC is applied on one electrode and the other electrode is left oating (open), the spurious
transmission by these elements is less than when AC is applied on one electrode and the
other electrode is left oating (open). Biasing both electrodes with the same DC voltage
performs somewhere between these two cases.

Electrical coupling to neighboring elements is consistently stronger when the AC signal
is applied to the top electrode. [Fig. 4.12(c)]. The AC+DC signals also show a stronger
coupling when applied to the top  [Fig. 4.11(c)] plate.

There are other variations on the biasing schemes that are not examined here. These
states would be possible if different off-states were applied to rows vs. columns. As an
example, consider applied DC as an off stateto [Fig. 4.11(c)] rows. This would create partially
DC activated corners and partially AC activated central top and bottom squares without
affecting the central row. Here, we limit our discussion to a selection of cases to demonstrate
how different combinations result at different levels of spurious excitation in RC arrays.
Examining all combinations is an area for future work.

Another area for future exploration is the effects of different biasing combinations on
received signals, speci cally the noise performance. As the complete noise analysis would
depend on the characteristics of the preampli ers, we consider this beyond the scope of
the current work.

An additional consideration for the receive path is the effect of the DC-only (darker
gold) sections. With active DC, these elements will be as sensitive to receive as all other
on elements. This would introduce complications in receive aperture design since there
would be a wider receive element area.

4.5 Cross-Sectional B-Mode Imaging

This section compares the effects of imaging with the top and bottom electrodes. It then
demonstrates the ability of this system to image orthogonal planes with electronic switching.
For this demonstration, the higher-frequency Design-1 RC array was used to increase the
imaging resolution.

The same oil-tank-on-chip-carrier method with the same custom switch PCB was
used for this setup, and the same programmable PC-based imaging backend was used to
transmit and receive. The target for imaging was a 0.7-mm pencil lead which was selected
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to give a highly different cross-sectional view that is dependent on the imaging plane. The
longitudinal and axial cross-sections (displayed in the insets of Fig. 4.13) were imaged using
electronic switching to rotate the imaging plane by 90

The transmit signal for these tests was a 10-MHz 70-V ,, single-cycle sinusoid. This
was coupled with a 70-V DC bias using orthogonal-side biasing [Fig. 4.9(a)]. For all images,
a con gurable 1D aperture was created. The aperture size was 32-elements long in the
azimuth and 8-elements long in the elevation direction. This aperture was used to image a
cross section of the target, and it was then rotated to image the orthogonal cross section of
the target. These cross sections are shown in the Fig. 4.13 subsets.

As an initial comparison, the same image of the axial cross-section of a pencil lead was
imaged. A 1D array con guration of bottom  [Fig. 4.13(a)] and top [Fig. 4.13(b)] electrodes
was used. Additionally, cross-sectional images were obtained using electronic rotation. The
axial cross section was imaged with the bottom elements  [Fig. 4.13(c)] and the longitudinal
cross section with the top electrodes [Fig. 4.13(d)].

These images clearly show that orthogonal imaging was achieved using the same array
and electronic switching.

4.6 Conclusion

In this chapter, we presented a row-column CMUT array on a glass substrate. We demon-
strated that the usage of a glass substrate eliminates the capacitive coupling between the
bottom electrode and the substrate. The effects of element resistivity were then considered,
and the future modi cation of a gold top electrode was proposed. Biasing con gurations
were contrasted and experimentally examined. This clearly demonstrated the effects of
both same- and orthogonal-side AC and DC application. It also showed the value of zero-net
DC bias as an off state. Finally, imaging results were obtained to compare the top- and
bottom-electrode imaging modalities and con rm the ability to obtain orthogonal images
with electronic rotation. The combination of these results paints a promising picture for
the future of the row-column CMUT array on a glass substrate.
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