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Abstract

Piezoelectric micromachined ultrasound transdugke[T) two-dimensional (2D)
arrays have been proposed as an alternative teentomal bulk-PZT thickness-mode
transducers for high frequency, forward-lookinghe#er-based ultrasound imaging of
the cardiovascular system. The appeal of pMUTmsed on several key advantages
over conventional transducer technologies, inclgdiigh operational frequencies, small
element size, and low cost due to their microetecchanical system (MEMS) silicon-
based fabrication. While previous studies haveatestrated acoustic performance
characteristics suitable for ultrasound image fdroma pulse-echo B-mode imaging of
tissue and tissue-like phantoms using 2D pMUT arsagall enough for forward-looking
catheter-based applications have been demonstratgdt Duke University* 3.

Having demonstrated the suitability of 2D pMUT g dor tissue imaging, an
important step is to demonstrate effective desmrtrol. The frequency of operation is a
fundamental component of transducer design. Puswioodeling efforts for pMUT
vibration have used classical/Kirchoff thin plateary (CPT) or Mindlin thick plate
theory, however pMUTs with geometric dimensionsiksinto those explored here, have
not been modeled with experimental comparison isighl devices.

It is hypothesized that the frequency of vibratadpMUTSs can be predictively
modeled based on experimental data from various pihhfigurations. Experimental
frequency results were acquired and used to deaiampirical model based on a
modified Mindlin thick plate theory. This dissdrta presents the development of the
frequency design theory culminating in a set ofiprteve design equations for the
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frequency of vibration of 2D pMUT arrays aimedmaproving their use in high-

frequency, forward-looking, catheter-based ultrasbumaging applications.
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Chapter 1

Introduction

1.1 Introduction

Real-time 3D ultrasound imaging has become wideshpire clinical use. At the heart
of any medical ultrasound imaging system is thedmacer. While the transducer is by
no means the only important component of an ultradscanner, advances in imaging
technology have often been linked with innovationgansducer design.

The use of piezoelectric micromachined ultrasowadsducer (pMUT) two-
dimensional (2D) arrays for minimally-invasive, lvater-based imaging of the
cardiovascular system has been proposed basederalskey advantages over
conventional transducer technologies, includinghldgerational frequencies, small
element size, and low cost due to their microetesachanical system (MEMS) silicon-
based fabrication. pMUTs utilize a thin PZT filmimorph plate to achieve acoustic
transmission and reception. Development of pMUds demonstrated acoustic
performance characteristics suitable for ultrasaumafe formation, however B-modes
of tissue or tissue-like phantoms using 2D pMU&gsrsmall enough for forward-
looking catheter-based applications have been dstrated only at Duke Universit}.

Having demonstrated the suitability of 2D pMUT ggdor tissue imaging, an
important step is to demonstrate effective desmrtrol. The frequency of operation is a
fundamental component of transducer design. FAdps) numerous geometric and

material factors influence the frequency of operati This thesis focuses on determining
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the predominant factors that affect frequency aondeting their effects using various
theoretical principles. Many of the reported maagkfforts for pMUT vibration have
used classical/Kirchoff thin plate theory (CPT)Mindlin thick plate theory, however
pMUTs with the geometric dimensions similar to ta@xplored here, suitable for
forward-looking cather-based imaging, have not bmedeled with comparison to
physical devices. The principles of plate thedupdamental and higher-order modes,
compliant boundary conditions, and water-loadingehlaeen explored extensively in the
analytical modeling efforts of this dissertationngsfrequency data collected from
physical devices. This dissertation presents gweldpment of a frequency design
theory culminating in a set of predictive design&tipns for the frequency of vibration
of 2D pMUT arrays aimed at improving their use ighafrequency, forward-looking,

catheter-based ultrasound imaging applications.

1.2 Hypothesis

The pMUT arrays designed and produced at Reseaiahgle Institute, International
in collaboration with Duke University have beenwhdao be suitable for image
formation in tissue and tissue-like media. HoweWeeir operation has not been
described by a quantitative theory. Experimenk&Ug frequency results were acquired
and used to develop an empirical model based owllMithick plate theory.

The overall hypothesis is thtite frequency of vibration of pMUTs can be
predictively modeled based on experimental datanfvarious pMUT configurationsin

proving this primary hypothesis, the following ptnvill be demonstrated.



First, the results of this research will show ttiet fundamental frequency of resonant
vibration can be measured in both air and waterguslectrical, acoustic, and optical
methods. The experimental results will be preskintehe context of transducer
characterization for the purpose of demonstratiag pMUT 2D arrays can be used for
medical imaging applications.

Second, it will be demonstrated that the measwreddmental resonant frequencies
can be modeled using a modified Mindlin plate tgdaking into account the effect of
relative thickness-dependent compliant support.

Third, it will be shown that optimal acoustic tramsfrequencies for imaging can be
modeled using confined vibrational dimensions basethe forced nature of acoustic
transmission. Optimal acoustic receive frequenaifide shown to be modeled using
the full device dimensions due to the free natdir@coustic reception.

Finally, the overall hypothesis that the frequeatyibration of pMUTs can be
predictively modeled using a modified Mindlin pldakeory will be tested by applying the
theory to pMUT devices not included in its devel@mnn These frequencies will be
shown to be well-described by the frequency thetdeymonstrating use of the theory for

predictive frequency design.



Chapter 2

Background

2.1 Introduction

The primary objective of this work is to quantivatiy describe the frequency of
vibration of piezoelectric micromachined ultrasodrahsducers (pMUTS) for ultrasound
imaging applications. The application of a prasietfrequency theory will enable the
design optimization of pMUT transducer arrays ueedctatheter-based volumetric
imaging using 2D arrays as an end goal. This @ngpesents the basic principles of
ultrasound imaging and ultrasound transducers ¢apdibeal-time 3D volumetric

imaging.

2.2 Ultrasound Fundamentals

Ultrasound is a medical imaging modality whichiagk acoustic waves for image
formation. The fundamental principles of ultrasdame quite similar to sonar. The
typical ultrasound system operates in a pulse-eobae in which an acoustic wave is
transmitted and images are formed from the souitected back to the receiver. The
transmitted acoustic pulse is generated by theaiam of transducer elements with an
electrical signal. The ultrasound transducer,roétgiezoelectric device, provides a
mechanical response to the electrical excitatioithvban be coupled to transmit into a

medium like water or tissue. The reflected ectmdssequently cause mechanical



displacement of the transducer elements which géman electrical signal which is used
to form the ultrasound image.

The reflection of sound is the basis by which tegge the field can be detected by an
ultrasound system. Acoustic energy is reflecteénever changes in acoustic impedance
occur. Acoustic impedancg, describes the relationship between the acoustgsprep,
and the particle velocity, in a given medium through the relatiér= p/u. Acoustic
impedance for a medium is dependent on the lodahwe densitys,, and the speed of
sound,c, and can be calculated using the relaion roc. Materials of differing density
and acoustic velocity will have different acoustigppedances. Acoustic impedance
mismatches occur at boundaries between differetgénmabtypes and sound is reflected
from these boundaries. The amount of acousticggrteat is reflected is dependent on
the magnitude of the acoustic impedance mismdkahn.planar boundaries between
structures larger than one wavelendththe amplitude of the reflected sound from the
boundary relative to the incident sound is giverihmyreflection coefficienR, given by

R:ZZ_ Z,
Z,+Z,

(2.1)

where 4 and 2 are the acoustic impedance of the two media fagrthe boundary.
For biomedical ultrasound, reflections from the hdaries between tissue structures

can be used to visualize structures for a wideearignedical applications.

2.3 Ultrasound Echo Imaging

Acoustic reflections from boundaries of impedanicange are used to form

ultrasound images. Filtering and envelope detedre used to extract echo amplitudes
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and remove the ultrasound carrier frequency. S¢wddferent scanning and display
modes are used to present echo information. A-nl@uelitude mode) scans plot the
amplitude of the received echoes from a single s@@ation as a function of ran§é In
M-mode (motion mode) scans, the echo amplitudesgadosingle direction are used to
modulate the pixel brightness and are plottedfasietion of range on a vertical line of
the display. Subsequent acquisitions are displaggatent to the previous line, thus
providing a time progression of the received eclioes M-mode scalf'.

Brightness mode (B-mode) imaging utilizes the pples of an A-mode scan,
acquiring echo amplitudes along multiple scan dioes, displaying them as a two-
dimensional (2D) cross-section image (Figure 2Barly B-mode imaging was
accomplished by mechanically translating or rotatime ultrasound transducer to achieve
the required sweep through multiple scan directiddsrrent conventional ultrasound
systems now employ transducer arrays and electb@am steering to perform B-mode
scanning. The transducers presented in this tidgar make use of electronic beam

steering using a 2D matrix phased array.

2.3.1 Phased Array Imaging

Conventional ultrasound imaging scanners use adrarer composed of a linear or
two-dimensional array of elements to produce ageduacoustic pulse and receive the
resulting echoes. Focusing and steering of thesimoenergy is accomplished by
phasing or applying time delays to the transdutsnents™ ®. Figure 2.1 illustrates the

general principles of transmit phasing using adirerray of 7 elements. A transmit



voltage excitation patterfiis applied to the transducer elemeatat the desired

operating frequency, typically at or near the cefrequency of the transducer.
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Figure 2.1 Transmit pulse formation from a phased array.

DelaysD are applied to the excitation pattern to contnel timing of the element
excitation based on the steering angknd focal distancE. Acoustic wavefrontsV
propagate into the medium and sum coherently @l fomintP. A large portion of the
acoustic energy travels along a path defined byéator from the center of the
transducer through the focal point. The acousiisg@propagating along this path forms
the transmit beam.

The process for receiving on a phased array idainliustrated in Figure 2.2.
Acoustic wavefront$V reflected from the target at poiatarrive at the transducer
element<, inducing received signal voltagé,corresponding to their arrival times.
The received waveforms are time-shifted througlaydD. The time-delayed
waveforms are summed to form the receive sighallhe receive delays are determined
from the desired steering angle and focal distafBamforming by application of the

receive delay profile provides a method of prefeadly receiving echoes along the



receive beam. The summed receive signal correspgpial a single transmit beam as a

function of range forms a scanlifte

s S —»a——r

Figure 2.2 Reception of echoes from a phased array.

The resolution of the ultrasound image is dependerihe characteristics of the
transmit and receive beams. In transmit, the feduke transmit beam is fixed as the
acoustic energy launched from the transducer camnohanged after it begins traveling
in the medium. However, the focus of the recei@arb can be changed in time as the
echoes are received. Dynamic receive focusinghgesged by adjusting the receive focus
as reflected echoes from deeper targets are retéifle This dynamic adjustment
maintains an optimal focus of the received echoesimproves the overall resolution
and image quality.

The formation of a B-mode image is accomplishedtegring the transmit beam
through a range of angles. Envelope detectiomig@@yed to remove the carrier
frequency from the received scanlines. The scarlata is then displayed by mapping
brightness values corresponding to the magnitudieeoéchoes received as a function of
range via scan conversion. The brightness dategoed to the display along the angle

of the scanliné” as shown in Figure 2.3.
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Figure 2.3 B-mode scanning and display.

2.4 Volumetric Imaging

Linear arrays can only steer an ultrasound beatimeimzimuth direction. The
resulting B-scans thus only capture a 2D crosseseof a three-dimensional (3D) field.
This limitation can become problematic in practiédignment of the 2D imaging plane
can be difficult when the interrogation of a specéfinatomical structure is desired,
particularly when the structure has a complex 3&8psh Target motion also introduces
difficulty in 2D tomographic imaging. Out-of-plameotion can result in changes in
shape or disappearance of the target from the Bermodge. If multiple images of an
anatomical structure are required, particularlyrareextended period of time,
duplication of the image plane can be challenging.

The use of 3D or volumetric imaging to acquire av@llume of data instead of just a
2D slice addresses these limitations. Early volmimenaging was accomplished by the
mechanical translation or rotation of a linear gHa*?. The 2D planes acquired over

the course of the mechanical sweep could thendmmstructed by a computer to form a



volume of data. With a volume of data, the er@idevolume and be rendered, or a 2D
plane in any orientation can be calculated andessdlindividually.

Mechanical steering of a linear array introducesimber of significant limitations.
Mechanical movement of a linear array to interregatzolume slows the image
acquisition rate to a degree at which subject gredaior motion become problematic.
Linear arrays also have a fixed elevation focusctvinesults in suboptimal volume
resolution outside of this focus and mismatch betwie elevation and azimuth
resolutions.

Electronic beam steering can be accomplished wsRIg grid of piezoelectric
elements, called a 2D or matrix array. The phataydsteering described in section
82.3.1 for a linear array can be extended to tee cda matrix array, allowing beam
steering in both elevation and azim#tth Electronic beam steering with a 2D matrix
array eliminates many of the problems introducedneghanically moving components
and improves the overall volume resolution by pdawy better control of the elevation

focus.

2.5 Imaging Considerations in 2D Array Design

2.5.1 Imaging Resolution

The spatial resolution of an imaging system is camindefined as the minimum
separation required to differentiate two identjgaint targets (the Rayleigh resolution

limit). As a diffraction-limited coherent imagingadality, ultrasound utilizes the wave
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properties of sound for imaging. Spatial resoluti@pends on how tightly the sound can
be focused. Focusing is determined by the inteniez pattern between sound waves.

In pulsed operation, the axial resolution is degenadn the length of the pulsed
waveform. The axial resolution can be approximaedtalf the length of the transmitted

pulse, expressed as

Axial Resolution N—z/ (2.2)

whereN is the number of cycles in the pulse dnid the wavelength.
The angular response at the focus of the transaacebe approximated by taking the
spatial Fourier transform of the transducer apertlor a rectangular aperture, the

lateral resolution is given by

Lateral Resolution /_DZ (2.3)

where/ is the wavelengtlg is the focal distance, amalis the width of the aperture. The

lateral resolution can also be expressed as anamngsolution given by

Angular Resolution sin™ (2.4)

I
D
The lateral resolutions given above in Equatio®sa®d 2.4 are for on-axis focus.
Steering of the focal point off-axis effectivelydiees the apparent transducer aperture by
the cosine of the steering angle, reducing thedhtesolution. Lateral resolution is thus
non-constant, changing as a function of depth &etisg angle.

In phased array imaging, the differences betwedal ard lateral resolution given

above reveal non-uniform spatial resolution.
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2.5.2 2D Array Design Considerations

Several other key considerations play into thegiest 2D arrays. The physical
dimensions of 2D array elements and their spatsfidution within the array affect their
performance in significant ways, particularly iretheam pattern produced by the
transducer.

The pressure wave propagating from the face ofndmcused transducer generally
maintains the approximate lateral dimensions ottéwesducer for a certain distance, but
natural divergence begins to spread the beamgarldistances. In the region near the
transducer (the “near field”), the beam has manglaude and phase irregularities
arising from the interference between the contrdm# of waves from different parts of
the transducer face whereas in the region furttoen the transducer (the “far field”), the
beam profile is much more uniform and well-behavBg.solving for the radiation
pattern from an ultrasound transducer, the tramsdistance between the near- and far-

field regions can be determined for a rectangypertare to be

a? D?
Z, =—=— 2.5
R 4/ (2:5)

where/ is the wavelengtiD) is the full lateral dimension of the aperture, and half of
the lateral dimension of the aperture. Within théssition distance, the pressure
amplitude from a transmitting transducer apertarescillatory and difficult to
characterize. However, the transition distancatifles the point where the last on-axis
maximum occurs, and the resultant pressure amplibegond this point is no longer

oscillatory, behaving as a slowly decreasing f-fi¢ld. Beyond the transition distance,
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the attenuation of the pressure field with distasaauch more predictable and more
easily characterized.

The relative spacing and size of individual eleraenta 2D array also influences the
beam pattern of a transducer. Segmentation dféneducer into an array of elements
introduces complexity in the radiation pattern.eEppearance of reduced-amplitude
images of the main beam, known as grating lobaspeantroduced as a result of the
spacing between individual elements. The anglegath the grating lobes appear are
those for which the path length difference betwess from neighboring elements is
equal to an integer number of wavelengths. Atdlagyles, constructive interference
occurs and some power is radiated in those direstid he grating lobe angles are then

given by
f,=sin? n n=x+1,+2,... (2.6)
S

wheres is the center-to-center distance, or pitch, ofjhloring elements. There will be
as many grating lobe orders in the beam pattetheasumber of solutions of Equation
2.6 that fall within £90. In an image, grating lobes produce multiple oeses from a
single object, confusing the interpretation of gbjgosition. For a transducer with one
grating lobe on each side of the main beam, arxantarget will present with apparent,
or phantom, objects off-axis &§ on either side of the image of the actual objéstating
lobes can be avoided by controlling the spacingdiidual elements, decreasisg
enough to force all solutions & to fall beyond +9

The proximity between individual elements can atgluence coupling or crosstalk

between them through mechanical or electrical medechanical waves and
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deformations in one element may result in a medahor electrical response of
neighboring piezoelectric elements. Electricatéis leads, pads or other structures in
close proximity may lead to the induction of elesl signals in neighboring elements.
Coupling and crosstalk can introduce confusiorhainterpretation of electrical response
from received pressures or result in the uninteatipropagation of transmitted pressure
waves from separate, distinct elements, possillyaiag the angular response of the
elements. Both effects can result in a reductiomage quality or reliability. The

effects of coupling and crosstalk can be minimiagdaking measures to mechanically

and electrically isolate individual elements withine array.

2.6 Ultrasound Transducers

2.6.1 The Piezoelectric Effect and Piezoelectric Merials

Numerous physical principles and techniques haee leenployed for use in the
generation and reception of ultrasound, but nowe baen utilized as extensively for use
in medical devices as those based on the piezdeletfect'** **. The piezoelectric
effect describes the ability of materials to depedtectric displacement as a result of an
applied mechanical stre8€. Similarly, the inverse piezoelectric effect dises a
deformation of the material under an applied eledteld. This coupling of mechanical
and electrical energy by these piezoelectric malteis a result of their crystal structure.
While the unit cells of the piezoelectric crystdtsnot possess a net dipole moment,

when the lattice is stressed, the asymmetry ofitigtal structure causes the
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displacement of the center of charge in the udit déhis displacement of charge yields a
net electric field in the material.

A special class of piezoelectric materials calleddelectrics, or piezoelectric
ceramics, are organized in regions of randomlyntei@ dipole moments. By applying an
external electric field at elevated temperatur@9{200C), these domains tend towards
alignment in the direction of the electric fiel@his process is referred to as “poling,”
used to increase the piezoelectric propertiesefriaterial.

Among all ferroelectric materials, the most widabed in ultrasound imaging is lead
zirconate titanate, or PZT. The unit cell struetaf PZT is similar to a simple cubic
crystal. However, below the transition temperatthie lead, zirconium, and titanium
ions are displaced with respect to thei@s. This displacement is what causes the
strong internal dipole moment responsible for theeptional ferroelectric properties of

PZT.

2.6.2 Thickness-mode Ultrasound Transducers

Many transducer designs have been formulated dge@ptimal characteristics for
different applications. At the core of many ofgshalesigns are the basic principles
derived from the classical thickness-mode bulk Bfisducel®. The classic piston
transducer is based on a PZT bulk ceramic platksoron which electrodes are laid and
poled in the thickness direction to operate ascktiess mode, or extensional mode,
resonator. The resonance frequency of the traesdsigoverned by the thickness of the
PZT. The fundamental resonance mode exists wheethitkness of the PZT is equal to

half the wavelength such that
15



1= f=2 2.7)

While there are many advantages to these thicknesle transducers, they can be
limited in performance, particularly bandwidth, doehe large acoustic impedance
mismatch between the PZT (34 MRayls) and the sadimg medium such as water or
air (1.5 MRayls for water, 340 Rayls for air). Bawy and quarter-wavelength matching
layers can be used to help to overcome this prodbernthese solutions can be limited by
the availability of appropriate matching layer miatis and the challenging construction
of thinner matching layers as transducer frequencierease. Such fabrication
limitations are of considerable concern, partidylar applications such as 3D volumetric
ultrasound where 2D arrays with a large numbetadaty spaced elements are employed.
Even with current dicing and cabling capabilitidgse arrays can be difficult and
expensive to fabricate.

Commercial side-looking catheters utilizing thicksanode linear arrays have
already been brought to market (eg. Acuson Acun@MmAz catheter, Siemef€!. Bulk
PZT 2D arrays for forward-looking applications hdeen demonstrated in the literature
[18-22]\with up to 97 channels operating at 10.0MHz. Hesverestrictions on kerf size,
the complexity of interconnect, limited elementwal through fabrication, and
potentially high production costs present significehallenges for forward-looking,

thickness-mode 2D arrays for catheter-based imaging

2.6.3 Micromachined Ultrasound Transducers (MUTS)

Micromachined ultrasound transducers (MUTSs) araltarnative to traditional PZT
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bulk ceramic arrays, particularly for 2D arraysheTuse of microelectromechanical
(MEMS) devices in ultrasound transducer desigmig@proach to achieving ultrasound
generation and detection while overcoming soméefshortcomings of traditional bulk
PZT arrays, particularly for forward-looking cateebased imaging applications. Such
limitations include manufacturable element sizemigh-density 2D arrays for high-
frequency imaging, high element impedance, ancetadume production costs, yielding
an advantage to MUT technologies.

MEMS devices are fabricated using well-establisbealiconductor manufacturing
processes, which provide a reliable, cost-effecpproach for large volume production
of high density 2D arrays with very small form fact MUT devices can even be
constructed to interface directly with on-chip iated circuits for signal processifigj
27l Several methods of achieving ultrasound transolucising microelectromechanical
(MEMS) devices have been realized. The two predantiapproaches are capacitive
micromachined ultrasound transducers (cMUTSs) ardqgalectric micromachined

ultrasound transducers (pMUTS), the latter beimgfticus of this dissertation.

2.6.3.1 Capacitive Micromachined Ultrasound Transzirs (cMUTS)
Capacitive MUTs (CMUTS) operate based on electtisstiaansductiot?® 2% rather
than piezoactuation. In cMUTs, a membrane is swdgx above the fixed substrate,
forming a parallel plate capacitor with plate dirsiems on the order of 10s of
micrometers and gap distances of 10s to 100s afmaters.
Motion of the flexural membrane during transmiprsvided by electrostatic

attraction between the oppositely charged platas tlae opposing restoring force
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provided by the stiffness of the membrane. Inikegehe incident acoustic pressure
causes deflection of the membrane which leadsdogds in element capacitance. If the
element has a fixed charge placed on it, the cingngapacitance will result in a variable
voltage. This measurable voltage change is thawed signal used to form ultrasound
images.

The primary performance advantage of cMUTs is lighdwidth, often in excess of
100%. Limitations include lower sensitivity andnegration depth compared to
conventional PZT transducers. Typically, a large ltage bias of up to 200V must be
applied across the membranes during operation whaphbe problematic for catheter-
based applications and even for external contansttucers.

Different cMUT structures are also often requiredultrasound generation and
detection — a large gap size during transmissigretait large deformations of the
membrane and a small gap size in receive to inergassitivity. Arrays consisting of
both transmit- and receive-dedicated cMUT membramnesequired to balance the
performance trade-offs between the two elementstyddie lack of efficient dual-
purpose cMUTSs places limitations on the size agduaof cMUT arrays.

For high-frequency transducers capable of deligeomtput pressures suitable for
imaging applications, multiple membranes are ofteed in concert to form a single array
element. Often, such necessities limit cMUT usknar arrays as 2D arrays do not
allow sufficient space for numerous membranes pear2ay element that would produce
sufficient output, receive sensitively, and fit it the element pitch constraints of a

high-frequency 2D transducer array.
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Numerous efforts to produce cMUT arrays are ongaire time of this writing,
though a large number of images presented in ti@ture are produced using lin&&r
301 and 2D arrays much too large for catheter-based imagpdjeations.

Of the images presented using arrays suitableofovard-looking catheter probes, 1D
arrays operating at 9.2MHz have been demonstffetut 2D and ring arrays have only
been shown to operate at lower frequencies (<5NfRIZ¥ **lor require target

insonification using a separate PZT transducerderoto form the ultrasound image.

2.6.3.2 Piezoelectric Micromachined Ultrasound Trsaucers (pMUTS)

Piezoelectric micromachined ultrasound transdugefT) two-dimensional (2D)
arrays have been proposed as an alternative teentomal bulk-PZT thickness-mode
transducers for high frequency, forward-lookingheger-based ultrasound imaging of
the cardiovascular system. The appeal of pMU&sed on several key advantages
over conventional transducer technologies, inclgdiigh operational frequencies
(>20MHz), small element size, and low cost duehtartMEMS-based fabrication.

To date, several studies have produced limitedtesith pMUT device$**"!. Few
groups have studied pMUTSs of the dimensions swetédsl high-frequency catheter-based
imaging, and fewer still have fabricated physioaides for experimentation. Often,
reported pMUT research efforts culminate with amigdels or simulation of device
operation®” *”. Even among those with fabricated devices, tivicdestructures and
dimensions vary greatly. Circul&f *>**!and long, thin rectangular structuf&s®: 3
are favored for their reduced modeling complexitg to geometrical symmetries or

assumptions. Among the studies implementing thrgor near-square elements
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required for dense 2D arrays, most are too lar@®@sm) for high frequency (>10)
applications.

While previous studies have demonstrated acoustiopmance characteristics
suitable for ultrasound image formation, pulse-eBhmode imaging of tissue and tissue-
like phantoms using 2D pMUT arrays with dimensisngll enough for forward-looking
catheter-based applications have been demonstratgdt Duke Universit{* .

The pMUT arrays designed and produced at Reseaiahdle Institute, International
(Research Triangle Park, NC) in collaboration vidilke University have been
acoustically characterized and shown to be suit@blanage formation in tissue and
tissue-like media. An important step is to demi@isteffective design control. The
frequency of operation is a fundamental componétraasducer design. Numerous
geometric and material factors influence the frempyeof pMUT operation. While a
wide range of operating frequencies have been dstrated, the device dimensions and
other design factors have been selected largebnad-hoc basis. Quantitative
description and predictive equations for the fregpyeof operation are necessary for the
continued study of pMUT 2D arrays.

Previous modeling efforts for pMUT vibration haveed classical/Kirchoff thin plate
theory (CPT) or Mindlin thick plate theory, howey#vUTs with the geometric
dimensions similar to those explored here, suitédriéorward-looking catheter-based
imaging, have not been modeled with comparisorhisical devices.

Experimental pMUT frequency results were acquined ased to develop an
empirical model based on Mindlin thick plate theofiyhe principles of plate theory,

fundamental and higher-order modes, compliant bagndonditions, and water-loading
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have been explored extensively through analyticadeling efforts using frequency data
collected from physical devices. This dissertapogsents the development of a
frequency design theory culminating in a set ofiteve design equations for the
frequency of vibration of 2D pMUT arrays aimed m@proving their use in high-

frequency, forward-looking, catheter-based ultrasbumnaging applications.
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Chapter 3

2D pMUT Arrays — 5x5 and 9x9

3.1 Introduction

The initial pMUT devices tested consisted of membgain 5x5 and 9x9 2D matrix
arrays. These devices were test arrays intendeddommpass a wide range of structural
dimensions, demonstrating the acoustic properfielewaces with sizes and thicknesses
suitable for catheter-based imaging applicationsth only 25 or 81 2D array elements,
the element count and aperture size were suitabléeimonstrating the possibility of
phased array image formation with 2D pMUT arrayg,dre limited in both resolution
and overall transmit pressure output. Larger 14xtdys are presented in Chapter 4,
designed using the information gained through stifdire 5x5 and 9x9 arrays to
optimize imaging properties for array sizes moriéable for image formation.

The experimental methods, results, and observafiesented in this chapter will
focus on the relationship between device strucndgacoustic properties for 5x5 and
9x9 2D array devices. A brief overview of pMUTwstture and flexure is provided. The
acoustic properties investigated will include traitsand receive frequencies, bandwidth,
angular response, transmit pressure output andesfély, receive sensitivity, and pulse-

echo insertion loss.
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3.2 pMUT Structure & Operation

3.2.1 Principle of pMUT Flexure

PMUTSs are an implementation of the piezoelectrienamph which employs the
combination of the actuation and sensing propedigsezoactive materials with the

mechanical advantage provided by a coupled caetilevmembrane.

—i ‘,‘)‘ie‘z‘géié&ﬁ'a”’”q T
"T elastc

Figure 3.1 lllustration of piezoelectric unimorph deformatiander application of an
electric field.

A basic piezoelectric unimorph consists of an actayer mechanically coupled to a
non-active layer as shown in Figure 3.1. The aggibbn of an electric field across the
piezoactive layer induces a deformation of thaétajue to lateral strain, causing a
bending displacement in the coupled cantilevemil&rly, a flexural displacement of the
cantilever causes a deformation of the coupledogietzve layer, inducing an electric
field which can be detected.

In pMUTS, the cantilever is extended to form anlesed membrane spanning a
cavity below with an electroded thin-film PZT layevove. The coupled membrane layer

provides a mechanical advantage many times thieadeformation of the PZT alone.
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3.2.2 pMUT Structure and Fabrication

The structure of a pMUT element consists of a Bexpiezoelectric membrane over
a cavity which deforms mechanically with appliedattical stimulation. An electroded
PZT film is deposited using a spin-coating proca#® a silicon/silicon oxide (Si/Sip
substrate. The PZT film and electrode layers aggithographically patterned and
etched to form a two-dimensional array of elemertsavity in the bulk silicon behind
each element is etched using a deep reactive abn(BRIE) process. Figure 3.2

illustrates the basic structure of a pMUT element.

7/ RIAN E000 Device Si layer
I Diclectric 10 80,
BN Electrodes Bulk 81 wafer

Figure 3.2 Cut-through diagram of pMUT laminate structuréhngomponent layers.

For these pMUT devices, the cavity, PZT film layand electrodes are positioned in
the conformation shown in Figure 3.3. The cawtghorter in one dimension than the
other and undercuts the PZT film layer by severarometers. In the longer dimension,
the cavity extends beyond the dimensions of the HZil

Typical PZT film dimensions range from 40-2iB and DRIE etch dimensions range
from 25-250m. PZT film thicknesses are between 1.0a#n0Ovhile Si/Si/Q thicknesses

are between 2.5-161 yielding total device thicknesses between 5.0h@.
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Figure 3.3 Top-down diagram of pMUT structure shown with iioging of the cavity,
PZT, and electrode.

3.2.3 pMUT Flexure Mode Operation

Flexure mode operation is a unique method for edentchanical transduction that is
significantly different and less understood thanwamtional thickness mode operation
used in bulk ceramic transducers. Ceramic thicknasde transducers are poled in the
thickness direction and operate below the coenonlage of the PZT material, whereas
pMUT devices operate by applying a bipolar signaladtage levels above the coercive
voltage in order to induce 9@omain switching in the PZT filf®. This causes
flextensional motion of the membrane to generateistic transmit output from the
device. Figure 3.4 illustrates the flexure modemédration of the pMUT membrane
through an applied bipolar voltage cyfle

A result of this flextensional mode of operatiorthwibipolar drive is the production of
two electromechanical displacement cycles for evefiage cycle applied. The
membrane position is driven primarily by expansamal contraction of the PZT film in
the lateral direction (parallel to the membrandas@). Because the pMUT is a
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unimorph structure, when the PZT film attemptsdatcact in the lateral direction due to

a net domain alignment in the thickness directiba,membrane flexes downward.

Vaoltage Paolarization Displacement
DA& B
Vaoltage f\/\ Vaoltage
E c
Domain switching Actuation

¥ valtage cycle (+#V)
upuelisfaelnpgnfume
A B c A
‘5 voltage cycle {-V)

I TN

Figure 3.4 Flextensional mode of operation for pMUTs. (Tieft) Applied bipolar
voltage cycle, (top-center) ferroelectric hysteselsiop (indicating domain switching),
and (top-right) mechanical displacement as a fonctof input voltage. (Bottom)
Diagram of membrane displacement through a fulblaipvoltage cycle. Points A and A’
refer to OV applied, points B and D refer to thermive voltage, and points C and E refer
to maximum applied voltage.

In contrast, when the PZT attempts to expand inatezal direction due to 90
domain reorientation at the coercive voltage, tleentorane flexes upward. Furthermore,
the same movement occurs for both signs of polaoiza This frequency doubling effect
has been observed in flextensional bulk ceramimorph actuator$®. One applied
sine wave cycle with frequendy will displace the pMUT membrane as shown in Figure

3.4 producing two flexure cycles. Therefore, ttasmit frequencyf,y, will be twice

the input frequencyf{,: = 2fi,) when the pMUT operates in this vibrational mode.
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3.3 2D 5x5 and 9x9 pMUT Array Design

The PZT film dimensions ranged from 59-217 and DRIE etch dimensions ranged

from 39-250m. PZT film thicknesses were between 1.0a8n0wvhile Si/Si/Q

thicknesses were between 5.0-I8r0yielding total device thicknesses (including

electrode and thermal layers) between 8.0419.0 Device specifications for 5x5 and

9x9 wafers are provided in Table 3.1 and 3.2.

Table 3.1 PZT film and DRIE etch dimensions and thicknedee 5x5 2D pMUT
arrays. Total device thickness includes electatithermal layer contribution.

Si/SiO, Total
membrane PZT device DRIE DRIE PZT PZT
thickness thickness  thickness*  Nominal  Width Length ~ Width  Length
Wafer (um) (um) (um) Size (um) (um) (um) (um)
Wg5 5.0 11 8.0 50 40 66 64 60
(5x5) 75 71 100 91 86
100 99 129 113 110
200 194 249 217 214
Wg6 5.0 2.0 8.9 50 39 64 62 57
(5x5) 75 70 100 88 84
100 99 128 111 108
200 197 246 213 211
Wg8 11.0 1.0 13.0 50 43 69 64 59
(5x5) 75 70 101 90 86
100 95 126 110 107
200 193 243 215 213
Wg9 11.0 2.0 13.9 50 42 65 62 58
(5x5) 75 70 101 86 81
100 96 125 113 108
200 195 243 215 212
Wg12 16.0 1.0 18.0 50 39 65 64 59
(5x5) 75 69 100 88 85
100 95 125 113 109
200 191 241 214 212
Wg14 16.0 2.0 18.9 50 38 65 68 64
(5x5) 75 66 96 92 89
100 90 122 114 110
200 187 238 217 214
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Table 3.2 PZT film and DRIE etch dimensions and thicknesee 9x9 2D pMUT
arrays. Total device thickness includes electathermal layer contribution.

Si/SiO, Total
membrane PZT device DRIE DRIE PZT PZT
thickness thickness  thickness*  Nominal Width Length  Width  Length
Wafer (um) (um) (um) Size (um) (um) (um) (um)
L2 6.0 1.2 8.1 65 61 84 75 73
(9x9) 75 69 95 87 83
L6 6.0 2.0 8.9 50 38 58 68 64
(9x9) 65 58 78 84 80
75 71 96 93 89
100 95 125 118 114
150 148 177 166 162
L8 11.0 12 13.1 65 59 83 78 74
(9x9) 75 66 94 88 84
L11 11.0 2.0 13.9 50 64 82 64 59
(9x9) 65 70 88 - -
75 77 100 90 85
100 98 127 113 107

Signal traces from the top electrodes run betwkemtembranes to signal pads along
the periphery of the device which are wirebondeditopads of the CPG18421 ceramic
package (Spectrum Semiconductor Materials, In¢d)e Bottom ground electrodes of the
device are arranged as an interconnected gridtraties running to large ground pads at

the corners of each device as shown in Figure 3.5.

Figure 3.5 Photo of 9x9 2D pMUT array with B membranes showing bottom
ground grid and signal traces running to periplrgevice.
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These earliest pMUT 2D array prototypes coveredds wange of membrane areas

and thicknesses in order to capture a broad sgperfational parameters.

3.4 2D pMUT Array Experimental Results

Acoustic properties were measured in a water tdlekl fwith de-ionized water to prevent
electrical shorting on the transducer face. Untgksrwise specified, the pMUT 2D
arrays were held in custom holder into which thd dMceramic package could be placed
with access to the package pins on the back wialévice face was submerged in
water. The holder was fixed to a custom mount tviallowed it to be held in place on a
ring stand. The holder was lowered into the wiek far enough to submerge the face
of the array while a receiving hydrophone, transngtpiston, or pulse-echo target was

positioned using the XYZ-translation system onwilaer tank.

3.4.1 Electrical Properties

Measured single element capacitance for the 5xpMDT arrays are provided in
Table 3.3.

An impedance analyzer (HP4194) was used to idergggnant frequencies in the
electrical response of single pMUT elements in &ue to the low impedance of the
elements, the magnitude plot does not show medsuwhbnge. However, the phase of

the impedance is more sensitive to changes inrdggiéncy response. Deformation of
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the membrane during vibration causes a changeasebf the impedance, with the
greatest change at or near the resonant frequency.

Table 3.3 Electrical properties of 5x5 pMUTs — single ehcapacitance and
frequencies from impedance analyzer.

. tsi t t W L

pevice amy | o | o | | @ | O | o
Wg5 B5050_100A 6.0 11 8.0 40 66 12.70 42.3
Wg6 B5050_100C 6.0 2.0 8.9 39 64 13.70 30.1
Wg8 B5050_100D 11.0 1.0 13.0 43 69 10.65 46.1
Wg9 B5050_100 11.0 2.0 13.9 42 65 12.78 27.9
Wg12 B5050_100B 16.0 1.0 18.0 39 65 13.45 43.7
Wg14 B5050_100 16.0 2.0 18.9 38 65 -- 32.5
Wg5 B7550_100A 6.0 11 8.0 71 100 8.86 77.8
Wg6 B7550_84A 6.0 2.0 8.9 70 100 10.00 46.3
Wg8 B7550_100C 11.0 1.0 13.0 70 101 9.11 91.0
Wg9 B7550_100D 11.0 2.0 13.9 70 101 8.70 51.0
Wg12 B7550_100A 16.0 1.0 18.0 69 100 9.75 81.4
Wg12 B7550_100B 16.0 1.0 18.0 69 100 9.65 81.4
Wg14 B7550_100A 16.0 2.0 18.9 66 96 10.90 47.8
Wg5 B10050_100A 6.0 11 8.0 99 129 5.03 121.0
Wg6 B10050_100C 6.0 2.0 8.9 99 128 5.83 75.7
Wg8 B10050_100A 11.0 1.0 13.0 95 126 4.14 122.6
Wg9 B10050_100C 11.0 2.0 13.9 96 125 4.45 74.4
Wg12 B10050_100A 16.0 1.0 18.0 95 125 - 122.2
Wg14 B10050_100A 16.0 2.0 18.9 90 122 6.07 72.9
Wg5 B200100_100D 6.0 11 8.0 194 249 1.19 444.6
Wg6 B200100_100B 6.0 2.0 8.9 197 246 1.39 270.0
Wg8 B200100_100A 11.0 1.0 13.0 193 243 1.86 448.2
Wg9 B200100_100C 11.0 2.0 13.9 195 243 1.84 213.1
Wg12 B200100_100B 16.0 1.0 18.0 191 241 2.49 481.0
Wg14 B200100_100D 16.0 2.0 18.9 187 238 2.44 254.0

Figure 3.6 shows the phase of the impedance \quédrecy for representative
elements from devices of varying size in air. Tieguency at which the impedance

phase peaks indicates the fundamental resonanieiney of the pMUT membrane.
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Wg Single Element Phase Impedance

-81

Phase (deg)

Frequency (MHz)

Wg6 B5050_100 — — — - Wg6 B7550_84 — - - — - Wg6 B10050_100 Wg9 B200100_100 ‘

Figure 3.6 5x5 pMUT single element impedance phase vs. grqu for representative
arrays of varying size in air.

3.4.2 Transmit Properties
The frequency and sensitivity of the pMUTSs in traitsvere measured at a range of
20mm using a pressure calibrated, wide-bandwidtirdphone (Onda Corp., SEA GL-
0200) with an integrated preamplifier. The hydropé was clamped to an X, Y, Z
manual translation system and submerged in therwaaik. The hydrophone was then
moved to a position 2cm below the pMUT array anakee to the highest transmit
amplitude from the center element of the arrayl. Mdasurements in transmit were then
made from this position. The hydrophone output passed through a low-noise,
wideband variable gain signal amplifier (custom é&bxAD600 with transmit protection)
set at 66dB gain.

The pMUT devices were placed in a custom holdevatzowater tank filled with
deionized water. The pMUT elements were drivem\ai3.0 cycle sine wave burst from

a function generator (Agilent 33250A) through a BGmbwer amplifier (ENI Model
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325LA). For initial comparisons, all pMUT elememégardless of PZT film thickness
were operated at approximately the same appligag®lof 25-30V peak-to-peak (.

A digitizing oscilloscope (Tektronix TDS 754A) wased to measure the amplitude and
center frequency of the signal amplifier output.1@x oscilloscope probe (TEK P6139A,
8.0pF, 10M ) was used to measure the voltage output from elseepamplifier at the
pMUT elements.

Table 3.4 Transmit frequency, transmit output pressure,teanasmit efficiency for 5x5
pMUT 2D arrays at 3.0cyc, 25-3QV

Device tsi tezr tdev Wetch Letcn fix P Tx Eff.
(nm) (nm) (nm) (nm) (nm) (MHz) | (kPa) (Pa/V)
Wg5 B5050_100A 6.0 1.1 8.0 40 66 10.90 4.1 155.7
Wg6 B5050_100C 6.0 2.0 8.9 39 64 11.90 2.7 105.3
Wg8 B5050_100D 11.0 1.0 13.0 43 69 11.00 4.8 174.6
Wg9 B5050_100 11.0 2.0 13.9 42 65 12.60 3.9 145.6
Wg12 B5050_100B 16.0 1.0 18.0 39 65 13.20 1.0 36.1
Wg14 B5050 100 16.0 2.0 18.9 38 65 13.60 0.6 22.6
Wg5 B7550_100A 6.0 1.1 8.0 71 100 7.70 35 129.7
Wg6 B7550_84A 6.0 2.0 8.9 70 100 8.20 2.1 76.4
Wg8 B7550_100C 11.0 1.0 13.0 70 101 8.40 4.5 168.4
Wg9 B7550_100D 11.0 2.0 13.9 70 101 8.60 3.8 138.3
Wg12 B7550_100A 16.0 1.0 18.0 69 100 9.10 45 173.6
Wg12 B7550_100B 16.0 1.0 18.0 69 100 9.05 45 173.6
Wg14 B7550_100A 16.0 2.0 18.9 66 96 8.60 1.3 50.8
Wg5 B10050_100A 6.0 1.1 8.0 99 129 4.30 1.8 60.8
Wg6 B10050_100C 6.0 2.0 8.9 99 128 5.20 1.8 60.9
Wg8 B10050_100A 11.0 1.0 13.0 95 126 5.10 2.8 102.7
Wg9 B10050_100C 11.0 2.0 13.9 96 125 4.80 2.2 88.1
Wg12 B10050_100A 16.0 1.0 18.0 95 125 6.20 3.5 133.9
Wg14 B10050_100A 16.0 2.0 18.9 90 122 6.40 1.9 66.7
Wg5 B200100_100D 6.0 1.1 8.0 194 249 3.80 3.7 147.2
Wg6 B200100_100B 6.0 2.0 8.9 197 246 4.30 2.8 117.6
Wg8 B200100_100A 11.0 1.0 13.0 193 243 6.50 4.7 240.3
Wg9 B200100_100C 11.0 2.0 13.9 195 243 6.80 3.8 154.0
Wg12 B200100_100B 16.0 1.0 18.0 191 241 8.40 2.4 134.9
Wg14 B200100 100D 16.0 2.0 18.9 187 238 8.60 2.2 95.4

Measured values for the transmit frequency, trangrassure output, and transmit

efficiency (mV received on hydrophone/pMUT drive &k listed in Table 3.4 for 5x5
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2D pMUT arrays with element widths ranging frorm&®— 200rm and element pitch
ranging between 106n — 300mm.

A 1.0-cycle transmit pulse measured using the miuoae for a single element from
a representative 5x5 pMUT array is shown in Fighiealong with its FFT showing a -

6dB bandwidth of 56%.

Wg8 B7550 Single Element Tx - 1.0cyc Wg8 B7550 Single Element Tx 1.0cyc - FFT
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Figure 3.7: Representative 1.0-cycle transmit pulse (letipfdiVg8 75m element with
FFT (right).

The measured operating frequency for each devisedetermined by selecting the
frequency of maximum output pressure from the aetaynents as measured by the
calibrated hydrophone. Frequencies fell betwe8r-3.3.6 MHz, depending on the
element width and the membrane thickness. In gér@naller element width and higher
membrane thickness yielded higher transmit fregesnd-igure 3.8 shows the frequency
as a function of pMUT element etched length forhegalglUT construction.

We observe that elements with lengths falling & 3@mm — 150m range exhibit a
linear decrease in frequency as element lengtleasers, regardless of the thicknesses of
the PZT and Si layers. This follows the expectedd for vibrational plates. As the
resonant dimension of vibration increases, the Veagth supported by the structure

increases, and frequency decreases. Howevehddatger elements with 26t etched
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length, we observe that the frequency is greater éxpected for a structure of this size,

suggesting that these devices operate in a higder mmode than the smaller elements.

Frequency vs Etched Length
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Figure 3.8 Frequency vs. etched cavity length for 5x5 pMUag elements.

We observe that there exists a frequency dependentiee construction of the
elements for these large elements. The Si thickappears to change the frequency,
with an increase in the Si layer giving an increaskequency. Additionally, we observe
that for thicker PZT (Wg6, Wg9, Wg14), the frequeimg higher than for the devices
with the same Si thickness but thinner PZT film GV@/g8, Wgl12, respectively).

In order to correlate the transmit properties ehetnts with different PZT
thicknesses, transmit pressure efficiency was Gaked as a ratio of pressure received at
the calibrated hydrophonBg, to the transmit excitation voltage applied to éfement,
V1. Transmit pressure field efficiency was calculladis a ratio of pressure received at
the calibrated hydrophonBg, to the electric field applied to the elemddit= Vr,dtpz.

Figure 3.9 shows the transmit efficiencies for pMs&iiigle elements in relation to

element size (given here by the length of the etdawity) for devices with different
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PZT and Si thicknesses. For devices witimSand 10m Si thickness, we observe that
elements with thicker PZT films provided highergsere output per unit electric field
applied and, excluding the larger 280 elements, smaller elements yield a higher
transmit efficiency. Note that with thicker PZTwilges, higher voltages are required to
achieve the same electric field in the PZT. Feesa devices, the transmit pressure
field efficiency advantage for thicker PZT is mangiand may be outweighed by other

considerations, particularly receive sensitivitis@issed in a later section).

Tx Efficiency vs. Element Size - 5um Si Tx Efficiency vs. Element Size - 10um Si Tx Efficiency vs. Element Size - 15um Si
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Figure 3.9 Transmit pressure and field efficiencies of pMel&@ments driven at 25-
30V, for PZT thicknesses of 1 andhdh and device silicon thicknesses of (lefty,
(center) 10rim and (right) 15mm. Transmit pressure efficiency (top row) was chted
as pressure received at the hydrophone dividegplea voltage. Transmit pressure
field efficiency (bottom row) was calculated asgmere received at the hydrophone
divided by applied field\(u/tpz7).

The increase in the transmit efficiency of the é&a2Gm elements suggests that
these devices may be operating in a different vidmal mode. We also observe that an

increase from Bm to 10vm in Si thickness yields an increase in transnfitiency, but
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increasing the Si thickness (and thus, the memistifieess) further to I'im causes a
dampening of the device’s ability to transmit. §dampening is particularly great for
smaller elements where the width to thickness mtitne membranes is smaller and an
increase in stiffness may have a greater effect.

Increased applied voltage also increases trangfizieacy and output pressure. The
transmit pressure efficiency of a single pMUT eleig&as measured for transmit
excitation voltages in the range V- 70V, Figure 3.10 shows the transmit pressure
efficiency measured in Pa/V and transmit pressara single Wg9 B7550 array element
(75m™m element width, @m PZT thickness, Ifin Si thickness). Transmitted pressure

was measured using the pressure-calibrated SEAZBD-Aydrophone.

pMUT Transmit Efficiency and Pressure vs TransmitV  oltage
Wg9 B7550_100D Single Element @ 8.6MHz
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Figure 3.1Q pMUT transmit efficiency vs. applied transmit éation voltage for Wg9
B7550 array element with PZT film thickness o2 and 10m Si thickness at 8.6 MHz,
3.0 or 3.5 cycles. Transmit efficiency calculagsdTx pressure/applied voltage (Pa/V)
where Tx pressure is measured using a pressuleatali hydrophone.

At a distance of 20mm from the pMUT array, transefiiiciencies up to 322 Pa/V

have been observed, with pressure output as high.&akPa.
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Because the pMUTSs operate in a flextensional mate\e the coercive voltage) that
employs 90 domain switching in the PZT film, the polarizatiand displacement of the
pMUT membrane is nonlinear with respect to the igoploltage beyond the coercive
voltage!*®. Therefore, the acoustic transmit output cambeeased nonlinearly by
increasing voltage above the coercive voltage timilpolarization becomes saturated.

The angular response in transmit was measuredhslating the hydrophone
linearly in elevation and azimuth with amplitudeeasured at regular intervals. Signal
amplitude in relative dB plotted vs. angle for gentative 78m and 20rm elements are
shown in Figure 3.11. Both elevation and azimuthshown to be in good agreement as

expected for devices with near-uniform dimensions.

Element Angular Response of Wg-series 75um and 200u  m devices
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Figure 3.11 Angular response of representativarifband 20@m single elements in
transmit into hydrophone. Measured data as labetextg) shown in black for reference.

The 200mm device has a -6dB half-angle of 1h7azimuth and 16Xn elevation.
The smaller 76Bm device shows a surprisingly narrower angularaese, with a -6dB

half-angle of about 7%8n both directions. Both devices have a narroweponse than
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both an idealized point source, which would hawearly flat angular response, and an
idealized small element (with size small comparcethé wavelength) which would
experience a decrease proportional to the cositieeadngle to the aperture (-6dB half-
angle = 66). The narrow angular response for both devicdgates that
coupling/crosstalk may induce adjacent elementsti@te, causing an effective aperture

larger than expected to be formed by multiple elee

3.4.3 Receive Properties

Characterization of the frequency response of pMldTeceive was performed by
providing an acoustic pulse from a piston transdaoel receiving with a pMUT array
element in a water tank filled with deionized wat&he pMUT was held in the custom
holder while the piston was moved to a positior geaked receive amplitude of the
pMUT using the X,Y,Z translation stage. The pisteas driven with the output of the
Agilent function generator alone or with the adzhtiof the 50dB power amplifier.

The wide range of frequencies in receive requineduse numerous pistons to
provide acoustic input for the pMUTs. Panamethi€s 7.5, and 10MHz pistons were
pressure-calibrated to produce 100kPa using th@ZR0 hydrophone. The pMUT array
was then substituted in place of the hydrophonetla@deceived signal was recorded.
The piston transmit frequency was swept acrosa@erto determine the optimal receive
frequency, determined by identifying the frequeatyhich the pMUT element was
most sensitive. In a passive receive mode, the pMleément output was amplified with

the AD600 signal amplifier with the output measuoedan oscilloscope.

38



The receive sensitivity was calculated as the pgegseak received signal amplitude
on the pMUT (corrected for the gain of the AD600pdifrer) divided by the piston
pressure output (roughly 100kPa). Receive bandiwidts measured for 1- and 3-cycle
piston output by taking the -6dB bandwidth from BT of the received signal.

Receive frequency, sensitivity, and bandwidthgsier5x5 2D pMUT arrays are
provided in Table 3.5. For 16th and 206m devices, multiple receive frequencies are
observed. The lower frequencies tend to have higlteive sensitivities and bandwidths
than the higher frequencies. The low frequenadiesapected to be fundamental mode
while the higher frequencies are higher-order modes

Figure 3.12 provides the receive frequencies plaitgainst element size for each
device type. Transmit frequencies are also pravide comparison. The receive
frequencies, in general, are lower than the tranBequencies for the same device, with
the deviation increasing as element size increabezteases in PZT or Si thickness was
associated with higher receive frequency.

The measured receive frequencies in water weredifpiwithin 10% of the
measured transmit frequencies in water, particufar the 50rm and 75m devices.

However, multiple frequency peaks were observatiereceive response of the h@®

and 200m devices.
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Table 3.5 Measured receive properties of 5x5 pMUT 2D araRReceive frequency,
pressure sensitivity, and -6dB bandwidth for 1- 8rycle pulses. Impedance analyzer
and transmit frequencies provided for comparison.

. tdev Wetc L etc i Rx Sens scye Leye

Device om) | om) | om) Phr;lpHazn') (Mf Hz) (|v]|( H2) | (mikPa) -ed(%aw 'Gd&')a‘w
Wg5 B5050_100A 80 40 66 127  10.90 10.98 14.02 17.3%  20.0%
Wg6 B5050_100C 89 39 64 137  11.90 12.11 13.67 9.1% 9.1%
Wg8 B5050_100D 130 43 69 1065 11.00 11.07 9.69 16.2% = 18.9%
Wg9 B5050_100 139 42 65 1278 12,60 11.96 5.85 19.2%  22.5%
Wgl2 B5050 100B 180 39 65 1345 13.20 12.96 1.80 21.2%  23.1%
Wg14 B5050_100 189 38 65 - 1360 13.31 1.24 120%  13.2%
Wg5 B7550_100A 80 71 100 886  7.70 7.28 2355 = 10.6% = 19.9%
W(g6 B7550_84A 89 70 100 10 | 820 7.56 21.00  147% = 15.5%
Wg8 B7550_100C 130 70 101 911  8.40 7.78 14.62 25.6%  37.8%
Wg9 B7550_100D 139 70 101 87 860 7.31 1674  158%  14.4%
Wgl2 B7550 100A 180 69 100 975  9.10 8.21 3.61 24.1%  24.9%
Wgl2 B7550 1008 180 69 100 9.65  9.05 8.19 9.22 232%  24.0%
Wgl4B7550 100A 189 66 96 109  8.60 8.56 413 14.0%  14.0%
Wg5 B10050_100A 80 99 129 503 430 3.94 60.53 = 25.8%  32.0%
Wg6 B10050_100C 89 99 128 583 520 461 51.17 24.4% = 26.5%
Wg8 B10050_100A 130 95 126 414 510 413 63.61 = 288%  42.7%
Wg9 B10050_100C 139 96 125 445  4.80 4.10 61.03  31.0%  46.3%
Wgl12 B10050_100A 180 95 125 - 620 473 5.25 234% = 25.1%

| Wg14B10050 100A 189 90 122 607 640 492 1040 229% _ 23.5% |
Wg5 B10050_100A 80 99 129 - - 3.32 100.98 - -
Wg6 B10050_100C 89 99 128 - - 3.94 57.31 - -
Wg8 B10050_100A 130 95 126 - - 2.92 99.00 - -
Wg9 B10050_100C 139 96 125 - - 3.23 96.16 - -
Wgl2 B10050 100A 180 95 125 - 3.80 8.05 - -
Wgl4 B10050 100A 189 90 122 - - 4.16 17.26 - -
Wg5B200100_100D 8.0 194 249 - 380 257/3.60 1374  27.6%l— 34.4%/—
Wg6 B200100_100B 89 197 246 - 430 452 37.63  11.6% = 12.9%
Wg8 B200100_100A  13.0 193 243  — 650 6.01 28.89  245%  25.8%
Wg9 B200100_100C 139 195 243 -  6.80 6.20 27.24 | 218%  23.7%
Wg12 B200100 100B 180 191 241  — 840 - - - -
| Wgl4B200100 100D 189 187 238 - 860 N e o=

Wg5 B200100_100D 80 194 249 119 - 0.7/14 12,51 - -
Wg6 B200100_100B 8.9 197 246 139 - 0.8/1.1 22.13 - -
Wg8 B200100_100A  13.0 193 243 186 -~  110/152 3898  --/33.3% --/45.3%
Wg9 B200100_100C 139 195 243 184 -  110/151 4938  --/20.3%  --/34.0%
Wgl2 B200100_100B 180 191 241 249 - 1.98 3738 345%  49.5%
Wgl4 B200100 100D 189 187 238 244 - 2.05 58.76  31.0%  48.0%
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For the 106m devices, one frequency close to that of the tingesponse was
observable (8 — 23% lower thég) with the deviation fronf increasing as the Si
thickness increased. A second frequency was obddmetween 23-35% beldy. The
ratio between these two observed frequencies giwvedor the 100m devices is
between 1.17-1.41, which is close to the aspeidt fatched length/width) of the devices,
1.29-1.36. The two frequencies observed are ligélybuted to the superposition of
frequencies supported along either length or wiiltension. Their appearance in the
response of the 1@ devices may be the result of the convergenckeofvto
frequencies as the aspect ratio approaches lduéaesplate). The smaller devices are
more bar-like, with largel.:W aspect ratios, which would result in a larger s&fan
between frequencies supported along device dimesisio

The aspect ratio of the 20t devices is even lower (1.25-1.28) possibly primgd
even stronger coupling of the two modes simultasgouwWe observe that the 200mm
devices with i m and 1@m Si exhibit several receive frequency peaks. &mesltiple
frequency peaks are associated with numerous hagler modes of vibration. From
optical vibrometry measurements, there is strondezce that shows that the lowest
receive frequencies are correlated with a fundaatemdde of vibration. The highest
receive frequencies close to the transmit frequenare a 3-1 mode while the
intermediate frequencies are associated with furdaahtype modes with slightly
smaller size constraints defined by geometric fegtof the device, such as the active
PZT area. Images of these modes are shown imptiabvibrometry results. Further

analysis of these frequency modes is discussedhbiteachapter.
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Figure 3.12 5x5 pMUT 2D arrayi« vs. Lecnfor devices of varying thickness. Solid plot
designates the lowekt mode. Hollowed points denote higher-mdgeMeasured
(dotted) are provided for comparison.

The receive sensitivity for the lowest frequencyd@of single elements of varying

size and thickness is plotted in Figure 3.13.
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Wg 5x5 Single Element Rx Sensitivity vs. Etch Lengt  h
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Figure 3.13 Average single element receive sensitivity fob ®MUT arrays. Solid
lines denote tm PZT, dotted lines denotend PZT.

Receive sensitivity is expected to increase withpdamembrane area which is shown to
be the trend for the measured response of deunables than 126m in length. The
200mm membranes (2%Gn etch length) exhibited lower sensitivity than fimm
membranes for devices witlm® and 1@m Si. This decrease in sensitivity may be
associated with the existence of multiple higheteoifrequency modes mentioned
previously which would diminish the received sigaaiplitude due to the multi-modal
displacement of the device surface. Note, alst, ttie lowest frequency mode for the
200mm devices with Bm and 1@m Si were very narrow-band, ringing for a long
duration, much more so than any of the other fraquenodes. The relative plate
thickness to the lateral span (length) of the dew/iwill be shown later to play a
significant role in operating frequency.

Of critical importance in the discussion of pMUTeé/e performance is the highly
dependent response to the application of electsio@lulation that significantly affects
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the receive sensitivity, termed “biasing.” The ditaple response of the pMUTS in
receive varies greatly in a passive unbiased dtatb, temporally and between elements
in the same array.

To improve the consistency in receive sensitivityoas an array, a partial-cycle
biasing pulse may be applied to the pMUT elemeimtgua single channel from a 4/
transmit board. The biasing pulse is delivereccByonously with the signal driving the
piston. Care must be taken in selecting the measemt range to allow time for the
ADG600 boxed amplifier to recover from the biasindge before the arrival of the
acoustic pulse from the piston. The protectionwtrof the AD600 amplifier can be
modified to minimize the recovery time of the arfipli greatly while losing only 2-4dB
gain. However, connection of the TS5 Tx board (ewd¥en inactive) loads the pMUT in
receive enough to diminish the receive signal atugdi by as much as 8-10dB for some
devices, which is not ideal for frequency charaz#gion of the pMUTSs as the signal
levels are already very small. The loss due tdilaais typically recoverable for most
devices from the sensitivity increase found in\acbiasing, however, some devices are
more susceptible to loading and less responsitieeteffects of active biasing.

In imaging applications where connection of trartsand receive components are
both necessary and unavoidable, pulse-biasing ges\both consistency across an array
and improved sensitivity in this configuration. rdore detailed investigation on the

effect of active biasing is discussed below.
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3.4.4 Receive Biasing

The receive biasing of pMUTs has been demonstiatgutoviding an extra electrical
voltage to the element prior to reception. Itnglear at this time how this biasing occurs
in the piezoelectric film. Increases in receivessivity on the pMUTs have been
observed with the application of DC voltages ad a&lpartial-cycle transmit pulses.

As a receive-only device, a pMUT element may bedaawith a DC voltage in the
range of -5V to 5V and possibly higher. The apbl¥C voltage that will result in the
maximum receive sensitivity was found to be unpotadile. The DC biasing voltage
does not appear to depend on element size, thiskaeposition in the array, and DC
biasing has been observed to decrease the reagisigty of the pMUTSs in some cases.

The use of a partial-cycle transmit excitation puls gain a receive sensitivity
advantage over full-cycle transmit excitation hasbdemonstrated in both water tank
experiments and pulse-echo image acquisition uk@d5 scanner.

In water tank experiments, a partial-cycle biagpuntse may be applied to the pMUT
element using a single channel from a T5 transoardh. The biasing pulse is delivered
synchronously with the signal driving the transdevice (piston in Rx-only mode or
pMUT element in pulse-echo mode) to ensure thatgbeived pressure arrives following
the biasing excitation. Partial-cycle biasingahiaved on the T5 transmit board by
changing the digital transmit excitation patternndude additional positive or negative
excitation components. The possible partial-cyicheng patterns are limited by the
internal clock of the pattern generator used tdrobthe T5 transmit board (10ns in the
water tank experiments). Thus, the transmit etioitgpattern can be changed by adding

additional positive or negative excitation in 10msrements. For example, a 5.0MHz,
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1.0-cycle transmit excitation pattern would incld&0-clock-cycle loop with positive
excitation and a 10-clock-cycle loop with negatxeitation. A 1.5-cycle transmit
excitation pattern would include another 10-clogkie loop with positive excitation
while a 1.25-cycle transmit excitation pattern weburclude only an additional 5-clock-
cycle loop.

Shown in Figure 3.14 is a plot of the receive puessensitivity for bias cycles
amplitudes between Y- 50V, for 3.00, 3.25, 3.50, 3.75, and 4.00 cycle biagulges.
The 3.25 and 3.50 cycle biasing pulses provideeaive sensitivity advantage over both
full-cycle pulses (3.0 and 4.0 cycles) and a 3y@ecpulse. Biasing with partial-cycle
pulses may leave the PZT film of the device in Eppation state that yields greater
sensitivity in the receive mode. The biasing adage of some partial cycle pulses over
others may indicate that the device’s polarizaiod displacement curves display a
preference for either a positive or negative paliade. Then, for certain cases, the
voltage that the partial-pulse cycle leaves mayimee the polarization, thus optimizing

the receive sensitivity.
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Wg8 B5050 Rx Sensitivity vs. Bias Cycle Amplitude
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Figure 3.14 Rx pressure sensitivity (mV/kPa) vs. peak-to-pealkage amplitude of
biasing cycle for different cycle lengths.

The pMUT arrays also carry some memory of the bgasiode last applied to them
even after the biasing stimulus has been remoVée. extent of this memory effect has
not been studied in depth, but they have been wbddo remain in a biased state after
the input has been removed on the scale of hours.

Acoustic measurement with a pressure-calibrateddpytbne showed that the partial-
cycle excitation on the pMUT did not produce argngficant change in the transmit

pressure output from the device, indicating thatlitasing advantage is a receive effect.

3.4.5 Pulse-Echo Performance

Pulse-echo measurements were made using an alunbimgkntarget in both the water
tank and on the Duke T5 phased array scanner.sddrener was used primarily for

100mm and 20@m element arrays or when it was necessary to jailtipre elements for
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increased Tx or Rx efficiency. The higher capawéaof these larger single or grouped
elements resulted in oscillations between the panglifier and the pMUT array in the
bench-top water tank testing configuration.

In water tank experiments, the Tx pulse from theigroamplifier was passed through
a transmit protection circuit to decouple the poasplifier used in transmit from the
receive amplifier during receive and to limit thement into the pMUT element during
the high-voltage transmit excitation cycle. Aftlee protection circuit, the transmit
excitation signal was delivered to the pMUT elen@®nt The receive amplifier was then
connected to the receive element(s), and the oofghe amplifier was measured using
an oscilloscope.

For pulse-echo measurements on the T5 scannggMbd was positioned over an
aluminum block target at 20mm range in deionizetewand held in a custom breakout
board to facilitate connection to the T5 systenhe Transmit frequency, number of pulse
cycles, and active elements were then designatedfiware. The RF sum was then
measured using an oscilloscope. Figure 3.15 sltimsvpulse-echo response of a single
75mm pMUT element (Wg8 B7550) at 8.4MHz with a 27,6\0.5-cycle transmit

excitation pulse. The -6dB bandwidth for this gnweas 57%.
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Figure 3.15 (a) Pulse-echo response at 8.4 MHz and (b) Firtwalth for a 75mm
pPMUT single element with irm PZT thickness and Iim silicon thickness driven with
a 0.5 cycle, 4.2MHz, 27.6, pulse.

To obtain a value for the pulse-echo insertion,lasgltiple Tx elements were
required to produce sufficient pressures that cbeldneasured with the pMUT elements
in receive. The bench water tank setup was usdthifomeasurement as the T5 scanner
receive amplifier gain was indeterminate. A growgpof 25 adjacent elements of a 9x9
array electrically shorted to form one large eletnedn L6-65 array (68m element
width, 2rim PZT thickness,im Si thickness) was used for this measurement22ll
elements were used to transmit a 3.5 cycle, 8.8WiH&4MHz signal with peak-to-peak
transmit excitation voltage in the range of 3p¥ 60V,,. The resulting pulse-echo off of
the aluminum block target was received on all Zanants and amplified using the
ADG600 signal amplifier. The single element puls&einsertion loss was then
calculated from the 25-element signal by dividihg signal by a factor of 28625 to
compensate for the use of 25 elements in transmdiR& elements in receive, adjusting
for the gain of the receive signal amplifier, amdding by the transmit excitation

voltage. Figure 3.16 shows the calculated singiment pulse-echo insertion loss
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acquired using this method. At 6QMthe calculated single element pulse-echo ingertio
loss at 8.8MHz was -93.1dB. The advantage ofrtf@asurement method is that each
element that is used in receive is biased withragbaycle transmit excitation pulse.
However, this calculation assumes a linear prosgss transmitting and receiving with

multiple elements.

L6 65-9 Single Element Pulse-Echo Insertion Lossvs ~ Vix
(3.5 cyc, 2.2cm, from 25 el, P-E Al Block)

-92.00

\[\

-94.00

//; [ L—T
-96.00 o

-98.00 -

100.00 »/ —e—f=8.8MHz

// —a—f=8.4MHz

Echo Insertion Loss

(dB)

-102.00
-104.00 -

-106.00 4

Single Element Pulse:

-108.00 T T T T
25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0

Transmit Voltage V_tx (V)

Figure 3.16 Calculated single element pulse-echo insertigs for a 65m 9x9 array
element. Pulse-echo signal from aluminum blocgdawith 3.5 cycle transmit at a
2.2cmrange. 25 elements used in transmit andveec&ingle element insertion loss
calculated from scaled 25 element pulse echo.

3.5 Summary

Electrical characterization of the 5x5 2D pMUT ggaising an impedance analyzer
demonstrated a method of measuring the resonaratiabal frequencies in air, with
frequency decreasing with increased element iteasured element capacitance was
consistent with expected values based on devicsteation.

Characterization of the 5x5 2D pMUT arrays in traiisreceive and pulse-echo has

demonstrated promising results for imaging appbcet Transmit pressure output up to
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20.5 kPa and transmit efficiencies up to 322 PafV76hm single elements at 20mm
range were observed, with up to 56% bandwidth f&rcgcle truncated sinusoidal pulse.

Transmit frequency decreased with increased elerataral dimension and
decreased membrane thickness. Elements witin50150m etch length exhibit a
linear decrease in frequency as element lengtleasers, regardless of the thicknesses of
the PZT and Si layers as expected for vibratiofeteg. However, for the larger
elements with 25@m etched length, we observe that the frequencieiatgr than we
expect for a structure of this size, suggestingatn in a higher mode. The large
200mm elements exhibit a frequency dependence on #meegit thickness. An increase
in the Si layer results in an increase in frequenhbiye thicker PZT yields higher
frequencies than devices with the same Si thickhasthinner PZT film. Elements with
thicker PZT film also provided higher pressure atifper unit electric field applied with
smaller elements yielding a higher transmit efficig with the exception of the 26th
devices operating in a higher order mode.

Receive sensitivities were observed up tord0kPa, increasing as element surface
increased and generally decreasing with elemeckrkss. Receive bandwidth for 1-
cycle pulse was observed up to 48%. Receive fregudecreased with increased
element lateral dimension and decreased elemakinigss. Receive frequencies were
also, in general, lower than the transmit frequentor the same device. Multiple
frequency peaks were observed in the receive regpofithe 100m and 20@m devices.

Receive biasing was also investigated. Applicatiba DC bias voltage resulted in
uncertain changes in receive sensitivity independealement size, thickness or position

in the array. Application of partial-cycle trangrexcitation pulse biasing was shown to
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produce consistent change in receive sensitiitpigh the degree of change varied
marginally from element to element. Various paitigcle transmit patterns were
considered, with 3.25- and 3.5-cycles producinggifeatest sensitivity at high transmit
excitation voltage amplitudes. However, care nestaken in the application of partial-
cycle biasing as in some cases a decrease iniggnsias observed for some patterns
between different device constructions. Bias otterezation should be performed for
each device to determine the optimal transmit akom waveform for pulse-echo
operation.

Pulse-echo characterization showed an insertiadbsp to -93.1dB (rel. V/A) in a
full-array pulse-echo experiment with an assumptiblinear transmit and receive
response for multiple elements. Pulse-echo barttviaal a 0.5-cycle transmit was

measured to be 57%.
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Chapter 4

2D pMUT Arrays — 14x14

4.1 Introduction

Larger 14x14 pMUT arrays were constructed in a sgbent iteration of pMUT 2D
devices. The larger arrays were fabricated to daestnate that the acoustic performance
observed in the 5x5 and 9x9 arrays could be saglad arrays large enough for imaging.

Additionally, the larger arrays offer an opportyrtid focus on the smaller device
dimensions that yielded more optimal frequenciassensitivities for imaging as shown
in the testing of 5x5 arrays. Device dimensionsendosen to be equivalent to or
smaller than the nominal i@ 5x5 devices to ensure fundamental mode operation
frequencies sufficient for catheter-based imagifge range of device dimensions was
extended to even smaller membranes than thoseblawith 5x5 arrays. Device
thicknesses were chosen to be mitor Si/SiGQ and <1.2m for PZT based on evidence

of decreased sensitivity in thicker devices amaoxtg tést arrays.

4.2 14x14 2D pMUT Design

The pMUT 14x14 2D arrays used in this research wendar in structure to the 2D
5x5 and 9x9 arrays discussed previously. pMUT nramds were aligned in a 14x14
evenly-spaced grid over a ground grid or planee @itound node was connected to the

ceramic package ground via traces to the cornetfseaivafer which were wirebonded to
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the package ground plane. Signal traces wereddtde signal pads on the periphery of
the wafer to individual elements. The device sigraals were wirebonded to the package

pads of the CPG22414 ceramic package (SpectrumcBadhictor Materials, Inc.).
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Figure 4.1 14x14 2D pMUT array with #m membranes with 15®n element pitch.
Total width and height of active array area is 2rim

Membrane dimensions were targeted fomm=devices in the first run of devices
(wafers A1-A6) and were varied betweemt©and 75m for a wider range of
frequencies in the second run (wafers A11-A16)e PET film layer was 1r#m for all
14x14 devices, with 6rin Si/SIGQ wafers A1-A6 and 6ram and 12.6m in wafers A11-
Al16. Device specifications including target PZImfiand DRIE etch dimensions as well
as measured dimensions from test structures oarthg are provided in Table 4.1.

Estimated frequencies are provided for all devizEsed on a simple resonator model
using the long etch dimension as the resonatothengeasured operating transmit
frequencies are provided, when available, as th& fransmit frequency measured into a

hydrophone. Note that not all devices were paadkdgetesting. Only devices from
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wafers Al, A2, and A6 with 78n elements and wafer A11 with 40, 50, 65, anana5

elements were packaged and tested.

Table 4.1 14x14 2D pMUT array device specifications witliimated and measured
frequencies provided when available.

PZT PZT DRIE  DRIE Est. Meas. Tx
tpzt tsi tdev width  height | width  height Freq. Freqg.
Wafer Device (um) (um) (um) (um) (um) (um) (um) (MHz) (MHz)
Al 75 1.2 6.0 8.13 82 86 103 78 6.0 5.4-6.2
A2 75 1.2 6.0 8.13 84 88 96 65 7.0 6.2-7.4
All 75 1.2 6.5 8.63 83 87 104 72 6.0 4.2
All 65 1.2 6.5 8.63 73 76 91 63 8.0 7.0-7.8
All 50 1.2 6.5 8.63 58 62 77 50 9.0 9.4
All 40 1.2 6.5 8.63 47 52 64 39 12.0 13.0

All 14x14 2D pMUT arrays were constructed with arb-center element pitch of
150mm or 17%m for 75Mm membrane devices, 1@ for 657 devices, 10@m for
50mm devices, and 9fn for 40mim devices. Devices from A1-A6 were grounded with a
bottom ground grid. Devices A11-A16 had eitherid gr plane bottom grounding
configuration.

Element capacitances were measured to be 22-58@tgmeent for 40-7%m arrays.

4.3 14x14 2D pMUT Array Experimental Measurements

Acoustic properties were measured in a water tdlekl fwith de-ionized water to prevent
electrical shorting on the transducer face. Untgksrwise specified, the pMUT 2D
arrays were held in the ZIF socket of a customKiwetboard which aids in connection
to the T5 system. Individual elements could als@iobed from the back side of the

connector board. The board was fixed to a cust@untwhich allowed it to be held in

55



place on a ring stand. The board was loweredtiveavater tank far enough to submerge
the face of the array while a receiving hydrophdreesmitting piston, or pulse-echo

target was positioned using the XYZ-translationteyson the water tank.

4.3.1 Single Element Impedance Analyzer Frequendyesponse

The HP4194 impedance analyzer was used to ideesfynant frequencies in the

electrical response of single pMUT elements in &igure 4.2 shows the phase of the

impedance vs. frequency.

14x14 pMUT Single Element Impedance Phase

Phase (deg)

20.0

0.0 20 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0

Frequency (MHz)

A11_2D_75_150g —- —-—A1_2D_175_9 ‘

A11_2D_40_90p — — — — A11_2D 65_150g

Figure 4.2 14x14 pMUT single element impedance phase vgquirecy for
representative arrays of varying size.

The frequency at which the impedance phase pedisabes the fundamental
resonant frequency of the pMUT membrane. This olapee change can be used as an
electrical measurement of the resonant frequencyiiaplement the acoustic

measurements. Measured resonance frequenciesHeophase of the impedance are

provided in Table 4.2.

56



Table 4.2 Impedance analyzer frequencies for 14x14 2D pMid@ay single elements.
(Phase peak amplitudes for device A11_ 2D 50 100wr# very low, only a few were
elements measurable).

tSi tF’ZT tdev Wetch Letch fimp an

Device (um) | (um) (um) | (um) | (um) (MHz)

A1l _2D_40_90p_1 6.5 1.2 8.6 39 64 14.00

A1l _2D_50_100p_1 6.5 1.2 8.6 50 77 6.10 *
A1l _2D_65 150g_1 6.5 1.2 8.6 63 91 8.65
A1l 2D_65 150p_1 6.5 1.2 8.6 63 91 9.50
A1l 2D_75 150g_1 6.5 1.2 8.6 72 104 4.80
A1l 2D_75 150p_1 6.5 1.2 8.6 72 104 4.90
Al1_2D_175_9 (75mm) 6.0 1.2 8.1 78 103 6.76
Al1_2D_150_12 (75 mm) 6.0 1.2 8.1 78 103 6.82
A2_2D_175 12 (75 mm) 6.0 1.2 8.1 65 96 8.00

Comparison of electrical frequency response wilsbewn in a later chapter to be in
excellent agreement with optical vibrometry resulttfortunately, attempts to observe
the effect of loading on the array with water dreatmedia were unsuccessful as the
vibration was likely dampened enough to bring ahgge change in the impedance down

below the sensitivity of the analyzer.

4.3.2 Single Element Transmit Response

The single element transmit response was measuit@d pressure-calibrated
hydrophone at a range of 20mm. The peak operaticetpency was determined by
sweeping the input frequency while keeping thednainhvoltage at a constant 3QY),
recording the frequency at which the peak-to-pedtage measured on the hydrophone
was greatest. Output pressure at the GL0200 hixdrapwas determined using the
pressure-voltage calibration documentation. Trangrassure efficiency was calculated
as the output pressure divided by the high-ampituansmit voltage (approx. 3@y.

The -6dB bandwidth was determined from the FFThef1- and 3-cycle transmit
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excitation pulses. These properties for A1, A2] Adl devices of varying size are
shown in Table 4.3.

Table 4.3 Measured transmit properties of 14x14 pMUTsn§rait frequency, pressure,
efficiency, and -6dB bandwidth (3- and 1-cycle pslsvhen available).

Tx -6dB -6dB

tsi tezr tdev Wetch Letch ftx Pgl Effic. %BW %BW

Device (um) | (um) | (um) | (um) | (um) | (MHz) | (kPa) | (Pa/V) | (3cyc) (1cyc)

All 2D_40 90p_1 6.5 1.2 8.6 39 64 13.00 4.70 156.76 7.45 7.84

Al1l1_2D_50_100p_1 | 6.5 1.2 8.6 50 77 9.40 2.82 93.90 18.00 --
All_2D_65_150g_1 | 6.5 1.2 8.6 63 91 7.70 5.05 | 168.43 9.93 10.60
All_2D_65_150p_1 | 6.5 1.2 8.6 63 91 7.00 4.65 | 155.16 15.30 17.52
Al1l1_2D_75_150g_1 | 6.5 1.2 8.6 72 104 4.20 2.76 91.88 -- --
A1l 2D_75 150p_1 | 6.5 1.2 8.6 72 104 4.20 2.45 81.67 --

Al 2D_175_9 6.0 1.2 8.1 78 103 5.40 7.38 219.8 13.33 20.95
A2 _2D_175_12 6.0 1.2 8.1 65 96 6.20 6.14 190.8 12.86 16.86
Al _2D_150_12 6.0 1.2 8.1 78 103 5.60 6.21 185.8 14.41 -

The input excitation waveform was typically a higbltage 3.0-cycle truncated sine
wave produced from a function generator througbBaBopower amplifier (ENI). Figure
4.3 shows a typical single-element transmit ougpandeform from a 14x14 2D array

element measured with the hydrophone.

Al_2D_175_9 - Single Element Tx @ 5.6MHz, 1.5cyc, 6 0Vtx, 20mm

400

300 -

200 A

100 A

Amplitude (mV)
o

-100 4

-200 4

-300 4

-400 T T T T T T T T T
-1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Time (us)

Figure 4.3 A1 _2D 75 175 9 single element transmit pulse fawe into pressure-
calibrated hydrophone @ 5.6MHz, 1.5cyc, 0\Range = 20mm, amplitude shown
includes gain of AD600 small-signal amplifier.
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The transmit output pressures for an 14x1d4ri%levice at 20mm were measured up
to 7.4 kPa and transmit efficiencies up to 220 Raéve observed. The transmit
bandwidth was taken from the Fourier transformhef 1.5- and 3.5-cycle transmit

waveforms. The FFT of both waveforms are showRigure 4.4.

Al_2D_175_9 - Single Element Tx FFT @ 5.6MHz, 60Vtx , 20mm

o

O ON B e
& R ®» N &

Relative Amplitude (dB)

F
N &

A
©

0.0 2.0 4.0 6.0 8.0 10.0 12.0
Frequency (MHz)

Figure 4.4 FFT of A1_2D_75_175_9 single element transmispwaveform @
5.6MHz, 60\« — 3.5 and 1.5 cycles. Range =20mm.

1.5¢yc, 60VIX ------ 3.5cyc, BOVIX‘

The -6dB bandwidth is 21.3% for 1.5-cycle transamtl 14.8% for 3.5-cycle transmit.
The transmit frequencies and single-element efiwies for all 14x14 2D arrays are

plotted against the etched length in Fig. 4.5.thesdevice thicknesses remain relatively

constant for all 14x14 devices, plots are left withnormalizing to non-dimensional L/t

or t/L for this set of data.

The frequency decreases with increased etchedhl@sgexpected. The transmit
efficiency for A1 75um, A2 75um, and A11 @@ and 65m devices is roughly two
times larger than for the A1l Bt and 75m devices. We note that the A11n®0 and

75mm devices produced poor image quality which magllsein part to low transmit
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pressure output. The cause of the low transmittieffcy for these devices is currently

unknown, possibly the result of process or mateaaiability in fabrication.

14x14 pMUT Tx Frequency and Tx Efficiency vs. Etche d Length

14.0 250.0
*
12.0 £ o
5 1 2000
100 & o
= . o %
T (=] o 1
3 g0l . 150.0 5:
: :
i . kS
ué 6.0 5 PN 11000 8
o =] i
L 40f s X
1500
20§
0.0 0.0

60.00 65.00 70.00 75.00 80.00 8500 90.00 95.00 100.00 105.00 110.00
L (um)

‘0 Frequency o Tx Eficiency ‘

Figure 4.5 Transmit frequency and efficiency for 14x14 2D gMarray single
elements vs. etched length.

The angular response of a single 2D array elemastmeasured by translating the

pressure-calibrated hydrophone along the elevatiohazimuth directions at a specified
range. Figure 4.6 shows the angular responsesfan&lement driven at 5.6MHz,

30.9Vi, and 3.0 cycles at 20mm range.

60



Single Element Tx Angular Response for A1_2D_150_12

0.0

-6.0 T

-120 T

Tx Amplitude (dB)

-180 T

-24.0 t + t t + + + +
-50.0 -40.0 -30.0 -20.0 -10.0 0.0 10.0 20.0 30.0 40.0 50.0
Azimuth/Elevation Angle (deg)

‘— Azimuth Tx (dB) ------- Elevation Tx (dB) —---- Cos ‘

Figure 4.6 Single element Tx angular response into hydroptfoncenter element in a

14x14 2D pMUT array @ 5.6MHz (2.8MHKHY, 30.9V, 3.0 cycles, 20mm rangeos(q)
shown for reference.

The -6dB half angle is between®:318 in both elevation and azimuth.
The overall transmit response of the 14x14 2D agtagnents is consistent with the

properties measured in the 5x5 and 9x9 devices.

4.3.3 Single Element Receive Response

Characterization of the frequency response of pMldTeceive was performed by
providing an acoustic pulse from a piston transdaoel receiving with the pMUT array
element in a water tank filled with deionized wat&he pMUT was held in the custom
holder while the piston was moved to a positiort geaked receive amplitude of the
pMUT using the X,Y,Z translation stage. The pisteas driven with the output of the
Agilent function generator alone or with the adzhtiof the 50dB power amplifier.

The wide range of frequencies in receive requineduse numerous pistons for
transmit. Panametrics 5.0, 7.5, and 10MHz pistoeie pressure-calibrated to produce

100kPa using the GL-0200 hydrophone. The pMUTyanras then substituted in place
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of the hydrophone and the received signal was decbr The range for Rx
characterization was chosen to be 100mm due tagbeure size of the pistons used.
This range accommodates the focus of the f=100,HDPlIston and is sufficiently far
enough to lie beyond the transition point of theeotpistons.

The piston transmit frequency was swept acrossgertéo determine the resonant
frequency, determined by identifying the frequeatwhich the pMUT element was
most sensitive. In a passive receive mode, the pMlément output was amplified using
the AD600 signal amplifier with the output measuoedan oscilloscope.

Table 4.4 Measured receive properties of 14x14 pMUTSs. eRexfrequency,
sensitivity, and -6dB bandwidth (3- and 1-cyclesagl).

Rx -6dB -6dB

tSi tPZT tclev Wetch Letch frx er Sens. %BW %BW

Device (um) | (um) | (um) | (um) | (um) | (MHz) | (mV) | (uV/kPa) (3 cyc) (1 cyc)
A1l _2D_40_90p_1 6.5 1.2 8.6 39 64 12.75 0.3 6.1 15.0 16.9
Al11_2D_50_100p_1 | 6.5 1.2 8.6 50 77 10.00 0.2 3.7 31.0 39.5
A1l 2D _65_150g_1 | 6.5 1.2 8.6 63 91 7.51 11 16.6 11.3 11.7
A1l 2D _65_150p_1 | 6.5 1.2 8.6 63 91 6.91 1.2 17.8 12.3 12.6
A1l _2D_75_150g_1 | 6.5 1.2 8.6 72 104 3.88 3.6 51.8 26.9 36.7
A1l _2D_75_150p_1 | 6.5 1.2 8.6 72 104 3.89 3.9 56.2 30.0 47.4
Al 2D _175 9 6.0 1.2 8.1 78 103 5.17 2.6 38.5 29.1 35.0
A2_2D_175_12 6.0 1.2 8.1 65 96 6.14 2.6 33.9 18.0 254
Al 2D _150_12 6.0 1.2 8.1 78 103 5.40 2.8 41.0 22.8 25.9

The receive frequency, sensitivity, and -6dB banlilag are provided in Table 4.4.
The sensitivity was calculated as the peak-to-eaglitude of the received signal
voltage divided by the measured pressure inciderthe pMUT. The bandwidth was
determined from the FFT of the received waveformilfoand 3-cycle pulses.

The receive frequencies and single element senig$iof the 14x14 2D pMUT

arrays are plotted against the etched length iarEig.7.
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14x14 pMUT Rx Frequency and Rx Sensitivity vs. Etch  ed Length
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Figure 4.7: Receive frequency and sensitivity for 14x14 pMéalTay single elements vs.
etched length.
The frequency decreases with increased etchedhl@sgtxpected. The sensitivity
increases as the length (and subsequently thelbremmbrane and active PZT area)
increases as expected.

Receive waveforms and FFTs for 1- and 3-cycle pudge shown in Figures 4.8 and

4.9 for a typical 14x14 array element.
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Al_2D_175 9 - Single Element Rx @ 5.2MHz, 100kPa, 1 00mm
5.0MHz Panametrics Piston Tx

1.0

Amplitude (V)

-1.0 T T T T T T T T T
-1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Time (us)
‘ 1.0cyc ------- 3.0cyc ‘

Figure 4.8 A1_2D 175 _9 single element receive pulse wavefaith transmit from
5.0MHz piston @ 5.2MHz, 100kPa. Range = 100mmowshwith GL0200 amplifier
gain.

Al _2D 175 9 - Single El Rx FFT @ 5.2MHz, 100kPa, 10 Omm
5.0MHz Panametrics Piston Tx

Amplitude (dB)

-48

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0

Frequency (MHz)
‘ 1.0cyc ------ 3.0cyc ‘

Figure 4.9 A1 _2D 175 9 single element receive pulse wavefeRn with transmit
from 5.0MHz piston @ 5.2MHz, 100kPa. Range = 100mm

The overall receive response of the 14x14 2D alagents is consistent with the

properties measured in the 5x5 and 9x9 devices.
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4.3.4 Single Element Pulse-Echo Response

The pulse-echo response of the 14x14 2D array eltsmeas performed by
transmitting a 3.5 cycle pulse on a single elenoéthe array at transmit voltage
amplitudes between 30-6Q\Wsing a T5 system transmitter board. The highaga
transmit pulse was delivered to the package pth®&ingle array element.

An aluminum block reflector was placed at a ranig&0oor 20mm from the
transducer. The pulse-echo signal off the alumiblouok was measured from the
package pin of the pMUT element with an oscillosctprough the AD600 boxed signal
amplifier.

The range was chosen to be sufficiently far intoftr-field of the element aperture
as well as the whole-array aperture. It was aésegsary to choose a range far enough to
allow for the recovery of the receive amplifieraafthe high-voltage transmit pulse, at
least 128 with the current receive amplifier configuration.

The pMUT array was held in the custom breakout th@drich allowed for 2 degrees
of freedom of angular rotation while the aluminulodi could be positioned in the third
rotational dimension while also being translateedirly with the XYZ-translation system
on the water tank.

The transmit excitation frequency, array positiamd rotation were peaked to obtain
the highest peak-to-peak signal amplitude. Meakputse-echo signal frequencies,
amplitudes, and insertion loss are given in Tallefdr A1 and A2 14x14 arrays at
30Vix-pp and 60\4pp With the reflector placed at a range of 10mm. nEnait efficiency

and receive sensitivity are used to calculate geebed insertion loss, not including

65



reflection, attenuation, and other propagationafevhich likely accounts for the 10-
15dB difference observed.
Table 4.5 14x14 pMUT single element pulse-echo signaldey, amplitude, and

insertion loss at 30y/pp and 60\, Transmit efficiency, receive sensitivity, and
associated calculated insertion loss included donmarison.

PE PE Ins. Calc.
Pulse Loss Tx TX/Rx Ins
taev | Weeh | Lewen | Vix | Freq Vee (dBrel. | Effic. | RxSens. | Loss (dB
Device (um) | (um) | (um) (M) | (MHz) | (mV) VIV) (Pa/V) | (nW/kPa) rel VIV)
Al_2D 175 9 8.1 78 103 | 30.0 5.60 60.0 -115.6 | 219.78 38.5 -101.4
Al_2D 150 12 8.1 78 103 | 30.0 5.65 65.0 -114.9 | 190.77 33.9 -103.8
A2_2D 175 12 8.1 65 96 30.0 6.00 48.0 -117.5 | 185.78 41.0 -102.4
A2_2D_150_9 8.1 65 96 30.0 7.00 45.0 -118.1 -- - --
A2_2D_150_10 8.1 65 96 30.0 7.10 40.0 -119.1 -- - -
Al 2D 175 9 8.1 78 103 | 60.0 5.60 | 118.0 | -115.7 | 219.78 38.52 -101.4
Al_2D 150 12 8.1 78 103 | 60.0 5.65 | 108.0 | -116.5 | 190.77 33.93 -103.8
A2_2D 175 12 8.1 65 96 60.0 6.00 66.0 -120.8 | 185.78 40.98 -102.4
A2_2D 150 9 8.1 65 96 60.0 7.00 65.0 -120.9 - -- --
A2_2D 150 _10 8.1 65 96 60.0 7.10 53.0 -122.7 - -- --

Figure 4.10 shows a typical pulse-echo waveforrmfeosingle 2D array element

driven with 3.5 cycles at 5.6MHz and 5QWith an Al block reflector placed at a range

of 20mm.
Al_2D_150_12 Pulse Echo @ 5.6MHz, 3.5cyc, 50Vitx
30.0
20.0 +
10.0 +
S
E
3 004
2
EL
£ -100¢
-20.0 +
-30.0 . . . . . . . . .
-1.00 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
Time (us)

Figure 4.1Q Single-element pulse-echo waveform off of Al M@eflector at a range of
20mm driven with 3.5 cycles at 5.6MHz and 50V
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Performing a Fourier transform on the pulse-echweefam, we find the 5.6MHz
signal produces a peak with a -6dB bandwidth od%Bwhile an additional large peak

occurs at 4.7MHz, as shown in Figure 4.11.

FFT of A1_2D_150_12 Pulse-Echo Waveform @ 5.6MHz, 3 .5cyc, 50Vix

0.0
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Figure 4.11 FFT of single-element pulse-echo waveform ofAbblock reflector at a
range of 20mm driven with 3.5 cycles at 5.6MHz &0W,.

The 4.7MHz peak is the result of a prolonged aatidh in the pulse-echo waveform
which precedes the actual reflected pulse fromathminum block target and remains
unchanged when the reflecting target is transletednge or removed altogether.
Similar prolonged oscillations were observed inghevious 5x5 2D arrays as well as 1D
arrays from the same Al wafer. Optical viborometeasurements of a similar array
(A1l_2D_175 9) show 2 peaks in water, a 5.4MHz pgatiag mode and a smaller peak
in the 3.8-4.7 MHz band (see 85.3). It is likdiptthe 4.7MHz peak observed here is the
result of resonant oscillation within the structaeaised by the high-voltage transmit
pulse which persists for a duration long enougbe@bserved when the pulse-echo

signal is expected. It is reasonable that thdlations in the pulse-echo signal lasting up
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to 30rs after the transmit pulse in these 2D arrays ani 80vs in the 1D array
measurements may be the result of the prolonggthgrobserved in the optical
vibrometry measurements.

Further investigation into the characteristicshi$ persistent oscillation based on
electrical, acoustic, and optical measurementstailed with the analysis of the
frequency theory in Chapters 7 & 8. Pertinentiinfation regarding the effect of the
oscillation on the imaging properties of 2D pMUTaass is summarized here.

This oscillation is shown to be the fundamentatepte@sonance of the pMUT
membrane. It is capable of propagation, but ingimg applications the amplitude
remains lower than the transmitted pulse, appeasng lower-frequency “ringy” tail
after the short-cycle transmit pulse. Imaging aggpions require operation off-resonance
in order to maintain a wide-band (short durationlsp. The transmit efficiency, receive
sensitivity, and overall pulse-echo insertion lsssomparable at the oscillation
frequency rather than the identified optimal opeafrequency, but the tradeoff for
short pulse length and wide bandwidth outweighsraayginal gains in operating at the
fundamental oscillation frequency.

Much of the resonant oscillation energy stays withie device silicon. Neighboring
elements show high sensitivity at this frequenay experience significant crosstalk
within the array, observed both electrically anticglly. Vibration experienced on all
neighboring elements is shown to be solely thelre$wibration of the transmitting
element.

The duration and amplitude of the resonant osmlhatup to 30us) varies between

devices. However, the oscillation amplitude foliogvtransmit excitation is significant
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enough to reach measurable levels through theveeeenplifier, obscuring reflected
echoes from even hard targets within the duraticgheoscillation (up to 2-3cm). In
some devices, the persistent resonant oscillatgpliaude has been measured to be
greater than 7mV, much larger than the expectethbgmplitude from reflective targets
and large enough to saturate the receive ampliflerepresentative waveform from a

75mm element is shown in Figure 4.12 which includesvery of the receive amplifier.

Al1_2D_75_150p_1 PMUT Oscillation in H20 - 30Vtx, 1 3.5us delay

-
o]
3

. e
& @ S
3 o 3 3

Vpmut through AD600 amp (mV)

N
S
3

-150
11.0 13.0 15.0 17.0 19.0 210 23.0 25.0 27.0 29.0 31.0

Time (us)

Figure 4.12 A representative waveform of the persistent tan on the pMUTSs in
pulse-echo configuration in water.
Referencing the time-domain oscillation observethaoptical vibrometry results, the
timing of resonant oscillation waveform shown fallsll within the duration of the
surface displacement measured using optical methods

The amplitude of the persistent oscillation acidesgces also provides indication of
imaging performance. Devices that exhibited palaidy high oscillation amplitudes
were notably poorer in imaging performance with mlawver signal to noise and an

inability to resolve targets close to the transdaéthin 3cm).
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4.3.5 14x14 2D Array Pulse-Echo Imaging

Pulse-echo images were acquired with the 14x14 pMD™&rrays using the Duke T5
phased array scanner. B-mode images of stringtgrgssue phantoms, and in vivo
tissue structures were obtained.

A B-mode image of string targets at 2.5mm spacsiggia representative 2D array

(A1l_2D_150_12) is shown in Figure 4.13.

A12D-150-12 PMUT

HV = 25 vdc

apod = 0.5

tx = 3.13 MHz

2.5 mm spaced strings

08/28/2008 15:53:46.656

Figure 4.13 B-mode of 5 nylon strings at 2.5mm spacing irod&ed water using
Al _2D_75_150 device @ 25¥(~40Vy), 3.13MH3z,, 2.5 cycles.

The expected lateral and axial resolution for th@sice at 12mm range for a 2.5 cycle,
6.2MHz pulse is 1.44mm and 0.30mm, respectivelge Z.5mm space strings shown are
easily resolved by the array.

B-mode images were also acquired of the tissue-okimg small parts phantom
(Gammex/RMI 404 LE), shown in Figure 4.14. Thesages were acquired using Al
75mm devices with 2.78MHz or 3.13MHz, 4Q\V2.5cyc transmit and 4.5-6.5MHz or

5.25-7.5MHz bandpass filters to reduce noise.
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09/02/2008 14:28:08.640
Al-2D-150-12 PMUT

09/02/2008 15:23:09.671

4 mm cyst

09/05/2008 11:17:02.468

Figure 4.14 B-mode images of targets from a tissue-mimiclsnwll-parts phantom —
(top) resolution target, (middle) range targetsttdim) 4mm anechoic cyst. Acquired
using Al 7%m devices @ 25¥ (~40Vk), 2.5 cycles, 2.78 or 3.13MI44as noted).
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The tissue phantom has an attenuation of 0.5 dBA&fm/with 100rm diameter
nylon targets at spacings of 0.5 — 2 mm as well-dsmm anechoic cyst targets. B-mode
images of lateral resolution and range targets ghewesolution and penetration of the
array. The 1 and 2mm spaced targets can be resatvde the 0.5mm spaced targets
cannot, as expected at 15mm range. The 14x14 pdftdly demonstrates pulse-echo
penetration up to 4cm. The 4cm anechoic cystsis gdsolvable at 2cm range.

In vivo B-mode images of a human carotid artery jaigadilar vein were obtained
using a 14x14 2D #an array with the Duke T5 scanner. The images shavaigure
4.15 were acquired using a 2.5 cycle pulse at 2.78MHz and ¥ = 25Vqyc = 40V, With
a 4.5-6.5MHz bandpass filter for noise reduction.

The carotid artery and jugular vein were identifimdperforming the Valsalva
maneuver (forced exhalation against a closed ajyrwéych reduces venous return to the
heart as the intrathoracic pressure increasesnigavwre blood pooled in the peripheral
venous system which, in turn, causes the veinssterttl to accommodate the increased

volume.
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Al 2D_175-9

tx = 2.78 MHz
4.5 MHz
6.5 MHz
25 vdc

Carotid

04/14/2010 14:47:16.234
Al_2D_175-9
tx = 2.78 MHz
1 4.5 MHz
6.5 MHz

04/14/2010 14:47:17.937

Figure 4.15 B-modes of human carotid artery (A) and intejogular vein (B) - during
(top) and after (bottom) the Valsalva maneuverades acquired using A1 2D 175 9
14x14 pMUT array. Note that the jugular vein digte as the Valsalva maneuver
increases chest pressure, reducing venous rettine teeart, increasing the volume of
blood pooled in the peripheral venous system.

The tissue structures are readily identifiablenm images, representing some of the

first-ever reported B-mode images of in vivo tisstreictures using 2D pMUT arrays.
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4.4 14x14 2D Array Summary of Results

Electrical characterization of the 14x14 2D pMUTaas using an impedance
analyzer showed resonance frequencies in air densiwith those measured using
optical vibrometry methods, with frequency decregsvith increased element size.

Characterization of the 14x14 2D pMUT arrays imsmit, receive and pulse-echo
has demonstrated performance consistent with S&ysr Transmit and receive
frequencies for devices of similar size and thidewere in line with those observed
with 5x5 devices.

Transmit pressure output up to 7.4 kPa and transfficiencies up to 220 Pa/V for
75mm single elements at 20mm range were observed,upito 21% bandwidth for a 1-
cycle truncated sinusoidal pulse. Transmit fregyatecreased with increased element
lateral dimension. Transmit efficiency was coresistwith a slight increase with
increased element size with the exception of the Bdm and 75m devices which
exhibited lower transmit output. The -6dB half Enfpr the transmit angular response is
between 13- 18 in both elevation and azimuth.

Receive sensitivities were observed up toV&&Pa, increasing as element surface
increased. Receive bandwidth for 1-cycle pulse em®rved up to 47%. Receive
frequency decreased with increased element |ladarednsion

Pulse-echo characterization showed insertion [bap ¢o -115dB (rel. V/). A
significant persistent oscillation of roughly 15%0ower frequency was also observed.
Further experimentation showed that this persigisaiflation is non-propagating and

remains within the device structure following higbltage transmit pulse for up to 136
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long enough to disrupt received echoes returniogn freflective targets up to 2cm in
range. This oscillation was also observable invith frequencies mirroring the optical
vibrometry and impedance analyzer frequenciesrinaly closely.

Pulse-echo B-mode images of string targets in watéssue-mimicking phantom,
and in vivo tissue structures were obtained uduegiiuke T5 phased array imaging
system. Imaging of resolution targets indicatesrafion consistent with expected
performance. Range targets showed imaging peiwgtrd¢pth of up to 4cm. Imaging of
the carotid artery and jugular vein during the @ala maneuver represent some of the
first-ever B-mode images of in vivo tissue struetur

The experimental results obtained demonstratethiesdicoustic performance
observed in 5x5 and 9x9 2D pMUT arrays carries evl scales to arrays large enough
for imaging, culminating in image acquisition ofgats in the water tank, tissue-

mimicking phantom, and in vivo tissue.
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Chapter 5

Visualization of PMUT Flexure Using Optical
Vibrometry

5.1 Introduction

Direct optical measurement of the pMUT elementsigh-frequency vibration would
serve as confirmation of fundamental mode operdbosmaller elements and complex
higher-order mode vibration of the larger elemer8sme uncertainty also exists in the
true vibrational dimensions of the devices. THhwitation tolerances of the DRIE
process are currently unmeasurable without thetidestructive SEM sectioning. Inter-
element interactions such as mechanical coupliredemtrical cross-talk should also be

discernable using optical methods.

5.2 Experimental Methods — Optical Vibrometry

A laser Doppler vibrometry system that is capalbldhe speed and resolution
requirements necessary for this research is aVaitadmmercially. The MSA-400 Micro
System Analyzer from Polytec is used for precised§Bamic characterization of MEMS
microstructures. The MSA-400 is capable of cha@ing out-of-plane vibrations using
laser Doppler vibrometry. The MSA-400-M2-20-D systcan be used to make single-
point displacement and self-referenced or diffaedigtreferenced full-field vibration

measurements of structures vibrating at frequenge® 24MHz. Coupled with a 50x
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microscope objective, the system achieves a latesalution of 0.86m with a
180x134rm field of view.

A limited-use demonstration of a Polytec Micro ®&ystAnalyzer (MSA-400-M2-20-
D) scanning laser Doppler vibrometry system waareged for the measurement of
pMUTs 2D arrays.

The system was equipped with the high-speed céetrfolr out-of-plane dynamic
vibration measurement and analysis up to 24MHze démo system included 10x and
50x long-range microscope objectives.

Due to the time constraints of the limited-use desti@tion, optical measurements
were made of only two pMUT devices. The first wiasice A1_2D_175-9, a 14x14 2D
array with 7%5rm nominal elements with 1@ center-to-center element spacing. The
second was device Wg8 B200100_100C, a 5x5 2D arithy200rm nominal elements
with 300ym center-to-center element spacing. Additionakperimental measurements
made for one device were not often reproducedi@iother.

The pMUTs were held in a custom mount with a madé&translation stage which
was fixed to the optical workstation. The vibroeretystem was mounted on an active
vibration-isolation table.

Single elements of the pMUT devices were drivemgisi 3.0 cycle truncated sine
wave burst from a function generator (Agilent 338pthrough a 50dB power amplifier
(ENI Model 325LA). All pMUT elements were operatatlan applied voltage of
approximately 30V.pp.

The MSA vibrometer offers an optical reflection igeaof the device surface over

which a customizable measurement sample fieldfinetk The vibrometer utilizes a
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low voltage reference signal to sync the displaggrdata between different
measurement points. The function generator owtastsplit off to provide this reference
signal while the input to the ENI amplifier wasesttiated using an attenuator box. This
configuration was used instead of the internal yfrtbe function generator due to the
amplitude requirements of the optical system refegesignal.

Depending on the number of sample points, the sa@qiiisition time for a full scan
was typically under 7 minutes. Single point orrecwith fewer sample points were
typically acquired within a few seconds.

The pMUT devices were operated in air while watading was applied by placing a

few drops of deionized water on the surface oftinace.

5.3 Experimental Results

5.3.1 pMUT Displacement

The membrane displacement in air was measureduaton of time from a sample
point in the center of the membrane. The trandnie pulse provided was a 3.0 cycle
truncated sinusoid at 22.¢Mvhile the input frequency was varied between 2.&\iAd
3.0MHz. The measured displacement as a functiaimef for {,=3.0MHz is shown in
Figure 5.1 and fof,=2.8MHz is shown in Figure 5.2.

From Figures 5.1 and 5.2, we observe that aftémidal 3-5 cycles of oscillation at 2
times the input frequency in both plots (6.0MHz &dVIHz, respectively), an extended
oscillation at 6.75MHz in both plots persists f@rto 50vs after the initial transmit

excitation. The peak-to-peak membrane displacemaatmeasured to be 63nm at
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3.0MHz, and 41nm at 2.8MHgz Both input waveforms were 3.0 cycles at 22,7\ he

duration of the extended oscillation suggeststtiapMUT structure has a resonant peak

at 6.75MHz under air loading. Thus the peak-tokpeambrane displacement could be

greater than 63nm as the maximum membrane dispdamlikely to occur when the

device is driven at this frequency or with highecigation amplitude at or above 3QV
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Figure 5.1 Displacement vs. time of 2D pMUT array in airf@3.0MHz, 3.0cyc,

22. 7V, f=6.75MHz.
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Figure 5.2 Displacement vs. time of 2D pMUT array in airf@2.8MHz, 3.0cyc,
22. 7V, f=5.7MHz with 6.75MHz ringdown.
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The Fourier transform of both plots is given inu#ig 5.3, which helps to highlight
the frequency component in both waveforms, pawitylthe sharp resonant peak at
6.75MHz. From the FFT, we see that as the tranfsegtiency falls away from the peak
resonance, the 6.75MHz peak decreases as endrggsferred into the 5.0-6.0MHz
band, which correlates well with the decrease iplande of the 6.75MHz tail shown in

the time-domain waveform.

Al _2D_175_9 FFT of Displacement Waveform @ 3.0cyc, 22.7Vix
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Figure 5.3 FFT spectra of displacement waveforms of A1 23 B72D pMUT array
@ 3.0cyc, 22.7\ at multiple input frequencies in air.

2.8MHz_in ------- 3.0MHz_in ‘

That the membrane displacement in air oscillaté&s7MHz for such a long duration is
surprising, but reasonable, as the mechanical gnergpt easily propagated into the air

medium and remains within the pMUT structure.

5.3.2 Visualization of Vibrational Mode Shapes

The MSA-400 Micro System Analyzer was used to igeadhe mode shapes of

individual 75mm and 206m pMUT elements in vibration. The i elements were
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observed to operate in a fundamental mode undardnetand water-loaded conditions
(Figure 5.4). Surface displacement was observed @Varger area than expected

indicating that our assumptions about the vibratidloundary conditions may be

incorrect.
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Figure 5.4 Surface displacement mode shape of m7®&lement from a 14x14 2D

pMUT array driven at 3.0 cycle, 3.0MHz, 22.4N6.75MHz mode in air (left) and
5.28MHz mode in water (right).

Visualization of the 20@m pMUT elements confirmed the hypothesis of highreler
operation of these larger elements. Surface dispi@nt modes in air and water are
provided in Figure 5.5 and 5.6, respectively.

Fundamental mode vibration was observed at freqeer@MHz in air, but
additional peaks at 2.63, 5.47, 5.69, and 7.81 liHr revealed what appeared to be a
complex combination of higher order vibrational raedvhich likely contribute to the
higher frequency acoustic output of the larger deviobserved in previous
measurements.

The higher-order mode shapes shown in Figure & 5ypically classified by the
number of half sine waves in each direction, gigranm-nnotation wheren andn
specify the number of half-sine waves along thand y-axes, respectively.
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Alternatively, the mode numbers can be determinethé number of nodal lines (lines
which remains at rest while the other parts ofttbdy are in a state of vibration) in each
direction (not including one fixed edg@&),andn then specifying the number of nodal

lines parallel to the x- and y-axes, respectively.

Figure 5.5 Surface displacement mode shapes of al@0PMUT element in air at
showing different modes of operation. 5x5 2D pMaltay driven at 3.0 cycle, 3.2MHz,
22.7Vix.
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The fundamental mode, therefore, is given as thericde. In Figure 5.5, the 5.7MHz
component is the 1-3 mode while the 7.8MHz compbitethe 3-1 mode. The 5.5MHz
component is likely a superposition of the 2-1 ar2lmodes which can occur when the
resonant frequencies supporting each mode areasjmihich is often the case when the
structure is square or near square.

The mode shape at the 2.63MHz frequency is notalileat the surface displacement
is fundamental in shape but confined in lateralehsons more than the 1.83MHz mode.
The frequency of this mode is too low to be congde 3-3 mode. Upon closer
examination, it appears that dimensions of thi8ildz mode align more closely with
the PZT film or metal electrode dimensions thandtehed cavity below. Remembering
that these optical measurements were performedhhgrhitting a high-voltage excitation
across the electrodes sandwiching the active R43 réasonable that the dimensions of
the PZT layer provides an additional set of boupdanditions for some vibrational
modes.

For the same device under water-loading, the mbdpes shown in Figure 5.6
exhibit similar characteristics as those in aiough the low sensitivity of the vibrometer
through water limited observation of some of thedesunder air-loading.

In water tank characterization of the transmit cexsge of the 20@m devices, the
peak transmit frequency was 6.5MHz with low pressautput observed at frequencies
below 2MHz (83.4.2). This indicates that the 1. HsMundamental is not an optimal

propagating mode for large pMUT membranes. Rathegntribution from a complex
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combination of higher-order modes likely providesrenoptimal transmit propagation in

water.

Figure 5.6 Surface displacement mode shapes of a20PMUT element in water at
showing different modes of operation. 5x5 2D pM&lTay driven at 3.0 cycle, 3.2MHz,
22.7 V.
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However, in measurements of the acoustic reces@orese, multiple frequencies
were observed for this device. Frequency pealtslé 1.52, and 6.01MHz were
observed in acoustic receive measurements (83.418).1.10 and 1.52MHz are likely
associated with the fundamental 1.16MHz and codffoedamental 1.73MHz frequency
modes observed optically, while the 6.01MHz frequpyemeasured in receive is likely
associated with the 5.88MHz 3-1 mode measuredalfgticThe optically measured
frequency modes are summarized in Table 5.1 wabtetally and acoustically
measured frequencies for comparison.

Table 5.1 Comparison of air- and water-loaded frequentti@® optical, electrical, and
acoustic measurement. 1-1* designates confinedisimental modes.

Air H20
Imp PE Opt PE Opt
Etch | Etch | PZT | PZT An Osc Vib Tx Rx Osc Vib
w L w L Freq Freq Freq Freq Freq Freq Freq
Device Mode | (um) | (um) | (um) | (um) | (MHz) | (MHz) (MHz) (MHz) | (MHz) | (MHz) | (MHz)
A175 1-1 78 103 86 82 6.76 6.80 6.75 5.40 5.17 4.45 5.28
Wg8 200 1-1 193 243 215 213 1.86 1.85 1.83 - 1.10 1.11 1.16
1.73
1-1* - - 2.63 - 1.52 = 2.79
3.21
2-1
1.2 5.47
1-3 - - 5.69
3-1 - - 7.81 6.50 6.01 = 5.88

While not all frequency modes are accounted fdrahle 5.1, there is extremely
strong correlation between the optically measurddrequency mode and both the
resonant frequencies measured using the impedaatgzar and the resonant oscillation
observed in pulse-echo measurements (both discus#eel experimental results section
for each device). Based on these results, thereidence that the fundamental 1-1
frequency mode for all devices can be determinatjuen impedance analyzer or

measurement of the resonant oscillation in air @tewin a pulse-echo configuration.
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The acoustic transmit response has also been stwobaup to 10% higher than the
receive response of the same vibrational mode.ladfge devices like the 26th Wg8
device measured here, acoustic receive resporbe r1 mode can be excited while the
transmit response at these frequencies remains pgaothis 1-1 mode is the fundamental
resonance frequency, the bandwidth is very narmavassociated pulse lengths are
extremely long in duration. These characterigtice/e to be detrimental to proper image
acquisition and off-resonance operation may be raptenal for imaging applications.
The confined 1-1 modes described previously mayigeoan acceptable off-resonance
operating point. While the higher-order modes mayvide adequate transmit and
receive response, non-fundamental mode displaceofiéme element could lead to
unusual angular response.

The amplitudes of the FFT frequency peaks prowidaht into the relationship
between the vibrational modes. Unfortunately, #&& data was not obtained during the
course of the demonstration for the B60device, and only screen captures of the
acquisition window are available. FFTs for the WA§8mm device and A1 #m device
vibration in air are shown in Figure 5.7.

In the FFT for the A1l 7%m device, two large peaks exist at 5.85MHz andMH .
The 6.75MHz is shown to be the true resonance &ecpin air while the 5.85MHz
component is a result of driving the pMUT off-reaone. FFTs for this device driven at
3.0MHz is shown in Figure 5.3 with a much largéetfS4Hz component and significantly
diminished 5.85MHz content. Mode shapes for bdtihese frequency bands are 1-1

fundamental.
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Figure 5.7. FFT of Wg8 20@m (top) and A1_2D 7&m (bottom) single element
vibration in air based on optical measurement. itton frequencies were 3.2MHz and
2.8MHz, respectively.

In the FFT for the Wg8 20fin device, the peak in the 1.8MHz range (1-1 maosle) i
much larger than the frequency peaks centeredbat 2.69, and 7.81MHz.
Unfortunately, as the FFT for the water-loaded @enwere not obtained, it is unclear
how the 1-1 mode was affected by loading and is thificult to discern why the 1-1
mode did not present an optimal propagating mddeere are indications that while the
1-1 mode in air showed more than 50x higher amgiditinan the higher order modes, in
water the relative amplitudes differed by less th@r, though the 1-1 mode appears to
maintain the highest amplitude. This significaeduction in relative amplitude of the

fundamental mode from air- to water-loaded condgiovas also observed in then®

device.
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5.3.3 Vibrational Dimensions

Measurement of displacement across both axes afaha elements (Fig. 5.8)
revealed that the dimensions over which the pMW¥rates may be up to 20% greater
than the DRIE etch dimensions which may contrilsig@ificantly to the differences we
observe between their theoretical and measureddrezes of operation.

The etch dimensions measured on test parts ofathe specifications from the A1
wafer were measured to be D®3x78mm. Measurement of the length dimensions
between points of zero surface displacement yie&s$ible vibrational dimensions of up
to 115x93m, an 11.7% increase in length and nearly a 19r¥ease in width.

The surface displacement profile also has a numbkeatures which may correlate
to components of the pMUT laminate structure. Etchole and PZT film dimensions
taken from test structures are shown as label&iure 5.8. While the maximum
resolution of the optical vibrometer is fine enougtprovide sub-micron accuracy, the
time constraints of the demonstration allotted aripugh time to collect the
displacement profile shown. Future vibrometry nueasients would benefit from
focusing on collecting a finer sampling of datarpisifor greater accuracy in the

identification of structural components and the sug@ament of vibrational dimensions.
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Figure 5.8 (Top) Profile of surface displacement in 6.75Mbénd rendered in 3D
overlaying reflected light microscopy image foristgation. (Bottom) Measurement of
displacement along length and width dimensions @an pMUT element for 6.75MHz
band in FFT. Amplitude shown is relative amplitdaiem FFT (unspecified units).
Labels specify approximate dimensions of elemehtseomembrane structure. A-A’
and B-B’ are the DRIE etched length and width, eespely. C-C’ and D-D’ are the
PZT film dimensions.

5.3.4 Element Crosstalk and Coupling

In order to examine the effect of coupling and stakk among elements of the 2D

arrays, the sample grid was extended to encompabpl® elements with a focus on
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highlighting the displacement of surrounding membsawhen a single element was
excited. Figure 5.9 shows the rendered displacemehe peak 6.75MHz frequency
band.

We observe significant evidence of coupling or stakk in the structure. We see that
the excited element and its surrounding elemerttsimihe same column and row vibrate
nearly 180 out-of-phase relative to one another. The redapigak displacement on the
elements in the same column (above and below)@amdleft and right) is approximately
34% and 24% of that on the excited element, regmdgt The displacement of the

element on a diagonal from the excited elemen6% bf that of the excited element.

Figure 5.9 Visualization of vibration of a driven elemeneftter) and the subsequent
motion of adjacent elements which were not elealigactuated indicating coupling of
neighboring elements.

We also observe that a very low amplitude, but medde, displacement wave
propagates along the bulk silicon outward fromedkeited element. This suggests that

mechanical coupling through the inactive bulk siianay contribute a pathway of

acoustic energy transfer throughout the devicecsira.
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The surrounding elements were not electricallyatad (grounded) in this
measurement, which would help to determine thecetieelectrical crosstalk between
element signal pads and traces. A more focuseskitigation through optical methods
should reveal a great deal more about the sourcepathways of coupling and crosstalk

within the pMUT 2D array structure.

5.3.5 Airvs. Water Loading

Deionized water was placed on the pMUT surfacedaspplacement measurements
were made through the water droplet surface. Whier droplet provides sufficient
loading to dampen the pMUT vibration, shifting 2885MHz and 6.75MHz resonance
peaks in air (the latter contributing to the long-ation oscillation) down to 5.4MHz in

water for the A1_2D 175 9 device as shown in th€sHbrovided in Figure 5.10.

Al 2D 175 9 Vibration FFT @ 3.0cyc, 22.7Vtx
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Figure 5.1Q FFT plot of A1_2D_175 in air and water driverBad cycles, 22.7Y at
variousfi, - air (2.8MHz,, 3.0MHz,) and water (2.8MHg). Signal amplitude decreased
significantly with water loading. Frequency damipgnand downshift observed with
water loading.
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Note that the existence of 2 separate peaks avb8mnd 6.75MHz in the FFT
when driven at 2.8MHz is a result of the devicenadriven at a frequency away from
resonance. The 6.75MHz appears to be the trueaasfrequency while the peak at
5.85MHz is a result of the doubling of the 2.8MH#d frequency.

We also note that the small 4.16MHz and 1.45MHZpeamain unchanged in the
FFTs when driven at 2.8MHz and are slightly higinethe FFT when driven at 3.0MHz.

Hydrophone measurements in the water tank shoveeddalk transmit frequency that
propagates into the water is 5.4MHz. We suspexdttths 5.4MHz propagating mode in
water is the 6.75MHz resonant peak in air, shiftedn to 5.4MHz due to the loading of
the water. From visualizations of the surface ldispment, both the 6.75MHz peak in air
and the 5.4MHz peak in water are a fundamentatiocde.

Unfortunately, the time-domain displacement wavefan water was not obtained so
we are unable to determine if the 6.75MHz long-tareoscillation was reduced by the
water loading. However, the width of the 5.4AMHakén the FFT suggests that the
pulse duration is likely shorter than the 6.75MHzibation.

Additionally, the effect of loading was measureddaly 1 input frequency. Further
characterization of the effect of water loadin@tuer input frequencies would greatly
increase our understanding of pMUT vibration. Cangon of optical vibrometry data
with hydrophone pressure transmit measurementsraerous input frequencies could
provide a wealth of information on the conditiomslar which pMUTSs can be driven to

maximize their transmit response.
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Figure 5.11 shows the FFTs of both measured pMWicds under water loading.
The 75mm arrays were operated at 2.8MH=zhile the 20@m arrays were operated at
3.2MHz,.

The larger elements possess frequency peaks ;h8h&6MHz and 2.8-3.4MHz
bands and a sharp peak at 1.2MHz. The large 1.2p#édk corresponds to a
fundamental 1-1 mode shape from vibrational vigagions. However, the peak transmit

frequency measured into a hydrophone was 6.4MHz.

FFT of Displacement for 2D pMUT Array Single Elemen  tin Water
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Figure 5.11 FFT plot of A1_2D 175 array (2.8MK}xvs. Wg8B200100 array
(3.2MHz,). Multiple frequency components observed for Wa88100, including a
large peak at 1.2MHz.

Figure 5.12 shows a visualization of the mode shaplee 5.8-6.6MHz band where

the 6.4MHz propagating frequency should fall.
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Figure 5.12 Vibration of a 20@m pMUT element in air in the 5.8-6.6MHz band
showing the higher-order 3-1 mode of operationndamental mode at 1.2MHz is not
shown. 5x5 2D pMUT array driven at 3.0 cycle, 3i2M 22.7\x.

Figure 5.12 indicates that the propagating modéetarge 200m pMUTSs is not a
fundamental mode, but a higher order 3-1 mode shhjpge also that the mode shape of
the 5.8-6.6MHz band in the water-loaded pMUT cqrogsls to the mode shape of the
7.8MHz component in the air-loaded condition, ssgigg a down shift in frequency of
this mode due to the loading of the water. Ourentrunderstanding of the basis for
propagation in water to occur for the 3-1 modeeathan the fundamental 1-1 mode is

incomplete and will likely require further testiagd comparison between acoustic and

optical vibrometry measurements.
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5.4 Summary

Measurement of surface displacement showed pepkdk-membrane displacement
of up to 63nm in air for a #n device driven at 3.0MHz Under air loading, we also
observed an extensive oscillating tail in the dispent waveform at 6.75MHz which
was corroborated in the FFT. Greater surface aigphent is likely achievable when
driven at higher excitation amplitudes or at freagies closer to 3.375MHKzthat will
more effectively drive the 1-1 resonant mode.

Optical visualization of the mode shapes for deviokdiffering size showed 1-1
mode vibration for the #m and confirmed the operation of the largerf@Q@MUT
elements in a combination of higher order modasadémental 1-1, confined 1-1, 2-1/1-
2, 1-3, and 3-1 modes were observed in ther08evice in air. Fundamental 1-1,
confined 1-1, and 3-1 modes were observed undarwading for this device. The
sensitivity of the optical vibrometer through waliernits observation of the other modes
found under air-loading.

Comparing the frequencies from impedance analysasorements and pulse-echo
oscillations observed in air and water within ttrecure of the pMUTSs, 1-1 mode
vibration was validated for these frequencies iatiing that electrical and acoustic
methods can be used to identify the highly resothahtnode. However, for imaging
applications, driving off-resonance is likely tapuce more optimal waveforms in terms
of pulse duration and bandwidth.

From a comparison of acoustic measurements witlsaptibrometry results, the 3-1

mode was identified as a more optimal propagatiagsimit mode for imaging
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applications than the 1-1 mode for the large devio&coustic receive response of the 1-
1 mode was approximately 30% more sensitive thar8tth mode, but pulse duration and
bandwidth of the 3-1 mode produced better imagiageforms.

The confined 1-1 mode for both devices indicate tia PZT film may provide an
additional set of boundary conditions, particulanyransmit, which may result in the
slightly higher transmit frequencies compared tenee frequencies measured
acoustically.

The uncertainty surrounding the membrane vibratidmensions and boundary
conditions was confirmed with high resolution degment profiles showing surface
deformation over a greater area than expected.siement of the dimensions between
points of zero surface displacement show an inereasp to 11.7% in length and 19.2%
increase in width. Additional optical measuremertsnecessary to determine the extent
of the geometric variation in devices of differsige in order to draw further conclusions
that could be broadly applied to the frequency theo

Element crosstalk or coupling in the 2D array duteewas also confirmed optically.
Displacement of neighboring elements was showretasbhigh as 34% when a transmit
excitation waveform was applied across an adjaelemient. The nature of this coupling,
electrical or mechanical, was indeterminate dutiveggshort series of measurements taken.
However, low amplitude displacement was observeatéas of the bulk silicon
suggesting some mechanical propagation across baaagreviously considered to be
isolated.

We have also shown that measurement of the pMUVibmation is possible under
both air and water loading. The effect of airwater loading was explored and suggests
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that the mechanical dampening of the vibratingcstme may decrease the resonant

frequency by nearly 1.4MHz for both device sizes.
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Chapter 6

Analytical Methods: Plate Vibration

6.1 Introduction

The development of a pMUT frequency theory relieghe foundation of plate
vibrational theory. This chapter presents the tiigeal principles and equations that will
be used in the analysis of measured pMUT frequerane the development of the
guantitative model to describe them. Both clasgitzie theory (CPT, or Kirchoff plate
theory) for thin plates and Mindlin plate theory fooderately thick plates are used in the
later analysis. An overview of both theories isyided in Appendix A, beginning with
the equation of motion and leading to the frequestpyations for each theory.

This chapter presents the general frequency equettichin and thick plates as well

as the methods used to calculate the frequencyneteas for each theory.

6.2 Plate Vibration — Classical Plate Theory

The classical plate theory (CPT), or Kirchoff-Laweory, is an extension of Euler-
Bernoulli beam theory with a number of notable agstions, including
- the thickness of the plate does not change dumfgychation
- straight lines perpendicular to the midplane praodeformation remain straight
and normal to the midplane after deformation (pls@gtions remaining plane)
These assumptions are appropriate for the vibratidhin plates where the overall
displacement is small compared to the thicknedse second stated assumption results in
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zero transverse shear strain (transverse beingjthetionz in anxy-spanning plate)

through the thickness of the plate.

6.2.1 Frequency of Vibration under Classical Plat&heory

The natural frequency of vibration for a thin, iegtic plate with dimensions,b and

thicknessh is given as

/? |D

wherer is the volume density,? is the frequency parameter, and plate flexuradlitig D
is given by

3
D :i
12(1- V?)

(6.2)
wherev is Poisson’s ratid; is Young’s modulus. For clarity, we will set thenensions
of the plate along the coordinate axgssuch that the edges of the plate ane=8 x=a,
y=0, andy=b. This will allow us to maintain consistency irtasishing the positional
relationship between plate dimensions, mode shapesnon-uniform boundary
conditions.

The frequency parameté?, also referred to as the plate eigenvalue, isrohéed in
most cases by numerical analysis utilizing thegotiformation and boundary conditions.

However, for the plate with simple support on afjes (SSSS), an exact solution exists

in the form of

1% =(mp)* + — 6.3)



wherem andn are the mode numbers along dimensiaisand/ = b/a. Reference tables
for values of/ % for other simple boundary conditions have beeivedrand can be
readily found in the literature. Combining Eqsl @&nd 6.3 then gives the frequency of

vibration for SSSS rectangular plates as

mp 2 np > Ip
Wssss™= ? + T E (6-4)

The use of the frequency parameter provides a fxeportionality between the
natural frequency and plate eigenvalue. This alag/to calculate plate frequencies for
more challenging boundary conditions from the b&S8&S case using only the frequency

parameter of the case of interest, as follows

/7
fi=/2_

SSSss

f (6.5)

SSSS

wheref; and/® are values for the case of interest. Providedréwgiency parameter can
be obtained for the case of interest, the plateatitin frequency can thus be determined

with ease.

Values for/ 2 for all boundary conditions are given over a ranfjaspect ratiog =
b/aand mode numbera,n It should be noted that the frequency parametiized in
this thesis will assumg(= b/a) > 1, that is, the long edge of the plate falls palr¢o the
y-axis p>a). For cases whe@>b a modified frequency parameter can be used

where

2= P (np) w=-— |— Whera‘*=% (6.6)
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and/ ? =/?f . For the case of uniform boundary conditions oxdfamentalrf,n=1)
frequencies this simple relationship is minor amelfrequency parameter offsets the use
of a orb in the calculation of the frequency. Howevetigher order modes whene

n and where boundary conditions are non-uniforme canst be taken in determining the
mode shapes along each plate dimension and thetiselef the appropriate frequency
parameter. Confusion of these relationships maylrén extreme differences in the
calculated vibrational frequencies.

For the case of plates simply supported on two sp@aides and clamped on the
other two sides (SCSC), GorntZhsupplies a reference table (see Gorman, EV-2). Fo
the fully clamped case (CCCC), Gorman utilizessjmametry of the boundary problem
and breaks the plate into quarter-plates, clampetivo adjacent sides and free or SS on
the remaining two. The solutions are then derfeedtases where the quarter-plate
displacement is symmetric or antisymmetric aboatrtiidlines of the plate (the free or
SS edges of the quarter-plate). For symmetridatigment about an edge, a free
boundary condition is utilized on that edge. FRaiisymmetric displacement, a SS
boundary condition is used.

Gorman’s tables are divided into fully symmetrigmsnetric-antisymmetric, and
fully asymmetric mode cases. For the fully clamptde, the symmetry of the problem
allows for fully-symmetric and fully-antisymmetnmodes to be calculated for all plates
with aspect ratios 0.33 7 3.0 using only ? defined over 1.0 7 3.0. For
symmetric-asymmetric modes, Gorman provides tdbles.0 / 3.0and 1.0 /,

3.0 wheref, = 1/f. Leissd™" also provides an extensive table of frequencymaters

for the fully clamped rectangular thin plate whizdm be used in conjunction with
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Gorman’s work for validation. Using these tabksmodes for fully clamped plates can
be determined using interpolation to a high degifesccuracy for a wide range of width-
length aspect ratios.

In the analysis presented in this thesis, referéaigles for/? are coded (up to 3,3
mode) in a lookup table, employing linear interpiola on the aspect ratio for a given
m,nmode. Reference values taken from Gorman and&éws a rectangular CCCC thin
plate with aspect rati6 (=b/a) in the range 1.0-3.0 are provided in Table 6.1ap,3
mode.

Table 6.1 Referencé ? values for CCCC rectangular Kirchoff plate (CPT).

1 * for Classical Plate Theory — CCCC
f=bla=1.00 f=2.00
n=1 2 3 n=1 2 3
m=1 | 35.99 | 73.39 | 131.6 m=1 | 2458 | 31.83 44.7
2| 73.39 | 108.2 165 2| 63.98 | 71.08 83.27
3| 131.6 165 220 3| 87.25| 1164 123.2
f=1.25 f=250
1 2 3 1 2 3
1] 29.89 | 52.51 | 89.25 1| 2352 | 27.81 35.42
68.51 | 89.35 | 124.3 2| 63.08 | 67.39 74.78
3| 127.5] 139.2 | 181.3 3| 61.49 | 79.76 | 101.36
f=1.50 f=3.00
1 2 3 1 2 3
1] 27.01 41.7 | 66.52 1| 23.06 | 25.86 30.72
66.13 | 79.81 | 100.8 2 | 62.64 | 65.52 70.44
3| 125.3 | 138.6 | 144.2 3| 47.96 | 60.32 75.04

The values given in Table 6.1 can be used witheElgto calculate frequencies for CCCC
thin plates within the range dfshown.
Frequencies for idealized SSSS and CCCC boundaditeans can thus be

calculated using the methods described.
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6.3 Plate Vibration — Thick Plate Theory

The classical plate theory is appropriate for tiiel of thin plates where the
thickness is small compared to the surface dimessamd the deflection is small
compared to the thickness. Plates consideredyioally have a span to thickness of
20:1 or mord®?. The CPT does not account for the inertia ofptla¢e due to rotation or
the additional plate flexibility from shear defortiwé. Both of these effects decrease the
frequency of vibration. Thus, the frequencies flGRIT are subsequently over-estimated
for thick plates, particularly for higher order nesd

The pioneering study of thick plate vibration i tvork of Mindlin®®* ** provides a
so-called first-order shear deformation theoryrfarderately thick plates in which rotary
inertia was also considered. Mindlin’s theory ases a constant shear stress distribution
through the thickness requiring a shear corredaotor, &, which compensates for errors
resulting from the approximation made on the noifieam distribution. Mindlin theory
has been accepted to provide sufficient accuracglé&tes with moderate thickness.

Various higher-order theories have since been m@gavhich achieve higher

I '[55]

accuracy at the cost of much greater computatieifiait. Liew et al>> present an

excellent review on the development of theoriesreigg thick plate vibration. As an

example, a higher-order plate theory presenteddmdi et. al*®

provides frequency
solutions requiring a great deal of computationybeiiding less than 1.3% difference
from Mindlin solutions for plates within the rangéthe pMUT geometries studied here.
Consequently, the simplicity of Mindlin plate thgas much preferred for the study of

pMUTs in this work over the minimal accuracy gairsdusing higher-order plate

theories.
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6.3.1 Plate Theories Applied to MUTs

The progress of MUT technologies has fueled thdiegdpn of plate vibration
theories toward their development for frequencyticdrand optimization. The plate
theories selected for modeling devices is highlyeshelent on the geometry and
dimensions of the devices considered.

CPT is best used when the plate thickness is muelier than the lateral dimensions
due to some of the fundamental assumptions inhia@y. Mindlin plate theory (second-
order shear deformation) includes both shear rotertia and is better used for
moderately thick plates. Higher-order plate the®and finite element analysis (FEA)
are often used for greater accuracy at the expafiggeater computational effort.

While portions of each of these theories are usafabntributing to the
understanding of pMUT operation for the devicesligd in this work, critical
differences in the device geometries and dimendiomnistheir overall applicability to
this work.

Circular plate theories are helpful in understagdhre general effects of changing
plate dimensions as well as the analysis of my#ilad structures. However, many
works simplify the derivations to a two-dimensiosaucture, making use of the radial
symmetry present in circular structufés*®*?- Overall, additional analysis is necessary
to observe the effect of length and width dimensioha rectangular plate.

Long, thin, rectangular structures are easily medlelsing beam theoR? ** as the
large length-width aspect ratio allows the muclgkmength dimension to be ignored in

much of the frequency analysis. FEA has also losed for long, thin devicd¥!.
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However, such a structure is more suited to 1Dyaapplications and would be difficult
to use in a 2D array configuration.

Models of square or near-square pMUT plates arentbst relevant to the devices
studied in this thesis. However, these modelglesees larger than 16th on a side.
CPT is used for very thin plates{.65mm) with FEA used for validatioli” *”without
comparison to physical devices. Models of thiakevices (84#<40mm) used FEA to
model vibration of 250x25@m plates*®. Limitations in fabrication tolerances as well as
increasing errors in the theoretical frequenciedeadce sizes decrease have left a void in
the discussion of the operation of small, modeyatatk, rectangular pMUTSs.

The devices studied in this dissertation have dhdmensions between 39-280
and thicknesses between 5.6-180 With these smaller device sizes, the effect of
transverse shear and rotational inertia increaséseathickness-span ratio increases.
CPT begins to become inadequate in describing pMibiation while Mindlin plate
theory is more appropriate for plates with moderalative thickness. Unfortunately,
Mindlin theory is applied rarely in the study of pM vibration, often disregarded in
favor of FEA models. When Mindlin theory is appljet is has been used in
combination with CPT where thin plate theory isduf® the first few mode orders and
Mindlin theory is applied for higher-order modesest the shear and rotational inertia
have a greater effect.

Outside of MUT applications, Mindlin theory has damstrated high accuracy in
modeling the vibration of plates with dimensionsitar to the pMUTs studied here.
Mindlin plate theory offers an excellent foundatioom which to develop an analytical

model for the vibration of small, moderately thickctangular pMUTSs.
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6.3.2 Vibrational Frequencies of Rectangular Mindh Plates

Determination of the natural frequency of vibratfon Mindlin plates is approached
in a manner similar to classical plate theory &sented in Appendix A.3. For simply
supported conditions, the frequency equation is

2 2

2143 3
rhW4_W2rh+ mp ., np rD+rh +p M, W -0

12kG a b kG 12 a b

(6.7)

The classical plate theory frequency equation ifops/ supported rectangular plates can

3
be recovered by settin% andé to zero, yielding

* np?® [D
w= M w2 (6.8)

a b rh

Solutions to the Mindlin frequency equation for pignsupported plates are found by

determining the non-dimensional frequency paraméteiven by Rad®”!

2
o2 LK e ™ Ty LK e g e ™
™ \2 s " s 4 s " s S "
(6.9)
where
1 h°* m b 1
== = Xpn= — — 2 =1+
12 a ™ a n Gon X,
1 5
k'==k(l- v k?=—"— 6.10
Ski2-v) - (6.10)

The natural frequency of vibration for mogtenis then found by the relation
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2
W= /ar;n % (6.11)

Reddy et al'®® *® provide a transformation from Kirchoff to Mindltheory

2 2
Wi, :6/(26 1+iWKh2 rh 1+— 2 - 1+iWKh2 rh 1+— 2 - rr; Wi
rh 12 D~ k*Q-n) 12 VD 7 k*@-n)  3%°G
(6.12)

wherewy, is the Mindlin natural frequency is the Kirchoff natural frequency. When

rotary inertia is neglected, the frequency relafop simplifies to:

Wi
o W Jrh
6(- k> \ D

The difference between frequencies for simply sujgalorectangular Mindlin plates

W = (6.13)

determined from Eq. 6.9 and 6.12 is <1.3% overdmge of pMUT dimensions studied
in this dissertation. The difference between soh# with and without rotational inertia
(Eq. 6.12 and 6.13, respectively) is <0.64% diffieeeover the range of pMUT
dimensions studied in this work.

For plates with other simple boundary conditioablés of frequency parametelrs,
can be found for plates with different width:lengtid thickness:length aspect ratios.
They are applied in a manner similar to the cladgtate theory solutions, making use of
the fixed proportionality between frequencies amdjfiency parameters.

Liew et al.%¥

present a comprehensive set of frequency parasieteMindlin

plates with thickness-length ratios up to 0.2 fevide range of combinations of simple
boundary conditions. Comparison to other publisiheguency parameters (when
available) show excellent agreement (<0.1%). Nwueresources exist for thin plates
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(t/L<0.01) for comparison at different width-lengibpect ratios, including the works of
Leissa®! However, for moderately thick plates, few sounsesvide adequate frequency
parameter tables encompassing the range of widttHeand thickness-length aspect
ratios covered by the pMUT devices studied in Wask. Liew et al. is one of the few
works providing adequate frequency parameter vakugsn the range of interest for use
here.

Reference frequency parameter values from Liev. efra plotted against the
thickness ratiot(L) for SSSS and CCCC boundary conditions in Figute®
demonstrate the frequency decrease due to traessieear and rotational inertia as the

relative plate thickness increases.

112 vs tiL for Rectangular Mindlin Plates - SSSS& CCC C

40.0 —+—1.00CCCC
— = 1.25CCCC

35.0 1 —a—1.50 CCCC
| 1.67 CCCC

’ —%—1.75 CCCC
—e—2.00 CCCC

' ---o--- 1.00 SSSS
0 ---m--- 1.25 SSSS
e ---a-- 1.50 SSSS

1.67 SSSS

---x-- 1.75 SSSS
---o--- 2.00 SSSS

Frequency Parameter | 2

0.00 0.05 0.10 0.15 0.20 0.25
tL

Figure 6.1 | 2 values for SSSS and CCCC rectangular Mindlin pla®SSS and CCCC
comparison to scale.

Comparing the frequency parameters of both simppperted and fully clamped plates,
the transverse shear and rotational inertia areisho contribute more greatly to

decreasing the frequencies in clamped plates.
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Xing and Liu'®” provides a set of closed form solutions for thegjrency parameters
of rectangular Mindlin plates under free vibratiddowever, a critical step in the usage
of the closed form solution is left out, minimizitige applicability of the solutions for
this work. A limited set of solutions presentediata tables are compared to the
numerical analysis of Liew et al. Results fromtbotethods in the limited data tables are
in good agreement. If the missing steps in thetgwi set can be resolved, these closed
form solutions would provide greater accuracy i flequency parameters, becoming a

valuable resource in the study of pMUT vibration.

6.4 Other Considerations to the Vibration of Plate

A number of other considerations to the theorigaurding the vibration of plates are
necessary for the study of pMUT vibration. Theeeffof multilayer laminated plate
structure, loading by different media such as wated compliant edge conditions should

be considered in the discussion of pMUT vibration.

6.4.1 Effective Plate Flexural Rigidity for Multilayer Laminated
Structures

The composite laminated structure of pMUTSs intraatuadditional complexity into
the application of plate dynamics theory to théarational analysis. Two approaches to
reconciling this complexity are analytical and nuited methods. In the analytical
approach, the composite is treated as a homogenaigsial with effective material
properties calculated for the structure. Numenathods similar to finite element

analysis provides adequate accuracy at the cageat computational effort and is best
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used when a finite element approach to vibraticadyens on the whole is used. As an
analytical approach to the vibration analysis at@s is desired, analytical methods for an
effective plate flexural rigidity are preferred.

In treating a layered structure as homogenouse tiiethods were considered for this
investigation. The first is a “law of mixtures” kone fraction treatment while the other
two are layer-wise theories. Layer-wise treatmeifthe composite modulus integrate
through the thickness of the structure, accourfonghe non-homogenous distribution of

different material properties within the structletter than a “law of mixtures” treatment.

6.4.1.1 Isostress “Law of Mixtures”
The composite Young’s moduluSsomp for a composite structure can be calculated

as an isostress composite modulus given by

= =42 (6.14)

comp

whereE, is the Young’s modulus for each component ands the volume fraction for

each layer. This composite modulus is adapted franof fiber-reinforced composites
in an isostress condition. By building up a conifgosodulus as we account for each
layer serially, we arrive at a modulus for the véhpMUT membrane. For multi-layered

composites, Eq. 6.14 may be extended to calcliateamposite modulus as

—= = 6.15
= E (6.15)

comp

wherev, is the volume fraction of each component.
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The isostress modulus describes the condition ictwéach layer experiences equal
force for all cross-sectional areas. For a malger composite plate, a force normal to
the surface of the plate yields an isostress ciomdit

The use of isostress calculations that flow from‘law of mixtures” (as applied in
fiber-in-matrix composites) is acceptable for spemis under uniaxial stre€8, but may

not be appropriate here.

6.4.1.2 Muralt Layer-wise Composite Modulus

Muralt et. al provide a model for clamped multidaylates applied to pMUT#!
utilizing a layer-wise formulation of an effectipéate flexural rigidity. With some minor
modification in notation and simplification for tlvase of isotropic layers, the effective

plate flexural rigidity for am-layer plate is given by:

l En((hn - Zs)s - (hn—l - 23)3)

Dy = 6.16
ff 3 ] (1_ Vnz) ( )
with
E(?-h.?
z, 21 B o) (6.17)
2 E.t,

wherez denotes the height above the bottom plane ofltte,p, is the thickness of the

:zltk , andE, is the Young’s modulus of theh layer.

nth layer finishing at heighh, =
The positiorgs is the position of the neutral plane, assumecetabntical to the stress
center. The use of the bottom of the plate ag#if@ereference position differs from other
texts which use the position of the neutral plasiéha reference poiff?, but results in a

more straightforward computation for non-symmel@iminate structures about the
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neutral plane. The location of the neutral plaine=8 is more suited for symmetric
sandwich plates.

This Dt can be used within the framework of plate vibmnatgguations.

6.4.1.3 Pister & Dong Layer-wise Composite Modulus
Eccardt and Hansé#” utilize an extension of Kirchoff thin-plate thedyhandle
multilayer laminated plates for modeling of cMUTBhey utilize an effective flexural

rigidity, Des;, for @ multilayer structure defined by Pister @whg®® as

_ 2
D,, =ACTB (6.18)
where
A= Qn(hn - hn—l)’
(h - h -12)
B = n n ,
n O 2
(h,’- h..")
C - n n ,
n O 3
. E
with Q, =—" (6.19)

n

Thus, analysis of thin multilayer plates can beduarted in an analogous manner to
single-layer plates by substitutiiys for flexural rigidity D in the Kirchoff thin-plate
solutions provided the thicknesses and materigdgntes E, andv,) of eachnth layer

remains constant over the membrane width. ThelBeg;in Mindlin plate theory
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should be applicable as well as the contributidrtsamsverse shear and rotary inertia are

accounted for in the frequency parameter.

6.4.2 Effect of Water-loading on Plate Vibration

The theoretical derivations considered in clasqi€athoff) plate theory and higher-
order plate theory (Mindlin) presented thus fardnagsumed vibration in a vacuum.
Consideration of water-loading and its effect dorational frequency has been
summarized by Leisda. By Leissa’s reference, a correction formula¢oaant for the
effects of water on one side of a rectangular glatall boundary conditions has been
provided by Greenspdff" ¢!

The frequency ratio of vibration in water vs. vaguis given as

W 1 (6.20)

2
g 2 B,

ij

>lo

wherewis water-loaded frequency amg is in vacuumg,/gis the dimensionless ratio of
the mass density of water to that of the plaiga “virtual mass function” from Figure
6.2 (reproduced from Fig. 12.6 in Leiss#@)andB are mode-dependent coefficients
given for mode-j in Table 12.3 of Leissa, dependent on CC or S8itons. For mode
1-1, (A;,Bj) = (0.6904, 1) for CCCC and (0.4053,0.25) for 88SS case.

Note that the virtual mass function approaches Edoare plates and trends toward 0
as the plate appears more beam-like. Also, am#ss density of the plate increases, the

frequency ratio approaches 1. As the span-thickrag p/h) increases, the frequency
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ratio decreases, indicating that plates that apjp@aner compared to their lateral

dimensions will be more greatly affected by theav&bad.

Virtual Mass Function f for Rectangular Plates - Water-loading Calculation
T T

Virtual Mass Function f(a/b)
© © o o o o
N w S (5] (2] ~

o
-

o

0.2 0.4 0.6 0.8 1
a/b (non-dim)

o

Figure 6.2 Virtual mass function f for rectangular plategdisn calculation of correction
factor for water-loaded frequency.

6.4.3 Effect of Compliant Edge Support

From the discussion of plate vibration, the bougpadanditions have been shown to
affect the natural frequency of vibration in a siigant way. The idealized clamped and
simply supported boundary conditions considered tauhave been idealized as rigid
support. In the definitions for these boundarydibons described in a previous section,
both support types were limited from transverseldisement, and for the clamped
support, no velocity (transverse or rotationaf)esmitted at the boundary.

For the pMUT structures considered in this reseat@hplate boundaries are formed
by the device silicon extending beyond the edgdbh@gtched cavity. On some
boundaries, some overlap of the PZT or metal lagecsirs. Because the device silicon
is elastic to some degree and not absolutely agidn idealized boundary would be,

some consideration to the effect of compliancéegupport must be considered.
114



Kobrinsky et al!®® consider the compliance of boundaries of a begmpated on
both ends. The compliance of the supports was showignificantly affect the behavior
of the beams and cannot be ignored. Several pedpmzproaches to include the
compliance of supports are summarized. Thesedediefining an effective length of
the beam calibrated to experimental or FEM datl¥jrsppthe complete beam and support
structure using FEM, using correction factors ia #malytical expressions, and modeling
the supports as springs (transverse and rotatioR@ak) the analytical solutions desired in
this research, effective geometric dimensions orection factors are favored over the
FEM approaches.

The effect of compliant support on the frequencyibfation of a structure is easily
observed in the case of a cantilever b&m The frequency of vibration measured for
cantilevers with varying thickness-length ratiosl®wn in Fig. 6.3 as a ratio to the
theoretical cantilever vibrational frequency witlealized rigid support, plotted against

the thickness ratio.

Frequency Correction for Compliant Support
Cantilever Beam, 1F

100%

95% -| ~

fI(f, rigid support)

90% e

4

85% T T T
0 0.05 0.1 0.15 0.2
tiL

Figure 6.3 Frequency correction for compliant support iraatdever beam.
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A linear relationship exists as shown by the linigao the data such that

P 10- 065t L<o2 (6.21)
f L'L

rigid support

wheref is the measured frequency with support compliafagesupportiS the theoretical
frequency assuming rigid suppdrts the thickness of the beam dnd the length. As

the relative thickness of the beam increases w#pect to its length, the contribution of
support compliance in decreasing the vibratioreddiency grows. This decrease occurs
as a result of increased deformation at the e&fige.a thin beam, the deformation profile
at the edge remains relatively straight. Howeasrthe beam thickness increases, the
lateral deformation on both sides of the neutrahplincreases in response to the material
strain at the boundary. The additional deformat&sults in a decrease in the frequency
of vibration in a manner similar to the contributsoof shear and rotational forces in
Mindlin theory.

The linear fit to the data provides a correctiortdato the vibrational frequency for
cantilevers. Similar correction factors exist fiate vibration, though the relationship
may not be linear.

Xiang et al®? developed solutions for the free vibration of aagular Mindlin
plates with edges elastically restrained agaiasistrerse and rotational displacement.
Numerical results were obtained to show the effettastic spring stiffness, relative
thickness, and aspect ratio on the natural fregasrof flexural vibrations of rectangular
Mindlin plates.

Gormant®® utilized the superposition method to obtain frequyeparameters for the

free vibration of Mindlin plates on uniform elasgdge support. Frequency parameter
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curves over a wide range of edge stiffness anénkegs-span ratios (0.01 and 0.1) are
shown for both square and near-squar@V(= 1.5) plates. Increases in edge stiffness
constants increase the frequency parameter astexlpec

Zhou'® provides a set of static beam functions for regtizar Mindlin plates with
uniform elastic (translational and/or rotationalge constraints. The resulting frequency
parameters from this model provided reasonableracguo other published data sets.

Xiang et al., Gorman, and Zhou's works showed ffexeof elastic compliance in
the boundary of Mindlin plates over a range of Witingth and thickness-span aspect
ratios. These models showed that the frequen@npeters decrease as the thickness-
span ratio increases (up to 0.2) as expected fodi plates as the shear deformation
and rotary inertia begin to contribute to a gredeggree. While the overall frequency
parameters are lower for low stiffness edge coimgathe decrease in the frequency
parameter as the thickness-span increases istaigmgo be more pronounced when the
stiffness of the edge constraints is higher. Téaehse in frequency parameter is also

more pronounced at the higher order vibrational @sod
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Chapter 7

Analysis of Results and Development of a pMUT
Frequency Theory

7.1 Introduction

The ability to determine the fundamental frequeotyibration for an ultrasound
transducer is paramount to optimizing the transddesign for selected applications.
For theoretical calculations, the pMUT structuregstigated here may be approximated
as a rectangular laminated composite plate withheugically bounded edge conditions.

This chapter will present the development of a pMté&fQuency theory based on a
modified Mindlin plate theory which accounts tdr-dependent compliant edge support.

First, the individual and composite material prajesrof the pMUT structure will be
considered. Uncertainty in the Young’s modulustha deposited PZT film requires
evaluation over a range of values used in thedlitee with similar PZT films. Methods
of calculating the composite density and Young'slolos will also be considered.

An analysis of the resonant oscillation frequenoieserved in a pulse-echo
configuration will show that this oscillation isnatural, free vibration of the plate
structure with a fundamental 1-1 mode shape. Teguency will be shown to be poorly
propagating into water, but that a downshift imgfrency is observed under water-loading.
Testing of separate elements in the array demdagtrat the vibrational energy crosses
boundaries considered to be isolated by either arg@chl coupling or electrical crosstalk.

The oscillation frequencies are shown to be in Bswceagreement with optical
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vibrometry and electrical impedance results forlarhode. These fundamental resonant
frequencies will be used to guide the modelingMfJI vibration using plate theory.

A comparison to conventional CPT (classical thiatgltheory, also called Kirchoff
plate theory) and Mindlin plate theories will derstmate that the wide range of relative
thicknesses for the pMUT devices studied requicesicleration of the shear and
rotational contributions addressed in Mindlin theor

A generalized analytical method using the fundaadeesonance frequencies in air
will demonstrate adherence of the observed fregaero thef  t/L? relationship when

Mindlin-type effects are accounted for. Factoring thet/L* term using a linear fitting
method, the deviation of observed frequencies fitoenconventional plate theories with
idealized BCs will be shown to result from a desezheffective Young’'s moduluBes,
or a decreased effective frequency paramétgf, TheE. calculated from measured
data will be shown to be unrealistic compared tovikm material properties. The
frequency decrease resulting from lowe# will then be shown to be attributed to
compliant support, modeled using curve-fitting noek.

The pMUT frequency theory will then be developethgshe compliant support
models as a modification to the Mindlin plate theo€omparison to measured
frequencies not included in the model developmeliidemonstrate the predictive nature

of the pMUT frequency theory for fundamental moédganant vibration in air.
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7.2 pMUT Mechanical Properties

The development of a plate vibration theory for pMls highly dependent on the
mechanical properties of the structure. Recaliiog the Background, several
approaches to MUT modeling treat the compositectira as a homogenous material
with effective material properties calculated foe structure. For the rectangular
laminated composite structure of the pMUTs undsculision, the material properties of
the constituent layers will be similarly used técagate composite plate properties used
in the subsequent plate vibration theory.

The geometric parameters of the pMUT arrays uséabih experimentation and
theoretical calculations are given in the experitakresults chapters for the

corresponding devices.

7.2.1 Material Properties of Constituent Layers
The bulk material properties for constituent maierin the pMUT structure are listed
in Table 7.1

Table 7.1 Bulk material properties for constituent matksria pMUT. (* highly
process-dependent).

E c
Material (Pa) (kg/m®) (m/s)
Au 7.80:10 19300 2010
PZT 1.00 - 8.60£10* 7800 1132 - 2264
Pt 1.47¢11 21450 2618
Sio2 7.17£10 2200 5709
Si 1.25¢11 2330 7325

The velocity,c, shown in Table 7.1 arrives from the relatwn (E/r). Note that the
Young’'s modulusE, for PZT is given as a range as it is highly pescdependent. The

mechanical properties for deposited thin-filmspanrticular, differ greatly from the bulk
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material. The Young’s modulus for sol-gel depaskit@rcular thin-film (0.4-1.6m) PZT
measured using the wafer bulge technitlevas calculated to be 10-40GPa. In
comparison, the Young’s modulus for bulk PZT wdenenced to be 48-71GPa in the
same reference. Models of pMUT vibration in therhiture us&p,7 values of 80GPE”,
and 75.2GP®, 86.2GP&*"), and 75.7GP4". Because E depends so heavily on the
thickness and process of deposition and we have yetaunable to directly measure the
modulus for the PZT films used in this research,tbaoretical analysis must account for
an unknown modulus value that falls in or near thige.

Suggested methods to measure the Young’'s modulRZDfrom thin cantilever and
plate structures are provided in the Discussion2(89. Such structures created using the

fabrication methods for pMUTSs presented in thisthare not currently available.

7.2.2 Composite Density

The composite membrane density was determinedlbylaton of the mass and
volume for each layer in the laminate structurel #oen summed to formulate values for
the total mass and total volume of the pMUT elemdiiter,: was then calculated as the
total mass divided by the total volume. The layatth used for the volume calculations
was the DRIE width for all layers as listed in Te$B.1, 3.2, and 4.1. The layer lengths

were used as listed for each material layer.

7.2.3 Composite Modulus
Three possible methods of calculating a composaddutus are given in the
Analytical Methods (86.4.1) — the isostress “lawroktures,” Muralt’s layer-wise
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method*Y, and Pister & Dong’s layer-wise meth6d. The isostress composite
modulus is an adaptation from fiber-in-matrix tygmmposites which Chou et &

identify as applicable in small samples under uiiestress but inappropriate for the
analysis of layered plates under flextensionalation. The isostress composite modulus
was not encountered in the MUT modeling literatuhale the two layer-wise theories
were used or referenced specifically in the disoussf MUT vibration. The isostress
composite method was subsequently abandoned emtdgsis of pMUT vibration in this
work.

Both layer-wise theories yield comparable compasiteluli over the range of pMUT
dimensions. Effective composite moduli for pMUTvibes are calculated in Table 7.2
for Muralt and Pister & Dong’s methods usiBgyr= 10, 40, and 86 GPa to encompass
the Young’s modulus values observed in the litematu
Table 7.2 Calculated composite Young’'s modulus for pMUTVide types (based on
layer thicknesses only) using Muraly(,rar) and Pister & Dong’sHpp) layer-wise

methods. Calculations shown Uegr= 10, 40, and 86 GPa to encompass the range of
values observed in pMUT-related literature.

|EPZT= 10GPa 10GPa | 40GPa 40GPa | 86GPa 86GPa

tsi tezr taev Emurait Epp Emuratt Epp Emuratt Epp
Device (mm)  (mm) (nm) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
Wg5 6.0 1.1 8.03 97.67 92.89 102.66 99.71 110.35 @ 109.29
Wg6 6.0 2.0 8.93 91.26 81.82 98.10 92.72 108.62  107.05
Wg8 11.0 1.0 12.93 103.22 101.13 | 107.45 106.15 | 113.98 113,51
Wg9 11.0 2.0 13.93 93.57 88.23 100.42 97.34 110.95 110.07

Wgl2 16.0 1.0 17.93 | 107.23 106.03 | 110.78 110.03 | 116.25 115.98
Wgl4 16.0 2.0 18.93 97.80 9451 | 103.87 @ 101.96 | 113.20 112.66

Al 6.0 1.2 8.13 96.71 91.41 | 101.97 98.74 | 110.08 108.96
A2 6.0 1.2 8.13 96.71 91.41 | 101.97 98.74 | 110.08 108.96
All 6.5 1.2 8.63 96.96 92.04 | 102.25 99.26 | 110.41 109.37

Both layer-wise methods assume uniform layer theslkses and are independent of
plate lateral dimensions, utilizing only the compohlayer thicknesses in the calculation.

Referring to the formulation presented in the Baokgd, both methods are actually used
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to calculate an effective plate flexural rigidifes, which is then converted to an

Eeff htec;t
12(1- v?)

effective Young's modulugses, through the relatiod,, = using the total

plate thickness fdn: and 0.3 fow.

The percent difference between Muralt's and Pi&tBrong’s solutions for
Epz=10GPa is <6% except Wg6 devices where the difteres10.3%. The difference
between the two methods decreases as the Younglglusofor the two primary layers
(PZT and Si) become more similar. This differehlcely arises from errors in locating
the neutral axis in Muralt's method, while PisteD&ng’s method does not require
determination of the neutral axis. Note that #rgést deviation between the two layer-
wise methods occurs for the devices with the ldrgegative PZT thickness (to Si
thickness). Pister & Dong’s method was choserilferdevelopment of the subsequent
frequency theory for its straight-forward calcutatiand independence from
determination of the neutral plane location.

Variation in the value chosen f&pzt results in up to 23% difference in the calculated
composite modulus between the maximum and minimitneEp,r range, though <16%
is more typical. Suggested methods to measurgdheg’s modulus of the laminate
using a composite cantilever beam or other strastunder known load are discussed in
89.2.1. Unfortunately, the structures requiretheasure a composite modulus were
unavailable at the time of this writing. A valukekpzr = 10GPa was chosen for use in
the subsequent analysis for consistency. Howeweasurement of the composite
modulus for the structures and geometries studiehlis work is highly suggested and

would greatly contribute to the accuracy of thejfrency theory.
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The error introduced through the composite modideventually diminished by the
square root taken in the frequency calculation @f.with 6.2), thus contributing less
than 6% error in the frequency when choosing betviee two methods and less than

12.5% over the range &zt shown.

7.3 Resonant Oscillation in Pulse-Echo Configuratin

A persistent oscillation was initially observedtbe 14x14 pMUT arrays when a
single element was connected in a pulse-echo amafiign, with a high-voltage transmit
waveform delivered with the receive amplifier cocteel to the same element. A short
description of this oscillation was provided in #rgerimental methods section covering
the single element pulse-echo response of the 12R01gMUT array devices. Further
characterization and analysis of the persisteritlason was conducted on both the
14x14 and 5x5 2D array elements. Coupled withréiselts from optical vibrometry and
electrical impedance analysis, the observationsenradicate that the persistent
oscillation is the fundamental (1-1) mode resonaeo@aining in the structure over a
long duration in response to the high-voltage tnrahgvaveform. The resonant
oscillation is shown to be only weakly propagatimig the medium, but contributing
greatly to mechanical coupling or electrical crasbetween elements within the array.

The straightforward acquisition of the frequencyhad oscillation under both air and
water loading presents an excellent method to aheterthe resonant response of the
pMUT plate. This frequency will be useful in thébsequent development of the pMUT

vibration theory.
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7.3.1 Measurement of the Resonant Oscillation

Measurement and characterization of the resonailtad®n was initially performed
onthe A1 2D 150 12 array. The characterizatios tlvan extended to all the 14x14
2D pMUT arrays and later conducted on the 5x5 28yar The extensive
characterization of the oscillation using the A1_2B0_12 array will be presented first,
followed by observations from the rest of the 14atrhy devices. The resonant
oscillation frequencies for 5x5 devices were ca#tdcsimilarly and are presented in the
summary of measured vibrational frequencies ince@7.4.

Measurement of the frequency of the resonant asioifl is straightforward and can
be determined using a Fourier transform of thetetad signal across the element shortly
after the high-voltage transmit is applied. Tyficahis should be done immediately
following the recovery of the receive amplifier Whthe oscillation amplitude is still
high, roughly 10-36s after the transmit waveform has been applied.

Recalling from the single element pulse-echo chareation of the A1 2D 150 12
14x14 array in section 84.3.4, a large 4.7MHz peak observed in the FFT of the pulse-
echo signal. The 4.7MHz peak is the result ofadgmged oscillation in the pulse-echo
waveform which precedes the actual reflected pusa the aluminum block target and

remains unchanged when the reflecting target rstaded in range or removed altogether.

7.3.2 Propagation of the Resonant Oscillation

To discern whether the 4.7MHz oscillation is a @@gting mode, the array was
driven in a transmit-only configuration into the G200 hydrophone at the observed

optimal operating frequency of 5.4MHz (which wasedmined based on both
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guantitative measurement of the peak-to-peak ang@iand qualitative assessment of the
waveform envelope). The frequency component iMtii&Hz range was -21dB down
from the 5.4MHz frequency component. This indisateat the 5.4MHz signal is
propagated while the 4.7MHz oscillation propagébes lesser degree (resulting in a
“ringy” tail following the truncated sinusoid pulskut largely remains in the structure.

Single elements were then driven at frequenciesdsst 2.0-2.5MHz to excite the
oscillation frequency rather than the observednopltipulse-echo frequency in both
transmit-only and pulse-echo configurations. Tnai®nly measurements revealed an
acceptable waveform with lower amplitude signahé lower frequency while the
pulse-echo measurements showed significantly deedei@flected pulse amplitude. This
indicates that while 4.7MHz may be a frequency thase pMUTs can be driven to
transmit at, it is not a frequency at which thelsenents transmit and receive in a pulse-
echo configuration as effectively as they do aVi@.

Further testing in the pulse-echo mode while vayyire driving frequency showed
that decreasing the transmit frequency from 5.6MbBl&n to 4.5MHz resulted in a
decrease in the reflected pulse amplitude by afaxdt2 while the amplitude of the
persistent oscillation increased by a factor offBe change in pulse-echo signal and
oscillation amplitudes as a function of frequersghown for A1_2D_175_9 in Figure

7.1.
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PMUT PE and Osc Amplitude vs. Frequency - A1_2D_175 _9 @ 30Vtx, r=10mm
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Figure 7.1 Pulse-echo (M) and persistent oscillation 4 amplitude as a function of
the applied transmit frequency for a representédtésel4 array (A1_2D_175_9) at 3gV
x With the reflecting target at 10mm range.

For this array (A1_2D_150_12), we recall that tealptransmit and receive
frequencies are 5.6MHz and 5.4MHz, respectivellge pulse-echo measurements for the
same device show that the optimal pulse-echo dpgraequency is between 5.2-
5.6MHz where the oscillation is minimized, with 4 %atio of reflected pulse signal to
persistent oscillation amplitude. At lower transfrequencies, the signal:oscillation

ratio decreases to 1:1.

7.3.3 Coupling and Crosstalk of the Resonant Oslation

To determine whether the oscillation was contaivedin the device structure and
how it might impact neighboring elements, a comlement was driven in transmit while
the oscillation amplitude was measured on neignigoglements. The presence of

measurable oscillation amplitude was observed anyall elements within the array.
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The oscillation amplitude diminished as the diseabetween the two elements decreased,
but measurable oscillation was observed as fateaspposing corner element.

Contact force was applied to the surface of thecgean both the active device area
and on the surrounding bulk silicon to dampen gnaent the oscillation. Application of
force on the bulk silicon did not result in meafleachange in the oscillation amplitude.
Application of force on the active device area heshlin significant change of the
amplitude, typically decreasing but in some casegeasing, the amplitude. The
oscillation amplitude was diminished dramaticallyem the measured non-transmitting
element was physically clamped, but was only elated completely when the
transmitting element was clamped. This confirntet the physical vibration of the

transmitting element resulted in the oscillatiobserved on the opposing corner element.

7.3.4 Effect of Air vs. Water Loading on ResonanDscillation

This persistent oscillation in pulse-echo was olesein all A-series devices, with
both water and air loading. The oscillation inva&s observed by taking the FFT of the
signal after the recovery of the receive amplifidrile suspended out of the water tank.
The water-loaded oscillation was then observedutyrerging the surface of array into
the water without a reflecting target in place.eTrequency of oscillation in air and
water for 14x14 2D array devices are given in TabBwith transmit, receive, and
impedance analyzer frequencies included for corapari

Note that the oscillation frequency in air mirrtéinge impedance analyzer frequencies
closely, indicating a strong correlation betweesm etectrical response of the devices

from the impedance analyzer measurements and tbleamieal response observed in the
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persistent oscillation. Coupled with the strongelation between optical vibrometry
measurements of the surface displacement in aire tis substantial evidence that this
frequency is the natural vibrational frequencyhs fundamental mode in air.

Table 7.3 Frequencies of pulse-echo persistent oscilladioh optimal pulse-echo signal.
Transmit, receive, and impedance analyzer freqesrarie included for comparison. Note
that the impedance analyzer frequencies are wlale transmit and receive are in water.
(Oscillation frequency spectrum also included 18nh@ 10.4MHz components. 6.00MHz
component is roughly 20dB larger).

H20 H20 Air Air H20
PE
PE Osc PE Osc | Pulse
tdev Wetch Letch ftx frx fimp an Ffeq Fl'eq Ffeq

Device (um) | (um) | (um) | (MHz) | (MHz) | (MHz) (MHz) (MHz) (MHz)
A1l 2D 40 90p_1 8.6 39 64 13.00 | 12.75 | 14.00 14.20 12.50 -

A1l 2D 50 100p_1 | 8.6 50 77 9.40 | 10.00 | 6.10 6.00 * 4.2/4.68
All_2D_65_150g_1 8.6 63 91 7.70 7.51 8.65 8.70 5.80

All 2D 65 150p_ 1 | 8.6 63 91 | 7.00 | 6.91 | 9.50 9.60 =
All_2D_75_150g_1 8.6 72 104 4.20 3.88 4.80 4.80/8.8 3.25
All_2D_75_150p_1 8.6 72 104 4.20 3.89 4.90 4.85/8.5 3.25

Al _2D_175_9 8.1 78 103 5.40 5.17 6.76 6.80 4.45 5.60
Al_2D_150_12 8.1 78 103 5.60 5.40 6.82 6.90 4.70 5.65
A2_2D_175_12 8.1 65 96 6.20 6.14 8.00 8.00 5.10 6.00
A2_2D_150_9 8.1 65 96 -- -- -- 8.65 5.70 7.00
A2_2D_150_10 8.1 65 96 -- -- -- 8.80 5.80 7.10

For frequencies in water, we find that the pulskeesignal frequency fits closely
with the optimal transmit and receive frequencassexpected, but the oscillation
frequency falls roughly 15-20% below the optimalgedecho frequency. The
contributing factors for this observation will bescussed in a later section.

A representative waveform from amf element and FFTs of the oscillation in air
and water for devices of varying size are showhigure 7.2. Note the downshift in
frequency and decrease in amplitude of the osaitidtom air to water loading for each

device. The oscillation waveform shown includeokery of the receive amplifier.
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A11_2D_40_90p_1 PMUT PE Oscillation in Air & H20 - FFT A11_2D_50_100p_1 PMUT PE Oscillation in Air & H20 - FFT
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Figure 7.2 FFTs and a representative waveform of the persishon-propagating
oscillation on the pMUTSs in pulse-echo configuratio air and water. Dotted plots are
response in air, solid plots are in water.

It is worth noting the multiple frequency peakghe FFT of the oscillations in the
All 50 device and the A11_75 devices. For the ADldevice in air, peaks exist at 6.0,
10.0, and 10.4MHz, while with water loading, onlg 4nd 4.68MHz frequency peaks
appear. Forthe A1l 75 device in air, peaks exi4t85 and 8.5/8.8MHz, while with

water loading only the 3.25MHz frequency peak appedhese devices differ from most

other devices which typically have a single frequyepeak in the oscillation. All three of
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these devices, A11 50p, A1l 75p, and A1l _75gq, iticodar, performed poorly as
imaging arrays, with noticeably lower dynamic ramgel sensitivity. The appearance of
multiple peaks in the oscillation frequency respogwes indication of multiple modes of
oscillation, possibly diverting more energy awagnfrthe propagating vibrational mode.
The contributing factors to this aberrant behawi@ currently unknown.

Referencing the time-domain oscillation observethaoptical vibrometry results
(Figure 5.1 and 5.2), the timing of persistent ketoon waveform shown falls well

within the duration of the surface displacement snead using optical methods.

7.3.5 Effect of Resonant Oscillation on Imaging Prmance

The amplitude of the persistent oscillation aciesgces also provides indication of
imaging performance. Table 7.4 shows the maximweagsured oscillation amplitudes in
air and water, with pulse-echo signal amplitudex/ed when available.

Table 7.4 Persistent oscillation amplitudes in air andexdbr 14x14 pMUT single

elements at 30y« Pulse-echo signal amplitudes are provided fongarison when
available.

Air H20
PE
PE Osc PE Osc Pulse
tdev Wetch Letch Vtx Ffeq Vosc Fl’eq Vosc Fl’eq VF'E

Device (um) | (um) | (um) | (V) (MHz) (mV) (MHz) (mV) | (MHz) | (mV)
A1l 2D_40_90p_1 8.6 39 64 30.0 14.20 20 12.50 10 -- --
Al11_2D_50_100p_1 8.6 50 i 30.0 6.00* 480 4.2/4.68 | 260
Al1l1_2D_65_150g_1 8.6 63 91 30.0 8.70 480 5.80 10
All1_2D_65_150p_1 8.6 63 91 30.0 9.60 40 -- 5
Al11_2D_75_150g_1 8.6 72 104 | 30.0 | 4.80/8.7 | 3400 3.25 240
Al1l1_2D_75_150p_1 8.6 72 104 | 30.0 | 4.85/8.7 | 1800 3.25 180
Al _2D_175_9 8.1 78 103 | 30.0 6.80 1030 4.45 16 5.60 60.0
Al _2D_150_12 8.1 78 103 | 30.0 6.90 1100 4.70 40 5.65 65.0
A2_2D_175_12 8.1 65 96 30.0 8.00 400 5.10 5 6.00 48.0
A2_2D_150_9 8.1 65 96 30.0 8.65 225 5.70 10 7.00 45.0
A2_2D_150_10 8.1 65 96 30.0 8.80 240 5.80 5 7.10 40.0
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Note the significantly higher oscillation amplitiedef the A11 56m and 7%m devices
in comparison to the other devices. The devicasdkhibited particularly high
oscillation amplitudes were notably poorer in inmggperformance with much lower
signal to noise and a qualitative “haze” over thage field resulting in generally
unusable B-modes.

For imaging applications, the narrow bandwidthha$é fundamental resonant mode is
a non-ideal characteristic for an imaging transdudéot only has it been shown to
negatively affect pulse-echo operation due tooikgylduration which limits the dynamic
range for close targets, excitation of this resbnamde in the transmit waveform reduces
axial resolution due to an increased pulse-lengibr. use as an imaging transducer, the
pMUT elements must be driven off-resonance in sualay that will increase transmit
pulse bandwidth and decrease persistent oscillatitmn the structure by limiting the
resonant frequency component in the excitationemi@taining a high transmit efficiency
and receive sensitivity.

While the contributing factors to the oscillatiomg@litude are currently unknown,
these observations suggest that minimizing thdlason within the structure might
significantly improve the dynamic range and sigimahoise in imaging performance.
Suggested methods to reduce the persistent ognilland capitalize on off-resonance

operation are proposed in the Discussion (§89.2.4).

7.3.6 Relevance of Resonant Oscillation in pMUT Yrational Theory

The evidence from electrical, acoustic, and opticahsurements indicates that the
persistent oscillation is associated with signifiicdeflection of the pMUT membrane and
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is likely the fundamental resonant mode of freeation of the plate. The fundamental
resonance is typically the most easily modeledstndied vibrational mode, and errors
are generally minimized compared to higher-orded@so Also, as the natural free
vibration of the structure over the entire etchedahsions, the fewest assumptions need
to be made regarding the boundary conditions ferésonant oscillation. This mode
thus presents the simplest point from which todaipMUT frequency theory. The
additional considerations for higher-order operatto more complex boundary
conditions (confined 1-1 mode) can then be buitirufhe foundation of fundamental free
resonance.

The resonant oscillation frequencies will be models a free vibration over the
entire etched cavity dimensions. Resonant fregaene air can be modeled to assess
the boundary conditions in comparison to idealickehped and simply-supported
conditions. Composite plate material propertiasloa most easily evaluated from this
mode as well. The effects of loading by water fonded, alternatively confined, or
higher-order vibration for acoustic transmit andeige can be applied separately using

the modeling results of the resonant mode.

7.4 Summary of pMUT Measured Frequencies

The pMUT frequencies measured using electricalcaltand acoustic methods
presented in the Experimental Methods chapterSxXbrand 14x14 2D array single

elements under both air and water loading are suinetkin Table 7.5.
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Table 7.5 Frequencies measured using electrical, optaral,acoustic methods for 5x5
and 14x14 2D pMUT arrays under air and water logudiRields marked with -- designate
measurements attempted but were unquantifiable.

Air H20
Imp. PE Osc | Polytec PE Osc | Polytec
Analy. Freq - Freq - TX Rx Freq - Freq -
tsi tpzr Freq Air Air Freq Freq H20 H20
Device (mm) | (mm) (MHz) (MHz) (MHz) | (MHz) (MHz) (MHz) (MHz)
A1l 2D_40 90p_1 6.5 1.2 14.00 14.15 13.00 12.75 12.50
A1l 2D_50_100p_1 6.5 1.2 - 6.00/10.0 9.40 10.00 4.20/4.68
All 2D_65_150g_1 6.5 1.2 8.65 8.65 7.00 6.91 5.75
All 2D_65_150p_1 6.5 1.2 9.50 9.53 7.70 7.51 -
A1l 2D_75_150g_1 6.5 1.2 4.80 4.80/8.8 4.20 3.88 3.30
All 2D_75_150p_1 6.5 1.2 4.90 4.85/8.5 4.20 3.89 3.40
Al 2D_175_9 6.0 1.2 6.76 6.75 6.75 5.40 5.17 4.50 5.3
A2_2D_175_12 6.0 1.2 8.00 7.90 6.20 6.14 5.10
Al 2D_150_12 6.0 1.2 6.82 7.00 5.60 5.40 4.70
Wg5 B5050_100A 6.0 1.1 12.70 12.40 10.90 10.98 -
Wg6 B5050_100C 6.0 2.0 13.70 - 11.90 12.11 -
Wg8 B5050_100D 11.0 1.0 10.65 10.80 11.00 11.07 -
Wg9 B5050_100 11.0 2.0 12.78 - 12.60 11.96 -
Wg12 B5050_100B 16.0 1.0 13.45 = 13.20 12.96 -
Wg14 B5050_100 16.0 2.0 = = 13.60 13.31 -
Wg5 B7550_100A 6.0 1.1 8.86 9.00 7.70 7.28 -
Wg6 B7550_84A 6.0 2.0 10.00 10.00 8.20 7.56 -
Wg8 B7550_100C 11.0 1.0 9.11 8.30 8.40 7.78 -
Wg9 B7550_100D 11.0 2.0 8.70 8.60 8.60 7.31 -
Wg12 B7550_100A 16.0 1.0 9.75 9.75 9.10 8.21 -
Wg12 B7550_100B 16.0 1.0 9.65 9.65 -- 8.19 -
Wg14 B7550_100A 16.0 2.0 10.90 11.00 8.60 8.56 -
Wg5 B10050_100A 6.0 1.1 = = 4.30 3.94 -
Wg6 B10050_100C 6.0 2.0 = = 5.20 4.61 -
Wg8 B10050_100A 11.0 1.0 = = 5.10 4.13 -
Wg9 B10050_100C 11.0 2.0 -- -- 4.80 4.10 --
Wg12 B10050_100A 16.0 1.0 -- -- 6.20 4.73 --
Wg14 B10050 100A 16.0 2.0 -- -- 6.40 4,92 --
Wg5 B10050_100A 6.0 1.1 5.03 5.00 - 3.32 3.50
Wg6 B10050_100C 6.0 2.0 5.83 5.85 == 3.94 -
Wg8 B10050_100A 11.0 1.0 4.14 4.05 - 2.92 2.85
Wg9 B10050_100C 11.0 2.0 4.45 4.45 - 3.23 835
Wg12 B10050_100A 16.0 1.0 = 5.40 = 3.80 3.80
Wg14 B10050_100A 16.0 2.0 6.07 6.10 == 4.16 ==
Wg5 B200100_100D 6.0 1.1 = = 3.80 2.57/3.6 -
Wg6 B200100_100B 6.0 2.0 = = 4.30 4.52 -
Wg8 B200100_100A 11.0 1.0 - - 7.81 6.50 6.01 - 5.88
Wg9 B200100_100C 11.0 2.0 = = 6.80 6.20 -
Wg12 B200100_1008 | 16.0 1.0 = - 8.40 - -
Wg14 B200100 100D | 16.0 2.0 = -- 8.60 - -
Wg5 B200100_100D 6.0 1.1 = = -- 1.40 -
Wg6 B200100_100B 6.0 2.0 = = -- 1.10 -
Wg8 B200100_100A 11.0 1.0 = = 2.63 - 1.53 - 1.73
Wg9 B200100_100C 11.0 2.0 = = -- 1.51 -
Wg12 B200100_1008 | 16.0 1.0 = = -- 1.98 -




Table 7.5 continued

Wg14 B200100 100D | 16.0 2.0 -- -- -- 2.05 =

Wg5 B200100_100D 6.0 1.1 1.19 1.18 -- 0.70 0.67

Wg6 B200100_100B 6.0 2.0 1.39 1.38 -- 0.80 0.82

Wg8 B200100_100A 11.0 1.0 1.86 1.85 1.83 - 1.10 1.11 1.16
Wg9 B200100_100C 11.0 2.0 1.84 1.83 -- 1.10 1.12

Wg12 B200100_1008 | 16.0 @ 1.0 2.49 2.50 -- 1.98 1.63

Wg14 B200100_100D 16.0 2.0 2.44 2.45 - 2.05 1.60

In air, frequencies were obtained using the impedamalyzer and from
measurement of the persistent oscillations remgimrhe structure when the device was
connected in a pulse-echo configuration (transmdt r@ceive on the same element;
discussed in detail in section §87.3). Under wkttading, the persistent resonant
oscillation measured using a pulse-echo configoinadis well as acoustic transmit and
receive frequencies are provided. Optical vibragneteasurements using the Polytec
vibrometry system are shown for both loading caadg when available.

The impedance analyzer and resonant oscillatiaquéecies are in excellent
agreement in air. Under water loading, the resboscillation frequency decreases as
expected. The optical vibrometry frequencies #&e m excellent agreement to the
resonant oscillation frequency under both air aatewloading. The acoustic transmit
and receive frequencies in water are typically rghan the resonant oscillation
frequency, with transmit being slightly higher thaceive.

Recalling the different mode shapes observed usgntigal vibrometry (85.3.2) and
comparing to the measured frequencies of vibratioa,7%mm devices operate in a
fundamental 1-1 resonance mode while then®@@evice operated in a number of

different modes shapes — 1-1, confined 1-1* (bodrnmePZT or metal electrode layer),
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mixed 2-1/1-2, 1-3, and 3-1 modes. Unfortunatatiditional measurements with the
optical vibrometer were unavailable.

The pMUT structures investigated here are beligadk within a range where the
relative thickness of the plate (thickness vsrétdimensions) plays an important role.
The devices <7fm per side length are thick compared to the spdrsapport primarily
a fundamental 1-1 mode or confined fundamental mddes larger devices begin to
support additional higher-order modes as evidehgdtie performance of the 110
and 200m devices measured using optical vibrometry andisteoreceive experiments.

The impedance analyzer measurements in air an@sl@ant oscillations measured
in a pulse-echo configuration give the best indiocadf fundamental resonant free
vibration behavior. Higher-order mode operatiobest observed using optical
vibrometry when available and acoustic receive measents as an alternative. Multiple
modes are observable using the acoustic receiveriexgnts in the water tank which can
highlight higher-order vibration as well as fundanrta¢ mode operation which is in good
agreement with results from the other methods.

The measured frequencies from acoustic transmitecglve are typically higher
than the resonant frequencies because the chazatiter of optimal acoustic frequencies
includes consideration of the pulse-shape and balldwAcoustic transmit, receive, and
pulse-echo frequencies were evaluated on the bhsigimal imaging characteristics.
Often, the resonant frequency is narrow-band watiylpulse duration. In many cases
the peak-to-peak amplitude is also smaller thannwdraren off-resonance. These

characteristics of resonant vibration are non-if@aimaging and the measured optimal
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frequencies in transmit, receive, and pulse-eckdlars higher than the resonant
frequency.

Acoustic transmit frequencies, in particular angicglly higher still than the acoustic
receive, resonant oscillation, and vibrometry freggies. Acoustic transmission from the
pMUT is a forced vibration which is dependent nollyoon the plate characteristics, but
the forcing function as well. In this case thecfog function is the high-voltage
excitation of the PZT layer which covers only atpdrplate and, is itself, active only
under the top signal electrode. Either the phy&ioandaries presented by the PZT film
layer or the active electroded PZT yield smalléecfve plate dimensions under acoustic
transmission.

The subsequent analysis of pMUT vibrational fregueswill focus on the
frequencies identified by the impedance analyzatical viborometry, and resonant
oscillations in pulse-echo mode as the fundaméraalvibrational resonant frequency,
fres Mindlin plate theory will be applied to modektfrequency data based on the etch
dimensions, thicknesses, and other plate properfiesustic transmit and other
frequencies identified as the confined 1-1* modk w& investigated using alternative
structural dimensions of the plate, such as the f#ilor electrode dimensions. The
effect of compliant support in the boundary cormuti will be treated as an augmentation
of the frequency parameter in the frequency theémgquency change associated with
water loading will be addressed as a frequency watefficient as prescribed in the

Methods (86.4.2).
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7.5 Mindlin Thick Plate Theory Applied to pMUT Free
Resonant Vibration

7.5.1 Conventional CPT & Mindlin Plate Theories Aplied to pMUT

fres air

Comparison with the air-loaded resonant frequersiesvs that conventional CPT
and Mindlin theory are insufficient to fully dedoe the pMUT vibration. Figure 7.3
shows the comparison of measured Wg-series pMUdneat frequencies to the CPT
and Mindlin theories calculated for each wafer tysang composite plates of the
corresponding structure. The plots shown are gdadigainst the etched cavity length and
use simply-supported or fully clamped edge condgias labeled for the plate theory
curves.

The measured resonant frequencies in Figure 7.§ratped closely by device size
exhibiting little thickness dependence, contrarwtat the CPT and Mindlin theory
curves suggest. The theoretical curves show tigathange in PZT thickness fromnit
to 2r§m has a minimal effect on the theoretical frequdnesed on the groupings of
curves with the same Si thickness.

Note that the frequency curves from Mindlin theaffect the devices with higher
relative thickness more than the thinner devicEse position of the curves for Wg5/6
devices changes very little moving from CPT to Mimdheory while the curves for
Wg12/14, by contrast, are reduced more signifigantliso, this effect in the CCCC case

is more prominent than in the SSSS case.
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These curves show that the frequencies of the lthgedevices are moderately well-
described by the conventional plate theories. Hewehe frequencies of the smaller

devices are much lower than the conventional tes@riedict.
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Figure 7.3 Measured pMUT resonant frequencies,.» compared to conventional plate
theory frequencies calculated using devices of#rae structure, plotted against device
etched cavity length. CPT (top row) and Mindlimiiom row) plate theories are
considered with simply-supported (left column) &midly clamped (right column) edges.
Theoretical curves are presented in the same cotoesponding to the device type of the
measured frequencies.

The Mindlin theory with CCCC boundary conditionsdebes the thinner Wg5/6
devices moderately well. However, as the relafivekness increases, the SSSS case

appears to better describe the frequencies foMy@, 9, 12, and 14 devices as well as

the 50mim Wg5/6 devices. This trend demonstrates thaeatgpm of boundary
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conditions is likely in play with pMUT vibration ans dependent on the relative

thickness of the plate.

7.5.2 Generalized Analytical Method using pMUT es air

The impedance analyzer frequencies were used asdbpant free vibratiofies air.
When unavailable, the pulse-echo oscillation freqyen air was used as the two
frequencies are in excellent agreement. For thgysis of the impedance analyzer
frequencies, all devices are expected to operadundamental mode.

Plotting the thickness-normalized frequentfzt) {/s. etch length (Fig. 7.4a), the
frequencies of small devicels{1501m) are grouped by Si thickness. Under CPT, the
thickness-normalized frequencies should lie onaiogpach other. The grouping by
thickness suggests additional factors that caulezigease in frequency as relative
thickness increases. If Mindlin-type effects (gagrse shear deformation and rotational
inertia) can be attributed to the thickness-depenftequency decrease, the effects can
be factored out using the proportionality of freqeye parameters,?, between CPT and
Mindlin theory. The ratio of frequency parametgosn Mindlin theory and CPT
(/%cpil /mingin) Shown in Fig. 7.4b is used as the compensatictorfand is applied to
the thickness-normalized frequency to produce tivedMh-compensated frequencies
shown in Fig. 7.4c. Values of used here were calculated for fully-clamped (CCCC)

conditions with the dimensions of the associatesl (gMUT devices.
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Figure 7.4 Mindlin-compensation of the resonant free vilatunder air loading for

5x5 pMUT array devices. (top left, a) Uncompensadkeckness-normalized frequency vs.
etched length. (top right, b) Ratio of CPT to Mindi? applied as Mindlin-compensation
factors (bottom left, ¢) Mindlin-compensated thieks-normalized frequency vs. etched
length.

The group separation by Si thickness is now dirhimis(as expected for CPT thin plates)
and allows us to continue with a CPT-based anahaiing extracted the relative
thickness-dependent Mindlin effects. A CPT-baggat@ach moving forward allows for
a more straightforward comparison of effectieat a later point in the analysis.

Plotting the Mindlin-compensated thickness-norneifrequencies against.f/as
shown in Figure 7.5a, a roughly linear relationsiists between the two functions.
Linear fits to the data can be made as shown ifighee with the intercept forced
through the origin (describing the infinitesimaduency of vibration for an infinitely
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large plate). The linear fit is expressed in thefy=mx+b=mxwherey describes the
thickness-normalized Mindlin-compensated frequet) * (/ %cev /mingin)) andx

described/L?. The intercepb, being forced through the origin, is 0 and theslis

given by constanm.
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Figure 7.5 Curve-fitting to the Mindlin-compensated resontae vibration frequencies
under air loading for 5x5 pMUT array devices. (l@ft Mindlin-compensated thickness-
normalized frequency vs 14> with linear fits to each device structure. (rightLinear
fits from (a) rearranged to form theoretical curirevs.L plot with measured resonant
frequencies included for comparison.

Recalling the general plate theory frequency equati

/2 ~ /72 t /
12r (1 v?) (7.1)

where/ ?=/%fZ f=L/W,/?in CPT is dependent only on the aspect ratib/a and

constant for all thicknesses while the quantityamttie square root is a function of the
plate material properties calculated from the theds-fractions of the constitutive layers.
The term under the square root, therefore, renw@instant for a given pMUT laminate

structure where the layer thicknesses are helddhee. The slopmis thus equal to

*2
m= / con E 5 (7.2)
2p \12@Q- vo)r
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for devices of any length for each thickness stmgct Slope values for the theoretical
linear fits are given in Table 7.6.

Table 7.6 Theoretical fit values for Wg 5x5 pMUT fundamaintesonant free vibration
frequencies in air.

tsi tpzT tgev Linear Fit
Device | (um) | (um) | (um) | Slope, m
Wg5 6.0 11 8.0 9349
Wg6 6.0 2.0 8.9 9080

Wg8 11.0 1.0 13.0 6518
Wg9 11.0 2.0 13.9 6738
Wg12 16.0 1.0 18.0 6674
Wgl4 16.0 2.0 18.9 7979

From these values and the measured pMUT thickitesselationship between
vibrational frequency and lateral dimensions caxdsribed by plotting the frequency
curves shown in Figure 7.5b.

The generalized model is shown to be in excellgrd@ment with the measured
resonant frequencies, demonstrating thaf the/L? relationship in plate theory holds

true if appropriate values fon can be found. All points along these theoretical
frequency curves assume constéibr, E, 7, andv. Constant cer necessitates the
same mode shape (fundamental 1-1 in Figure 7.5¢anstant aspect ratids= b/a.
Note that the aspect ratio among the measured pl#vices changes between different
device sizes which would contribute to some ereiween the measured frequencies and
the theoretical frequency curves.

Further analysis will proceed through two approachEhe two primary variables
where uncertainty exists ag,r (and thuc,mp and the boundary conditions described
by /2. The first approach will hold the frequency paeaens at idealized clamped or

simply-supported values for each slope Values for arkEcompcan be calculated and
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compared to the theoretical layer-wise theoriesgiairange of values f&p,1. If the
back-calculatedp r fit within a realistic range for PZT, the pMUT geency theory can
incorporate the neWpzt value and utilize idealized boundary conditioii$ie Ecomp
should be constant-valued, independent of devieedbdimensions.

The second approach will holb,r at a fixed value, solving for effectivé, with
deviations from the idealized conditions attributedompliant support. However, the
effective/? are expected to be a function of relative thickresd backing out of the
generalized model with linear fitting will allowraore flexible analysis. Measured
pMUT frequencies will be modeled using the fulltplrequency equation rather than the
slopem, solving for effective/ * using measured frequencies and plate dimensiahs an

material properties.

7.5.3 Calculation ofE..mp using Idealized Boundary Conditions

Values ofEcompwill be calculated from the constant slapdérom the previous section
for each device thickness structure holdiigt idealized clamped and simply-supported
values. IfEcompis found to be constant-valued among all devicesampares favorably
with values from layer-wise methods using realiBtigr values, the deriveBcompcan be
used in the subsequent development of pMUT frequérenry with idealized %s.

Values of/? and/? for CPT are calculated for the 5x5 pMUT arraysigghe etch
dimensions. CPT values are used because the Mieffécts have already been factored
out using the ? ratios. Aspect ratiod, vary less than 5% among pMUT wafers of the

same size grouping. However, between differenicgesize groups, the aspect ratio
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varies by up to 69%, leading to significant diffece between the frequency parameters
of different sized devices. Devices with the sasgect ratio have constant-valued
frequency parameters in CPT regardless of platértiess.

Using the fitted slopemn, from the previous section along with the caleedat “cpr

and composite density of the plate, an effectivenéps modulus can be found by
2

pm

*2
/CPT

Eoomp =127 ool V2) (7.3)

comp

The composite densities used were calculated wkagtch dimensions for all layers and
the material properties provided in 87.2.2. Calted values for the composite moduli

from the linear fitting method are shown in Tabl&.7

Table 7.7 Calculated composite Young’'s moduli from curitéiffg method.

Ecomo 50's 75's 100's __ 200's
Wg5 32.78 5414  67.89  71.03
Wg6 33.88 5277 7051 7821
Wg8 1418 1991 2536  29.62
Wg9 1859 2305 3101 3527
Wg12 11.78 1858 2454  27.81
Wg14 1657 2823 3451 4159

A near-constanE:,mpis expected for devices with the same layer-tressnstructure,
with minor variations associated with the incomgletverage of the device cavity area
by the PZT and metal layers above the device iiatfon in the calculateB.ompfrom
the curve-fitting method shown above for devicethefsame thickness structure exhibit
up to 60% decrease between 200and 50m devices, much larger variation than
expected from layer-wise calculated moduli.

The calculated composite moduli from the lineairfg method are up to 88% lower

than those calculated from the layer-wise thedfieble 7.2) which range from 82-
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116GPa. Note that for similarly-sized devices,Ehg,from the curve-fitting method
decreases as the thickness increases, counter éxplected trend for increasing Si
thickness and composition percentage. The Youmg@ulus for Si is 125GPa compared
to the moduli in the range 10-86GPa for PZT filmdss the PZT thickness is held at 1-
2mm while the Si thickness is increased, the compasiddulus should approach the
higher Si modulus value.

The large variation in thEcomp Calculated from the linear-fit method as well atues
that fall well below those calculated using layasevtheory are outside of the possible
physical parameters of the constitutive materiapprties. While some variability and
error is expected in the Young’s modulus for P4ms resulting in a range of possible
values for the composite modulus, there is vetiglghysical relevance to th&omp
values derived through this method.

Comparing the measured fundamental resonant freteseto the fitted theoretical
frequency curves, the error falls within a maximof29%, with average error under
12%. The largest error values occur for themisdevices, while the 5n and 208m
devices appear to be well described by the cuttiegimethod.

The large errors between the measured and calddtaiguencies for some devices
combined with computeB.,mpthat are inconsistent with the possible physicalemal
properties indicate that the linear fitting methming idealized  does not provide a

complete description of pMUT vibration.
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7.5.4 Calculation of/? from Resonant Frequencies

Modification of the plate theory models to inclucmpliant support will necessitate
its introduction through the frequency paraméter From Equation 6.1, the frequency
parameter can be calculated if the frequency afwibn, plate dimensions, thickness,
Young’'s modulus, density, and Poisson’s ratio ar@¥n. As the measured resonant
frequencies are lower than those from clamped anglg-supported CPT and Mindlin
plate theories, the effective frequency parametdide lower than those prescribed for
these ideal boundary conditions by. The degrerhioh the effective frequency
parameters differ from idealized BCs in the conimrdl plate theories will be assessed
here and will be shown in the following sectiorctorelate to the effect of compliant
support.

As previously discussed, the true dimensions afatibn have not been conclusively
determined, though optical vibrometry has showpldisement of the device surface
beyond the dimensions of the etched cavity. Howeygical measurement of the
enlarged dimensions was performed only on one deaind the dimensional trends
observed for this device may not hold for all ottevices. For this reason, the plate
dimensions used in the following calculation andlgsis of effective frequency
parameters will be the etched cavity dimensions.

Similarly, because the Young’s modulus of the Pifii has not been conclusively
determined, a value of 10GPa, taken from the liseeafor similar PZT films, will be
used in the subsequent calculations of the comp¥siting’s modulus by Pister &
Dong’s method (see Background). Errors introduoech this assumption fdgpzt will

affect all device models similarly.
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Taking the fundamental resonance frequency in aasured by the impedance
analyzer, the etched cavity width, total devicekhess, and composite density and
Young’s modulus calculated from the layer-wise rodtithe effective frequency

parameters % were determined for all Wg 5x5 pMUT devices using

/2. =2p szJ%h (7.4)

Figure 7.6 shows the effective frequency parameteis function of the non-
dimensional/t. The 5x5 pMUT array devices are separated in phathby device size
because the large changes in aspect ratio oveanige of device sizes proved to be
problematic in plotting the theoretical frequen@&rameters from CPT and Mindlin
theory. Recalling from their defining equationsioth conventional plate theories, the
frequency parameters are a function of aspectsratia thickness ratios, and not absolute
dimensions. Frequency parameters are also indepenflYoung’'s modulus and other
absolute plate properties. The aspect ratios tesedlculate theoretical frequency
parameters for each subplot were the mean vale&sfiked, for each size class. Mean
aspect ratios for Wg-series 50’s, 75’s, 100’s, 200's are 1.64, 1.44, 1.32, and 1.26,
respectively.

These plots give an indication of the boundary @omus for each device group. The
effective frequency parameters are expected td&diw the clamped Mindlin theory
curve. The smaller, thicker devices tend to faittier below the theoretical CCCC
Mindlin curve than the thinner devices, close t@een lower than the SSSS curve.
Larger deviation from CCCC Mindlin theory indicalesser boundary constraints. For

example, the 5@m devices all fall below both the CCCC and SSSSeasuwhile the
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200mm devices fall between them. This indicates thatlarger devices tend to behave
more like conventional clamped plates than do thaialler counterparts with much

larger relative thickness.
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Figure 7.6 Fundamental modg vs. L/t for Wg-series 5x5 pMUTSs grouped by device
size. (top left, a) 50’s, (top right, b) 75’s, {twon left, ¢) 100’s, (bottom right, d) 200’s.
/? calculated from the measured resonant frequentieMUT devices (circles) are
plotted against CPT (solid) and Mindlin (dottedgdhies with CCCC (blue) and SSSS
(red) boundary conditions.

Similarly, the effective frequency parameters carplotted against theory grouped
by their thickness structure. Figure 7.8 showsefifective frequency parameters
calculated from the measured fundamental resomequéncies of the Wg-series 5x5
pMUTs with the corresponding theoretical CPT anadilin frequency parameters for
CCCC and SSSS conditions. Because the groupinggnoompass devices over a
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range of lateral dimensions and thus varying aspicts, the theoretical curves take into
account the increasinfjas device size decreases. Interpolation on thes&¥gs pMUT
device sizes was used to determine the aspecs @ter the theoretical range, as shown

in Figure 7.7.
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Figure 7.7: Interpolation of the aspect ratios of Wg-seriesides (red) for use in
theoretical calculations.

The resulting decrease in the theoreticdlor smallerL is most apparent in the CPT
curves which for fixed are typically constant.

Figure 7.8 shows trends similar to Figure 7.6. nfier devices tend to havé.
closer to the CCCC theory than thicker devices (wan®a Wg5/6 to Wg12/14). Also,
within each plot, where the device thicknessesteesame, the smaller devices tend to
fall at or below the SSSS curve rather than betvieelfCCCC and SSSS curves as the

larger devices do.
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Figure 7.8 Fundamental modé vs. L/t for Wg-series 5x5 pMUTs/ ? calculated from
the measured resonant frequencies of pMUT devesgs) are plotted against CPT
(solid) and Mindlin (dotted) theories with CCCCuyb) and SSSS (red) boundary
conditions. Plate theor{”’s include interpolation based on variable pMU/WV aspect
ratios. Device structures for each subplot aralzaled.

To show how the effective frequency parametersafiallevices compare in relation

to each other, th&% for all Wg-series and A-series pMUT arrays aeted together in
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Figure 7.9. CPT and Mindlin comparison curves@G@CC and SSSS conditions are
provided, calculated using the properties of thekegst Wg14 device structure.
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Figure 7.9 /2 vs.L/t for Wg-series 5x5 and A-series 14x14 pMUT$.calculated from
the measured resonant frequencies of pMUT deviaied€s) are plotted against CPT
(solid) and Mindlin (dotted) theories with CCCCuyb) and SSSS (red) boundary
conditions. Plate theori?’s shown are calculated using Wg14 thickness adididte
interpolation based on variable pMUIW aspect ratios.
A quantitative description of the trend % seen in Figure 7.9 would help to model
the discrepancy from idealized clamped Mindlin ttyeand used for predictive pMUT
frequency design.

Figures 7.6,7.8, and 7.9 show that the effectiggdency parameter of small devices
with large relative thickness fall below both th€ECC and SSSS Mindlin theories. As
the relative thicknesd/[) decreases, the effective frequency parametegases, falling

between the SSSS and CCCC conditions, approadmenigily clamped condition as the

relative thickness decreases. The degree by whétfe; deviate from the CCCC
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Mindlin theory indicates a relaxation of the boundeonstraints from the fully clamped
condition. Optical vibrometry showed surface diggiment over larger dimensions than
the etched cavity which could be a result of lods®mindary conditions. The relaxation
of boundary conditions is likely the result of éle®r compliant edge support due to the
uniform Si substrate that extends beyond the caihensions across the surface of the

device.

7.5.5 Compliant Support in pMUT Vibration

The deviation from theory observed in the effecfreguency parameters calculated
from the resonant frequencies of pMUTs in airkelly the result of compliant edge
support due to the elasticity of the Si substrayet which extends throughout the
entirety of the pMUT array, beyond the etched gagtimensions. While the compliance
of Si is quite low, the dimensions of the pMUT dms likely play a role in increasing the
effect of the material compliance at the boundasiegbe plate.

As described in the Analytical Methods (86.4.3fixad cantilever beam with
compliant support experiences a decrease in thiedrecy of vibration from a rigidly
supported beam by a degree linearly proportiontiéahickness:length ratio. As the
relative thickness increases, the frequency is@rpeo decrease as a result of the
additional deformation of the structure caused layemal compliance and
shear/rotational forces at the edge. While sinfdaces are accounted for within the
body of the plate in Mindlin theory, the use ofatieed clamped and simply-supported
boundary conditions does not include their effetthe edges. The material deformation

due to the compliance of the boundary materiallt@ésa similar frequency decrease as
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the relative thickness increases. While this desaen frequency with thickness-span
ratio may not necessarily remain linear for eladlycrestrained plates, some quantifiable
decrease is expected.

Following the work of Xiang et a*, Gorman®, and zhou®?, the frequency
decrease associated with elastic or compliant stippassessed through the frequency
parameters. Taking the ratio of the effective tieracy parameters from the measured
pMUT resonant frequencies to the theoretical Mm@CCC frequency parameters for
the same plate structure, we obtain a quantifinaticthe frequency deviation from a
rigidly supported plate due to compliance. Plattinis/? ratio (/ %// *Mingiin. cccd
against the relative thickness at the boundatigk.(.), we observe the expected
frequency decrease due to support compliance witteased relative thickness, as shown
in Figure 7.10.

Figure 7.10 shows that with the exception of thes¥8g5mim and 10@6m devices,
the /2 ratios follow a consistent decreasing trend wlih thickness ratio. The decrease
in /2 ratio with relative thickness is not purely lineaich is likely due to the
mechanical confinement around the entirety of tlageg(in contrast to a cantilever beam
for which a linear relationship exists). The chaggspect ratios with etched length
likely contribute to this nonlinearity and varianoegthe measured data as well.

Curves showing the relationship between Mindlin @C&hd other theoretical
frequency parameters are provided as a refereh@anstant value of 1 is provided to
show where frequency parameters for a rigidly clachilindlin plate would lie. The
dashed curve beginning at 1.0 and increasing atbev®lindlin CCCC line shows how a

rigidly clamped CPT/Kirchoff plate would behave lwan increase in relative thickness.
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The dotted curve beginning near 0.5 and increaswgrd the Mindlin CCCC line shows
how a simply-supported Mindlin plate would behawote that change in these curves
do not indicate increase or decrease in the afre@liency parameters given by these

theories, but that the ratio with respect to tigedty clamped Mindlin plate changes.
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Figure 7.1Q /? ratio (/ %e// “neor) VS. Non-dimensional t/L for Wg-series 5x5 arrays.
Effective frequency parameter calculated from messuesonant frequencies, theoretical
frequency parameters determined from Mindlin thorya CCCC plate/? ratio lines
showing relationships between conventional plageties and different boundary
conditions are shown in blue. Ratios of CCCC Mimdb CCCC Mindlin, SSSS Mindlin,
and CCCC CPT/Kirchoff ?s are shown.

The position of the simply supported curve is pded because the SSSS condition
carries some similarities to an elastically suppalate. Compared to a rigidly
supported plate, the modal dimensions of the sirmppported plate increase, similar to a

plate on compliant support, yielding a decreag@énfrequency of vibration as shown by

the /2 ratio < 1.0.
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To quantify the decreasing trend/ifwith relative thickness, the pMUT data was fit
using polynomial regression curve-fitting toolsinéar and quadratic fits were taken on
the data as a whole or in groups based on a staliéspect of device. Figure 7.11 shows
four polynomial fits to the Wg-series pMUT data fe¥Lech < 0.25. For three of these
plots, the fit was forced through the point (0d9,a thin plate is expected to closely
follow the behavior of a rigidly supported platesdebed by conventional theory

(Mindlin, in this case).
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Figure 7.1 Fitting of /% ratio (/ %ext// “heory) VS. Non-dimensional t/L for Wg-series 5x5
arrays by four different methods. (top left) Linéar(top right) linear fit by device
thickness groups, (bottom left) quadratic fit, fbat right) piece-wise linear fit.

Because we have chosen to express the frequenmadecassociated with compliant

support through the frequency parameters, théditse/? ratios can be treated as
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models of the compliance, a functiGit,L) dependent on the Si thickness and device
length.

The full-linear fit (upper left) takes a linear &@f the pMUT data as a whole. This
linear fit was forced through the point (0,1). the plot shows, the fit overestimates a

large portion of the pMUT data. The linear fit égkthe form

t. ta
=C(t,L)=1- 3359 —S  for—S_< 025 (7.5)

! cocc Leten Lo
The quadratic fit (lower left) takes a quadrattoofi the pMUT data as a whole. This
linear fit was forced through the point (0,1). Jlguadratic curve fits the data well.
However, approachingL=0.25 the quadratic curve begins to turn back ugsvarth a
positive slope which does match the behavior obtH& T devices and is undesirable for
use in a global analytical model. However, witthie range 0<t/L<0.25 over which the
guadratic fit is shown, the frequency-relative kimess relationship is well-modeled. The

quadratic fit is given by

2
=C(t,L)=1- 555 Is 41065 s forS_<025  (7.6)

/iA,CCCC etch etch etch

The group-wise linear fit (upper right) takes timear fit of the pMUT data in groups
based on device structure, more specifically, leyShthickness. This fitting method
ignored the (1,0) constraint. Shown in differeoliocs, the Wg5/6 (red), Wg8/9 (green),
and Wg12/14 (blue) groupings fit each device grmug moderate degree. Again, the
Wg5/6 75mm and 10@m devices deviate greatly from the general treadsmg the
linear fit for this group to differ greatly frométother 2 devices groups. As a
discontinuous fitting method, this fit is also mae¢al for use in a global analytical
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expression, but describes the effect of supportptiamce among different pMUT

structures well. The group-wise linear fit is givay

/% te te,
T =C(t,L)=1245- 5716 —-  forts=5mm,—- < 011
/M,CCCC Letch etch
/2
eff tsi tSi
- =C(t,L)=0.823- 2539 - forts=10mm, 002< —5 < 020
/M,CCCC etch etch
/2
eff tSi tSi
. =C(t,L)=0.757- 1691 forts=15mm, 004 < < 025
/M,CCCC etch etch

(7.7)
The piece-wise linear fit (bottom right) is a linéé to the pMUT data in each of two
domains, broken up at a specified potstl{c,c=0.08). This location was chosen at the
point which would allow for the best fit to the pMUlata with larger relative thickness
while maintaining an optimal fit to the dafa<0.08. The linear fit of the first section
was forced through the (0,1) constraint and coityris maintained between the two

sections. The piece-wise linear fit is given by

/2% te te
2 =C(t,L) =1- 5.164 —S for —— < 008
/M,CCCC etch Letch
/2 t t
eff _ _ Si Si
2 =C(t,L) = 0.704- 1.471 —S for 008<—S_ < 025 (7.8)
/M,CCCC etch etch

The coefficient of determinatiof®?, gives an indication of the goodness of fit of a
model, or how well the model approximates the daah points. Used with regression
analysis R represents the proportion of variability¥rthat may be attributed to some

linear combination of the regressorsxin TheR? typically falls in the range 0 to 1. An
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R? value of 1 represents a perfect fit of the datédendnvalue of 0 indicates a lack of
correlation between the model and the data. Retfer each of the four compliance
models is given in Table 7.8% values are also provided for the models recaledlat
without the Wg5/6 75 and 1@t devices.

Table 7.8 R? values calculated frorf? ratio residuals for different fit types (complianc

models) for full pMUT data set and excluding Wgaszloczmn devices.
Fit Type I:eresiduals (W/OR Wrgeglig’l%llsloo)
Linear 0.5924 0.3230
Quadratic 0.5523 0.7306
Piece-wise Linear 0.5363 0.7970
Group-wise Lineat 0.7952 0.7498

TheR? values provided in Table 7.8 show that while theug-wise linear model
lacks global continuity between all device struetuand does not model the expected
behavior of thin plates (intercept at (0,1)), tmisdel fits the observed data better than the
other three models. However, recalling that thesX§g5mm and 108m devices behave
much more like thin plates than those better diesedrby Mindlin theory, we note that the
observed values lie at or near the Mindlin and @ICC condition and are not well-
described by the compliance models. Creating diffied data set by excluding these
devices from the fits and recalculating ffefor each model reveals that the quadratic
and piece-wise linear models better describe thdiffed data set, joining the group-wise
linear model withR? in the 0.73-0.80 range. The linear fit model rama moderately
poor fit to the observed data, with tRedecreasing with the modified data set.

While none of the compliance models perfectly déscthe observed data, the
remaining variance in the observed values may éedbult of some of the factors

previously described, including inaccuracies infeasurement of the etched
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dimensions and an unknown Young’s modulus of PEtiture development and
application of these compliance models will gred@nefit from a more detailed

investigation into these factors.

7.5.6 Modified Mindlin Plate Theory with Compliant Support for
pMUT Vibrational Frequencies

The compliance models discussed in the previousosemay now be applied as a
modification of the Mindlin plate frequency equatioAs mentioned previously, the
compliance will be introduced through an effectpddUT frequency paramete/r,zpmut,
that is the product of the compliance model andMivedlin CCCC frequency parameter

such that

2w =C

pmut

L)% f/l .ccce (7.9)

compliance(

The modified frequency equation for resonant vibrabf pMUTSs in air is then given as

1 /o [D
frtes,air = Z thzt E = Ccompliance(t’ L) * fl\;lindlin,CCCC (710)

Figure 7.12 shows the effective pMUT frequency paater curves vd./t for the
Wg-series devices, developed using the fit modetsidbed previously. The
conventional Mindlin CCCC frequency parameter caraee also provided for reference.

The plotted/ zpmutshow that inclusion of th€(t,L) compliance term provides a more
accurate fit of the observed data than the Minttigory predicts, with the exception of
the Wg5 75 and 10n and Wg6 75, 100, and 20® devices. From this standpoint, the

guadratic and piece-wise linear fits model the ol data better than the other two fits.
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provided for comparison (dotted lines). Curve c®loorrespond to devices with

similarly colored observed data points. (top leftjear fit, (top right) group-wise linear

fit, (bottom left) quadratic fit, (bottom right) @ce-wise linear fit.

Evaluating theR? (Table 7.9) for the effective pMUT frequency pasdets, we find
that the compliance-modified frequency parametéethd observed data better than the
/? ratios (Table 7.8). Excluding the observed vafwes the devices with small relative

thickness, th&? values increase into the 0.92-0.94 range for ttalatic and piece-wise

linear models.
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Table 7.9 R values of modified Mindlin frequency parametershwiompliant support
for pMUTs using four different fit models for conmgohce. Calculated for full pMUT

data set and excluding Wg5/6, 75/h@®devices.

2
Compliance Fit Model RY/zeft wio 5&%??5/100)
Linear 0.7792 0.7685
Quadratic 0.7447 0.9256
Piece-wise Linear 0.7329 0.9451
Group-wise Linear 0.8868 0.8240

Using the effective pMUT frequency parameters,ftaguency equation (Eq. 7.10)
for pMUTSs based on a modified Mindlin plate theanyh compliant support can be

plotted against device etch length as shown inreigul3.
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Figure 7.13 Frequency curves vs. etched length for theoretiizadlin plates with
compliant support modeled after Wg-series devicasserved resonant frequency values

included to show fit. (top left) Linear fit, (tapght) group-wise linear fit, (bottom left)
guadratic fit, (bottom right) piece-wise linear. fit
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To show the theoretical frequency curves more bietire frequency can be plotted

againsteiftsi as shown in Figure 7.14.
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Figure 7.14 Frequency curves vk/t for theoretical Mindlin plates with compliant
support modeled after Wg-series devices. Obseaesmhant frequency values included
to show fit. (top left) Linear fit, (top right) gup-wise linear fit, (bottom left) quadratic

fit, (bottom right) piece-wise linear fit.

From Figures 7.13 and 7.14, the frequency equébiopMUTs based on a modified
Mindlin plate theory with compliant support usingct of the four compliance models
are shown to fit the observed resonant frequeneidls TheR? values (Table 7.10) of

the theoretical pMUT frequency curves help to giigtheir fit to the observed data.
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Table 7.10 R? values of modified Mindlin frequency theory witbrapliant support for
pMUTSs using four different fit models for compliaacCalculated for full pMUT data
set and excluding Wg5/6, 75/1f@ devices.

2
Compliance Fit Model Rreq wio Vgsflfg%/loo)
Linear 0.7519 0.7604
Quadratic 0.8510 0.9053
Piece-wise Linear 0.8641 0.9288
Group-wise Linear 0.8959 0.8979

The linear compliance model clearly lags behinddtier three models appreciably.
Overall, the modified pMUT frequency theory is shote describe the measured

resonant frequencies of real devices very well.

7.5.7 Application of the Modified pMUT Frequency Theory to New
Devices

The modified pMUT frequency theory based on Mingtliates with compliant
support has been shown to describe the resonajpieineies of the Wg-series devices
from which the model was derived. To demonstriageefficacy of the theory as a
predictive tool, the frequencies of devices frono subsequent wafer series will be
assessed. The A-series 2D arrays have been discpissviously, with resonant
frequencies presented in a previous section. Déines and resonant frequencies of the
A- and C-series devices are provided in Table 7.11.

The C-series devices were the most recently faiedcand packaged pMUT arrays
available at the time of this writing. Note thletC3 and C5 wafers were etched to yield
6.0 and 6.Bm Si similar to the A-series devices, the C1 wafas etched to leave only
3.0mm Si, marking the thinnest pMUT 2D arrays to dal&e resonant frequency

behavior of the C-series devices was measured osilyghe impedance analyzer at the
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time of this writing. While the A-series devicea®pide a broader range of lateral pMUT
dimensions, the C-series devices push the lowet difdevice thicknesses that have
been assessed.

Table 7.11 Dimensions and resonant frequencies for A- arsgiies devices.

Imp. PE Osc
Analy. Freq -
tsi tpzr | tdev | Weteh | Leteh | Wpzr | Lpzr Freq Air
Device (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (M) (MHz) (MHz)
All 2D 40 90p_1 6.5 1.2 8.6 39 64 52 47 14.00 14.15
Al1_2D_50_100p_1 6.5 1.2 8.6 50 77 62 58 = 6.00
All 2D 65 150g 1 6.5 1.2 8.6 63 91 76 73 8.65 8.65
All1_2D_65_150p_1 6.5 1.2 8.6 63 91 76 73 9.50 9.53
All 2D 75 1509 1 6.5 1.2 8.6 72 104 87 83 4.80 4.80
All 2D 75 150p_1 6.5 1.2 8.6 72 104 87 83 4.90 4.85
Al 2D 175 9 6.0 1.2 8.1 78 103 86 82 6.76 6.75
A2_2D 175 12 6.0 1.2 8.1 65 96 88 84 8.00 7.90
Al 2D 150 12 6.0 1.2 8.1 78 103 86 82 6.82 7.00
C1_75_16x32 3.0 1.2 5.1 80 110 92 85 3.85 --
C3_75_16x32 6.0 1.2 8.1 80 109 92 85 5.95 --
C5_75 16x32 6.5 1.2 8.6 79 111 92 85 6.60 --

Using Eq. 7.4 to calculate the effective frequepasameters/ s, for the observed
resonant frequencies, we can plot them againsethgve thickness as shown in Figure
7.15. The Wg-series data are included (grayedgdarparison. The compliance models
developed previously based on the Wg-series datalao shown.

Qualitatively, the A- and C-series data are realslyraodeled by the compliance fits
shown, but are not perfectly described by any efrttodels. While the linear compliance
model appears to yield the best fit to the effextrequency parameters of the A- and C-
series devices, the variance of nearly all therfd @-series data points (excluding A11

75mm) is very small.
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Figure 7.15 Calculated/ ? ratios from A- and C-series device frequenciestgtbas a
function of relative thickned$L. Wg-series observed data (grayed) and compliance
models are provided for comparison. (top left)danfit, (top right) group-wise linear fit,
(bottom left) quadratic fit, (bottom right) piecas& linear fit.

It is worth noting that the A11 Tn devices that appear to be a statistical outlier
from the rest of the data set performed particylpdorly as an imaging transducer with
poor sensitivity and dynamic range. While perhapisan indication of any causal
relationship to a low %, both this device and the A11r&@ device are noted to have
multiple frequency peaks in the oscillation FFTe($#.3.5), high resonant oscillation
amplitude remaining in the device in water, andinsively poorer performance in

pulse-echo imaging. The source of this aberranaWer is currently unknown, though

the marked departure from the expected respongeMblTs of such dimensions is noted.
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The response of the A11 ®B® device has been omitted from this analysis becaus
impedance analyzer results were not available lidate either of the two frequencies
identified from pulse-echo oscillation. The 4.8MHz frequency of the A11 Tén
devices was selected for use in the analysis bedaesmpedance analyzer results
corroborate this frequency; however the 8.5 or &#&Nhodes should be noted. The
multi-mode responses of these two device typesaide some concerns to be
investigated in more detail in the future.

Using the compliance models derived from the Wgesedtevices to calculat@(t,l),
the effective pMUT frequency paramete‘ré)muf, and associated theoretical curves were
calculated as shown in Figure 7.16.

The multiple curves shown of each color are thalted different aspect ratios and
Si thicknesses within each group. From these pllbésquadratic and piece-wise
compliance models appear to describe the frequentite A- and C-series pMUTs

better than the other two.
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Figure 7.16 /% vs.L/t for A- and C-series devices. Wg-series data asd@ated

Mindlin and compliance-adjusted Mindlin frequen@r@meter curves are provided
(grayed) for comparison. (top left) Linear fitpftright) group-wise linear fit, (bottom

left) quadratic fit, (bottom right) piece-wise lisefit.

Taking the effective pMUT frequency parameters tredmodified pMUT frequency

eqguation shown in Eq. 7.10, the frequency curvegdah device group can be plotted as

a function of device length, as shown in Figurer7.1
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Figure 7.17 A- and C-series observed frequencies and pMUJuieacy curves based on
Mindlin plates with compliant support vs devicedém Wg-series observed frequencies
and associated curves are provided (grayed) fopaason. (top left) Linear fit, (top
right) group-wise linear fit, (bottom left) quadiafit, (bottom right) piece-wise linear fit.

In order to separate the different device thickrggesips and highlight the role of relative

thickness in frequency, the frequency curves capldited as a function df/t as shown

in Figure 7.18.

169



T 20
Wg fnhs
18 WO fonucomp [ 8r
@ Al
16 ALLf N 161
pmut comp
o AuA2f,
14 Lo ALA2f N 141
pmut comp
¢ 'rms g
— 12 cf ~12F )
7 \ o comp 7
2 10t ' 2 10 '
g g \
= L = [\
“ o8 Q 1S Q
Q.
6 6+
L ] [ J
4r 4
2 2r
Linear Fit Group-wise Linear Fit
. . . h 0 . . . :
0 10 20 30 40 50 0 10 20 30 40 50
Letchh& (non-dim) Le[ch/tSI (non-dim)
20 T 20 T
WO T WG fops
18r Wg 'Dmul‘cnmp i 18r Wo 'pmm. P
@ Al ® ALl
161 AlLf N 16 ALLf
pmuteomp || = Uy e A comp
o AUA2{ O AUA2f
141 L ALA2E N 14+ o AUA2T N
omutcomp pmut comp
126 C'nhs 126 Cfobs
5 € ynuscony 7 © omscoms
< 10 < 10
o o
o o
1 T gl
6 6
([ ] [}
41 4
2 2r
Quadratic Fit Piece-wise Linear Fit
. . . h 0 . . . h
0 10 20 30 40 50 0 10 20 30 40 50
Lmh/tSI (non-dim) Lelch/[& (non-dim)

Figure 7.18 A- and C-series observed frequencies and pMUJuieacy curves based on
Mindlin plates with compliant support vs. devicad¢h/Si thickness. Wg-series
observed frequencies and associated curves arglpdo{grayed) for comparison. (top

left) Linear fit, (top right) group-wise linear fi(bottom left) quadratic fit, (bottom right)
piece-wise linear fit.

For a more quantitative view of how well the deywsd theory fits the observed A-
and C-series devices, tRé for the fit residuals/ % curves, and frequency theory curves
are provided in Table 7.12.

From theR? values and the associated plots, it appearsriguéncies predicted
using the linear, quadratic, and piece-wise lireeampliance models are in good

agreement with the observed frequencies.
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Table 7.12 R from fit residuals/ s curves, and frequency theory curves for A- and C-
series pMUTs using linear, quadratic, piece-wisg, group-wise compliance models.

Compliance Fit Model Rzresiduag,p\c Rz//zeff,Ac |?zfreq,AC
Linear 0.4093 0.7020 0.8412
Quadratic 0.1470 0.5322 0.8656
Piece-wise Linear -0.0431 0.4286 0.8294
Group-wise Linear -0.2876 0.3292 0.7281

While each compliance model has its own strengtidsvgeaknesses, the quadratic model
provides consistent results from the pMUT arrags$ei@ thus far and is the suggested

compliance model to be used within the range ovechwit is defined {L<0.27).

7.6 Summary

The methods described in this chapter have showrotade an excellent model of
the fundamental-mode vibrational frequencies in &ine resonant frequency in air is
well-described by the analytical methods given.

Combining the equations for support compliance (&6, quadratic fit), and fully-
clamped Mindlin frequencies (Eg. 7.1), we can egpi@n expanded form of the general

equation for pMUT fundamental-mode resonant fregie=nin air (Eq. 7.10) as

2
f t tsi tSi * /rZTm(Letch’Wetch’ttot) Ettmz (7 11)
Letch Letch preich 12f (l- VZ) |

res,air

= 1- 555 —— +1265

where length, width, and thickness dimensions arengoyL, W,andt, respectivelyy is
the composite plate densityjs the Poisson’s ratio (~0.3)’m is the frequency
parameter taken from the interpolation of tableldies (dependent dnW, andt), andE

is the Young’s modulus of the composite plate (froeasurement or calculation from
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composite plate flexural rigidityp). The compliance term given is for the quadratic

. . t . .
model, which for devices where- < 025 provides the most consistent results.

etch
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Chapter 8

PMUT Frequency Theory for Imaging Applications

8.1 Introduction

The pMUT frequency theory presented in the previthepter establishes a method
to identify the fundamental resonant frequencytiierdevices. Additional factors must
be taken into consideration to determine optimadjfiencies for imaging applications,
shown in acoustic measurements to be up to 15-2gBehthan the resonant frequency
in water.

The resonant vibration is the natural free vibratd the pMUT plate. The transmit
frequencies are, in contrast, electromechanicallgefd with a confined forcing function
over the area where the PZT film is activated (eteled). The receive frequencies fall
between the resonance and transmit frequencieararah acoustically forced vibration
in response to acoustic pressure waves which magrakty be regarded as plane waves
over the full device surface. However, in recdive pMUT membrane is, in part, freely
vibrating, particularly following the duration dfi¢ incoming pressure wave. In this
respect, the receive mode is likely to carry adaxgpmponent of the resonant frequency
than the forced, off-resonance transmit mode. 3@rges to explain why the optimal
acoustic receive frequency is typically lower thiaa transmit frequency and closer to
resonance.

In both acoustic transmit and receive modes, howewueface structures such as PZT

film and metal layers may introduce mechanical laures that alter the vibrational
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behavior. The relationship between resonant aréinit/receive frequencies will be
assessed using changes in the vibrational dimensmmesponding to physical pMUT
component structures. Recalling that the optiralatic transmit and receive
frequencies are a balance of near-resonance s#gstnd off-resonance bandwidth, the
confined fundamental vibrational mode is expectedd higher than the measured
acoustic frequencies. Optimal device charactedagor transmit efficiency and receive
sensitivity will be discussed.

The effect of water-loading will also be consideasdoading of the plate surface
dampens and lowers the vibrational frequency. ddweations for determining the
frequency decrease associated with water-loading presented in the Background and
will be applied to the pMUT devices. The accuratyhe water-loading equations will

be assessed.

8.2 Effect of Water Loading on pMUT Vibrational Frequency

An equation for the frequency decrease in the vifmeof plates loaded on one side
by water is provided by Greensp6h ®® and referenced by LeisS¥. The equation is
reproduced in Eq. 6.20 in the Background. Thisagiqu gives the frequency ratio of
vibration in water vs. vacuum. For the purposethisfthesis, the air-loaded condition
was treated as a reasonable approximation to theuwaloaded condition. The
frequency ratio may be used to predict the expewtadr-loaded frequency for a
vibrating plate from the known air-loaded respon$ke frequency ratio thus represents

a correction factoiCy,o, for use with frequencies in air.
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The percent difference between water-loaded anduwradoaded plates can be
calculated from the provided equation using thespla}l specifications of the pMUT
devices. The water-loaded frequencies are expécteeicrease by 7.8-42.5% from the
air-loaded condition, depending on the boundarydtams selected. The minimum,
maximum, and mean for the calculated water-loadection factors for the pMUT
devices are given in Table 8.1.

Table 8.1 Statistics for calculated percent decreaseeiquency due to water loading
for pMUT device structures.

Statistic SSSS CCCC
Min 10.39% 7.86%
Mean 23.56% 19.01%
Max 42.53% 36.39%

The accuracy of the calculated water-correctiotofaccan be evaluated by taking the
frequencies measured using the impedance analyaér as the unloaded frequency
compared to the measured resonant oscillation émcjas in water. The ratio of the
resonant frequency in water and air can be compgartte calculate€y,0 as shown in
Table 8.2. When available, the observed watefr@guency ratio is provided. However,
the low amplitude of the resonant oscillation inte@vdor many devices prohibited
accurate measurement of the water-loaded frequientiyese devices. Polytec
frequencies in air and water are also providedHertwo devices that were measured
using optical methods. The percent difference betwthe observed and theoretical
water-air frequency ratios is provided to quantifg accuracy of the water-loading
model. The theoretical water-loaded resonant #aqu is also calculated by taking the

product of the observed resonant frequency inrairthe theoretical water-loaded
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frequency factor for fundamental 1-1 mode vibrawer the full etched cavity for a

fuIIy clamped p|ate(cHzo,ccca, so that

t* — % § obs
fresH 20 — CH 20,CCCcC fres,air (81)

where the * identifies that the equation is forntetbusing observed frequency data.

Table 8.2 Calculated frequency factors (Eq. 6.20) for Brgded water loading in the
vibration of A- and Wg-series devices. Calculatatiies are for (white) 1-1 mode, full
etch dimensions, (green) confined 1-1 mode, etehdth/PZT length, (orange) 3-1
mode, full etch dimensions. Water-air frequendiosafrom measured pMUT data
shown for comparison with percent error betweerenlesl and theoretical values.
Theoretical resonant frequencies in water are gfpark) for fully clamped conditions,
1-1 mode over the full etched cavity.

Air H,O Theory
fres fpolytec Chizo Chz0 % % o
fresair | fres 20 ratio ratio Factor | Factor Diff Diff f " res,H20
Device (MHz) | (MHz) | (H2O/Air) (H2O/Air) | SSSS | CCCC SS CC (MHz)
A1l 2D 40 90p_1 14.00 1250 0.89 0.84 0.87 -6.9 -2.3 12.21
A1l 2D 50 _100p_1 6.00 4.68 0.78 0.81 0.85 3.2 8.0 5.09
A1l 2D 65 150g_1 8.65 5.75 0.66 0.78 0.82 14.4 19.2 7.11
A1l 2D 65 150p_1 9.50 - 0.78 0.82 7.81
A1l 2D 75 150g_1 4.80 3.30 0.69 0.76 0.80 9.0 145 3.86
A1l 2D 75 150p_1 4.90 3.40 0.69 0.76 0.80 8.1 13.7 3.94
Al 2D_175 9 6.76 4.50 0.67 0.79 0.74 0.79 10.5 16.1 5.37
A2_2D_175 12 8.00 5.10 0.64 0.76 0.81 16.7 21.6 6.50
Al 2D _150 12 6.82 4.70 0.69 0.74 0.79 7.3 13.2 5.41
Wg5 B5050_100A 12.70 - 0.82 0.86 10.97
Wg6 B5050_100C 13.70 - 0.85 0.89 12.12
Wg8 B5050_100D 10.65 - 0.85 0.88 9.42
Wg9 B5050_100 12.78 - 0.87 0.90 11.53
Wg12 B5050_100B 13.45 - 0.88 0.91 12.25
Wg14 B5050_100 -- -- 0.90 0.92
Wg5 B7550_100A 8.86 - 0.75 0.80 7.09
Wg6 B7550_84A 10.00 - 0.78 0.83 8.26
Wg8 B7550_100C 9.11 - 0.79 0.84 7.62
Wg9 B7550_100D 8.70 -- 0.81 0.86 7.44
Wg12 B7550_100A 9.75 - 0.83 0.86 8.43
Wg12 B7550_100B 9.65 - 0.83 0.86 8.34
Wg14 B7550_100A 10.90 - 0.85 0.88 9.61
Wg5 B10050_100A -- -- 0.70 0.75
Wg6 B10050_100C -- -- 0.73 0.78
Wg8 B10050_100A - - 0.75 0.80
Wg9 B10050_100C - - 0.78 0.82
Wg12 B10050_100A - - 0.79 0.83
Wg14 B10050 100A - - 0.81 0.85
Wg5 B10050_100A 5.03 3.50 0.70 0.70 0.75 0.5 7.8 3.80
Wg6 B10050_100C 5.83 - 0.73 0.78 4.57
Wg8 B10050_100A 4.14 2.85 0.69 0.75 0.80 8.3 14.0 3.31
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Table 8.2 continued

Wg9 B10050_100C 4.45 3.35 0.75 0.78 0.82 2.9 8.4 3.66
Wg12 B10050_100A 5.40 3.80 0.70 0.79 0.83 10.5 15.3 4.49
Wg14 B10050_100A 6.07 = 0.81 0.85 5.17
Wg5 B200100_100D = = 0.90 0.88
Wg6 B200100_100B - - 0.92 0.90
Wg8 B200100_100A - - 0.75 0.92 0.91
Wg9 B200100_100C - - 0.93 0.92
Wg12 B200100_100B - - 0.94 0.92
Wg14 B200100_100D == == 0.95 0.93
Wg5 B200100_100D - - 0.59 0.65
Wg6 B200100_100B - - 0.62 0.68
Wg8 B200100_100A - - 0.66 0.64 0.70
Wg9 B200100_100C - - 0.67 0.73
Wg12 B200100_100B - - 0.68 0.74
Wg14 B200100_100D == == 0.71 0.76
Wg5 B200100_100D 1.19 0.67 0.56 0.57 0.64 2.0 11.5 0.76
Wg6 B200100_100B 1.39 0.82 0.59 0.61 0.67 3.0 11.8 0.93
Wg8 B200100_100A 1.86 111 0.60 0.63 0.63 0.69 5.0 13.2 1.28
Wg9 B200100_100C 1.84 1.12 0.61 0.66 0.71 7.2 14.8 1.31
Wg12 B200100_1008 2.49 1.63 0.65 0.67 0.73 2.5 10.2 1.81
Wg14 B200100_100D | 2.44 1.60 0.66 0.70 0.75 6.0 12.9 1.84

The data provided in Table 8.2 shows that the égu&br the frequency decrease
due to water loading describes the observed viratibehavior to within 17% and 22%
between the SSSS and CCCC formulations, respegtivel

Equation 8.1 fof " (es H20is thus useful in isolating and assessing theracywof the
water-loading facto€u20 ccccwithout including the influences of the residuatserrors
from modeling using the modified Mindlin frequenityeory. By replacing the observed
frequency data in Eg. 8.1 with the theoretical Mimérequency model for pMUTS in air,

we can express the wholly theoretical frequencyehta pMUT vibration in water as

frtesH 20 = CH 20,cccc * Ccompliance(t’ L) * fI\Blindlin,air (82)
Theoretical values calculated from the above equoatiill be explored in a later section
as the water loading factor is the focus of thigiee and comparison of data from the

two different media better quantify its accuracy.
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Note thatCyyo is highly sensitive to the boundary dimensions lowandary
conditions. A change of a few microns in dimensioan change the frequency factor by
a few percent. The difference between frequenctpfa for clamped and simply
supported boundary conditions is up to 10% overadnge of pMUT structures. Recall
that the/ ¢« for the observed resonant frequencies reflect darynconditions ranging
from clamped to simply-supported to possibly evessIconstrained conditions. If the
relationship between clamped and simply supportigg €onditions in water-loaded
frequency factors holds true for the less-consgéi@inoundary conditions, the frequency
factors would be even lower, yielding even lowexdtetical frequencies. Therefore, the
f ¥ eszoprovided in Table 8.2 arfd.es H20given in Eq. 8.2 represent an upper bound for
the frequencies of pMUT resonance in water. Adddi analyses may provide extended
accuracy.

At present, the water-loading model using the cladhgondition frequency factors
for the theoretical frequency in water has beenaletrated to yield results within a few

hundred kilohertz of the measured water-loadedna@siooscillation frequencies.

8.3 Optimal Acoustic Receive Frequencies for Imagg

The optimal receive frequencies will be considdnesti as these frequencies are more
closely related to a full-plate fundamental modaraiion. The observed receive
frequency in waterf§) is compared to the observed resonant frequenay ifes ai) and

the theoretical resonant frequency in watgr,e(;,sz in Table 8.3.
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Table 8.3 Acoustic receive frequencies compared to caledlavater-loaded resonant
frequencies for A- and Wg-series devices. Theoaietesonant frequencies in water
(pink) calculated from product of resonant frequeimcair and water-loaded frequency
factor for fully clamped conditions, 1-1 mode otlee full etched cavity. Absolute and
percent differences between obserfiedndf " e H20are provided. Percent difference
between observeigs ro0and theoretical ™ es Ho0are also provided for comparison when
available.

Air H20 | Theory
Diff %Diff %Diff
CHZO o f l*res,HZO f t*res,HZO f l*res,HZO
fres,air fix Factor | f " resH20 vs. fi vs. fix VS. freshzo

Device (MHz) | (MHz) CCCC (MHz) (MHz) (%) (%)
Al11_2D_40_90p_1 14.00 12.75 0.87 12.21 -0.54 -4.43 -2.3
Al11_2D_50_100p_1 10.00 10.00 0.85 8.48 -1.52 -17.93 8.0
A1l 2D_65_150g_1 8.65 6.91 0.82 7.11 0.20 2.86 19.2
A1l _2D_65_150p_1 9.50 7.51 0.82 7.81 0.30 3.87
A1l _2D_75 150g_1 4.80 3.88 0.80 3.86 -0.02 -0.54 14.5
A1l 2D_75 150p_1 4.90 3.89 0.80 3.94 0.05 1.32 13.7
Al1_2D_175 9 6.76 5.17 0.79 5.37 0.19 3.58 16.1
A2_2D_175 12 8.00 6.14 0.81 6.50 0.36 5.52 21.6
Al _2D_150 12 6.82 5.40 0.79 5.41 0.01 0.26 13.2
Wg5 B5050_100A 12.70 10.98 0.86 10.97 -0.01 -0.14
Wg6 B5050_100C 13.70 1211 0.89 12.12 0.02 0.14
Wg8 B5050_100D 10.65 11.07 0.88 9.42 -1.65 -17.47
Wg9 B5050_100 12.78 11.96 0.90 11.53 -0.43 -3.73
Wg12 B5050_100B 13.45 12.96 0.91 12.25 -0.71 -5.78
Wg14 B5050_100 - 13.31 0.92
Wg5 B7550_100A 8.86 7.28 0.80 7.09 -0.19 -2.66
Wg6 B7550_84A 10.00 7.56 0.83 8.26 0.70 8.42
Wg8 B7550_100C 9.11 7.78 0.84 7.62 -0.16 -2.08
Wg9 B7550_100D 8.70 7.31 0.86 7.44 0.13 1.69
Wg12 B7550_100A 9.75 8.21 0.86 8.43 0.22 2.57
Wg12 B7550_100B 9.65 8.19 0.86 8.34 0.15 181
Wg14 B7550_100A 10.90 8.56 0.88 9.61 1.05 10.96
Wg5 B10050_100A 5.03 3.94 0.75 3.80 -0.14 -3.81
Wg6 B10050_100C 5.83 4.61 0.78 4.57 -0.04 -0.97
Wg8 B10050_100A 4.14 4.13 0.80 3.31 -0.82 -24.70
Wg9 B10050_100C 4.45 4.10 0.82 3.66 -0.44 -12.04
Wg12 B10050_100A 5.40 4.73 0.83 4.49 -0.25 -5.49
Wg14 B10050_100A 6.07 4.92 0.85 5.17 0.25 4.76
Wg5 B10050_100A 5.03 3.32 0.75 3.80 0.47 12.46 7.8
Wg6 B10050_100C 5.83 3.94 0.78 4.57 0.62 13.62
Wg8 B10050_100A 4.14 2.92 0.80 3.31 0.39 11.84 14.0
Wg9 B10050_100C 4.45 3.23 0.82 3.66 0.42 11.55 8.4
Wg12 B10050_100A 5.40 3.80 0.83 4.49 0.69 15.34 15.3
Wg14 B10050_100A 6.07 4.16 0.85 5.17 1.01 19.60
Wg5 B200100_100D 1.19 0.70 0.64 0.76 0.06 7.51 11.5
Wg6 B200100_100B 1.39 0.80 0.67 0.93 0.13 13.97 11.8
Wg8 B200100_100A 1.86 1.10 0.69 1.28 0.18 14.02 13.2
Wg9 B200100_100C 1.84 1.10 0.71 1.31 0.21 16.32 14.8
Wg12 B200100_100B 2.49 1.98 0.73 1.81 -0.17 -9.10 10.2
Wg14 B200100_100D | 2.44 2.05 0.75 1.84 -0.21 -11.62 12.9
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Examining the absolute and percent difference batviee observed frequencies and
f¥ es2a We find that the optimal acoustic receive frequies for devices with nominal
size 75mm are well-modeled b/ s 2010 less than 8.5% for all but three devices. In
fact, for the devices where both acoustic recengrasonant oscillation frequencies in
water are available, tHg is better described by the theoretical value (Whscderived
from the resonance in air).

For devices with nominal size of 2@, only the fundamental frequency was
considered (higher order modes will be discussedlater section). Bothy andfies 120
in water were well-modeled by the theoretitfghs noo The theoretical” es Hoofall
within 200kHz (<16%) of both observed frequenciesvater.

The 100m devices present a particularly special case.|&/the 200m devices
operate with a clear distinction between fundamnertd higher order modes in receive,
the 100m devices present two receive frequencies thatlase to each other, within
1.1MHz (<29%). The higher frequency is not higlowgh to be considered a higher-
order mode and little information is available tetohguish between what appear to be
two fundamental modk, frequencies when in water. With only one meastied
frequency in air, it is somewhat unclear whighfrequency to use for comparison to the
calculated " es 20 In Table 8.3, bothy frequencies for the 106n devices are
compared to the calculatéles o0 The theoretical frequency best describes thieehig
observed for the 5 and 1Bm Si devices (<5%) while fitting the lower obsenigd

better for the 18m Si devices (<12%).
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This method of calculatingt*,es,Hzofrom the resonant frequency in air and the
frequency factor from Greenspon’s equation (EqOBtBus presents an excellent method
of estimating the optimal acoustic receive freqyenthe oscillation observed in a pulse-
echo configuration is not always measurable in wagalditionally, this oscillation
results in a degradation of image quality dueddahg duration and inconsistent
amplitude.

It should be noted that the distinct origindoBindf.es Ho0is significant in discerning
their difference. The resonant oscillation in puéxho is the result of free vibration of
the membrane following its response to a high-gataansmit pulse. In air, little energy
is expected to propagate into the medium, leaviogtraf the energy in the pMUT
structure. In water, however, the oscillation reaperience a slight downshift in
frequency as a result of a significant portionref energy propagated into the medium in
addition to the effect of dampening by the waf€his would serve to explain why the
fes Hzomeasured in water is lower than the calculétag 10

The receive frequency, on the other hand, is arsponse to an incident acoustic
plane wave. As such, the frequency is subject tmtie effect of water loading. This
provides a reasonable explanation for the calodifdtes 120approximating,, more
closely tharfies H20

For the determination of the optimal receive fragyefor imaging applications, the
analysis shows that we can forego calculatinffom a model ofes 20 InStead,
calculatingf " es H2oUSING the method described provides a direct aqupiation tof.

Recalling thafes oy may be approximated using the compliance-modifiadlin
plate theory, the optimal receive frequeyzo may be modeled using the expression
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which is the same as the expression given in EjtBough with the dimensions used to
calculate each component specified to be the fallesl cavity dimensions.

Plotting the theoretical receive frequencigs, using the Wg-series device
dimensions, we find that the theoretical receiegfrency curves describe the observed
Wg- and A-series receive frequencies very welklasvn in Figure 8.1. Curves
calculated using quadratic, piece-wise, and groiggwompliance models are shown.

Curves for A-series device dimensions are omittetha differences between them and

t - full * full
frx,H 20 — CH 20,cccc Ccompliance(t’ L)

the Wg5 devices are marginal.
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Figure 8.1 Theoretical and observed optimal acoustic recEeguencies in water for
imaging applications. Theoretiddly calculated using quadratic (top), piece-wise
(middle), and group-wise (bottom) compliance models
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Calculating thé®* between the theoretical and observed receive éregjas using the
different compliance models (Table 8.4), we seéttiatheoretical frequency calculated
using the quadratic, piece-wise, and group-wisepdiamce models are an excellent fit to
the observed data.

Table 8.4 R values for theoretical and observed receive fregias for Wg- and A-
series devices.

Compliance Fit Model R%freq.Rx
Linear 0.7167
Quadratic 0.9225
Piece-wise Linear 0.9173
Group-wise Linear 0.9040

These results demonstrate that an equation baskftinaifin plate theory and
incorporating the effect of water loading and coian support may be used to
accurately predidt', using Equation 8.3. The receive frequency isr@l&mental mode

calculated using the full etch dimensions.

8.4 Optimal Acoustic Transmit Frequencies for Imagg

The optimal acoustic transmit frequencies have lséemwn to be up to 20% higher
than the calculated fundamental resonant frequeiibg electromechanical excitation
over the confined active PZT area is likely a kegtdbuting factor to this increased
transmit frequency.

The theoretical Mindlin frequency is affected byanbes in the dimensions of the
plate. Changing only the plate length dimensiot l@aving density, flexural rigidity,
thickness and plate width (etched width) the saanencrease of 1-18% is expected if the
PZT length is used instead of the etched lengtheatithnge of 4-29% is expected if the

electroded PZT length is used. The ratio betwherconfined vs. full dimension
184



theoretical frequencies can be compared to the adtihe observed acoustic transmit vs.
receive frequencies to assess if the decreasedsioms adequately explain the increase
seen in acoustic transmit. Both ratios are givendable 8.5.

Table 8.5 Calculated optimal acoustic transmit frequenailesater (compliance-
modified Mindlin frequencieshj) with water loading) compared to observed valugs.
calculated using full etched cavity (full) abg~confined dimensions (conf). Quadratic,
piece-wise, and group-wise compliance models basetie full etched cavity
dimensions. Water-loading factors determined ugiigand confined dimensions.
Highlighted theoretical frequencies (orange) idgritie optimal compliance model for
each set of devices.

H20 Obs Theory Quadratic Piece-wise Group-wise
Conf/
FU“ fM,HZO fM,HZO fM,HZO fM,HZO fM,HZO fM,HZO
fic fo/Frx f Full Conf Full Conf Full Conf
Device (MHz) Ratio Ratio (MHz) | (MHz) (MHz) (MHz) (MHz) (MHz)

A1l _2D_40_90p_1 13.00 1.02 1.16 12.08 14.21 11.82 13.91 14.16 16.66
A1l _2D_50_100p_1 9.40 0.94 1.16 8.75 10.31 8.16 9.62 10.73 12.65
A1l _2D_65_150g_1 7.00 1.01 1.14 6.28 7.28 5.93 6.87 7.86 9.11
A1l _2D_65_150p_1 7.70 1.03 1.14 6.28 7.28 5.93 6.87 7.86 9.11
A1l 2D_75_150g_1 4.20 1.08 1.14 5.11 5.95 4.93 5.74 6.46 7.52
A1l 2D_75_150p_1 4.20 1.08 1.14 5.11 5.95 4.93 5.74 6.46 7.52

Al 2D 1759 5.40 1.04 1.18 4.38 5.25 4.25 5.10 5.55 6.65
A2_2D_175_12 6.20 1.01 1.07 5.75 6.21 5.54 5.98 7.27 7.84
Al 2D _150_12 5.60 1.04 1.18 4.38 5.25 4.25 5.10 5.55 6.65
Wg5 B5050_100A 10.90 0.99 1.03 11.60 12.02 11.03 11.43 14.02 14.53
Wg6 B5050_100C 11.90 0.98 1.04 11.71 12.24 11.23 11.73 14.06 14.69
Wg8 B5050_100D 11.00 0.99 1.01 11.61 11.82 12.49 12.72 11.12 11.32
Wg9 B5050_100 12.60 1.05 1.00 10.85 10.89 11.68 11.72 10.09 10.13
Wg12 B5050_100B 13.20 1.02 0.94 14.99 14.12 12.81 12.07 12.76 12.02
Wg14 B5050_100 13.60 1.02 1.04 13.58 14.16 11.60 12.11 11.56 12.06
Wg5 B7550_100A 7.70 1.06 1.09 5.03 5.55 4.88 5.37 6.37 7.02
Wg6 B7550_84A 8.20 1.08 1.11 5.20 5.82 5.04 5.64 6.58 7.37
Wg8 B7550_100C 8.40 1.08 1.09 6.70 7.36 6.68 7.34 6.71 7.37
Wg9 B7550_100D 8.60 1.18 1.14 6.46 7.44 6.44 7.41 6.47 7.45
Wg12 B7550_100A 9.10 1.11 1.11 7.21 8.06 7.76 8.67 8.05 9.00
Wg12 B7550_100B -- 1.11 7.21 8.06 7.76 8.67 8.05 9.00
Wg14 B7550_100A 8.60 1.01 1.03 7.06 7.33 7.60 7.89 7.86 8.17
Wg5 B10050_100A 4.30 1.09 111 2.88 3.24 2.84 3.20 3.66 4.13
Wg6 B10050_100C 5.20 1.13 1.12 2.97 3.39 2.93 3.35 3.78 4.32
Wg8 B10050_100A 5.10 1.23 1.12 4.44 5.03 4.18 4.73 4.36 4.94
Wg9 B10050_100C 4.80 1.17 1.10 4.27 4.76 4.03 4.49 4.20 4.68

Wg12 B10050_100A 6.20 131 1.09 5.11 5.64 5.30 5.85 5.56 6.13
Wg14 B10050_100A 6.40 1.30 1.06 5.22 5.59 5.45 5.84 5.71 6.11

Wg5 B10050_100A = 111 2.88 3.24 2.84 3.20 3.66 4.13
Wg6 B10050_100C = 112 2.97 3.39 2.93 3.35 3.78 4.32
Wg8 B10050_100A = 112 4.44 5.03 4.18 4.73 4.36 4.94
Wg9 B10050_100C = 1.10 4.27 4.76 4.03 4.49 4.20 4.68
Wg12 B10050_100A = 1.09 5.11 5.64 5.30 5.85 5.56 6.13
Wg14 B10050_100A = 1.06 5.22 5.59 5.45 5.84 5.71 6.11
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Additionally, theoretical acoustic transmit frequoers may be calculated from the
product of the theoretical Mindlin frequency, waleading factor, and a compliance
model, such that

*ft

Mindlin,air

(8.4)

furz20 = Chizocece ™ Ceompancelt L)

Each of the elements on the right-hand side masalmilated using full or confined
dimensions. For full dimensions, the full etchedtity dimensions were used. For
confined dimensions, the etched width was used thegPZT length.

The compliance model for both theoretical frequecaigulations used the full cavity
dimensions because though the confined dimensiomsesent a different set of
boundary conditions from the full cavity dimensiptiee compliance for a confined
suspended plate is not properly described by raggabe etched length with the PZT
length. The compliance for the confined mode {ikethaves in an entirely different way
requiring separate study and derivation. Presgtitéycompliance for the full etched
cavity will serve as an adequate approximationeoratical transmit frequencies using
full and confined dimensions are shown in Table 8aculated with quadratic, piece-
wise, and group-wise compliance models.

The theoretical frequency results are in good agese with the observed data.
Using the quadratic and piece-wise compliance nsopielvides the best approximation
to the observetd for all A-series and 5@m Wg-series devices. The theoretical
frequencies employing the group-wise linear coomaieamodel best described the
observedi for the 75 and 10@m Wg devices. The most appropriate models foistran

frequency determination are highlighted in orange.
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The percent difference between observed and thealrgtansmit frequencies is given
in Table 8.6.

Table 8.6 Percent difference between calculated optimalisitc transmit frequencies

in water compared and observed values. Calcutededmit frequencies calculated using
compliance-modified Mindlin frequencies with wateading. Mindlin frequencies
calculated using full etched cavity (full) ahg~confined dimensions (conf). Quadratic,
piece-wise, and group-wise compliance models basdte full etched cavity
dimensions. Water-loading factors determined ugiigand confined dimensions.
Highlighted values (orange) identify the optimahgaiance model for each set of
devices.

H20 Obs Theory Quadratic Piece-wise Group-wise
Conf/ %Diff %Diff %Diff %Diff %Diff %Diff
FU” fM‘HZO fM.HZO fM.HZO fM.HZO fM.HZO fM‘HZO
fix foclfrx fm Full Conf Full Conf Full Conf
Device (MHz) Ratio Ratio (%) (%) (%) (%) (%) (%)
All_2D_40_90p_1 13.00 1.02 1.16 -7.7 8.5 -10.0 6.5 8.2 21.9
All 2D 50_100p_1 9.40 0.94 1.16 7.4 8.8 -15.1 2.3 12.4 25.7
All_2D_65_150g_1 7.00 1.01 1.14 -11.5 3.8 -18.0 -1.8 11.0 23.2
All_2D 65 _150p_1 7.70 1.03 1.14 -22.6 -5.8 -29.8 -12.0 2.1 15.5
All_2D 75 150g_1 4.20 1.08 1.14 17.9 29.5 14.8 26.8 35.0 44.2
All_2D 75 150p_1 4.20 1.08 1.14 17.9 29.5 14.8 26.8 35.0 44.2
Al_2D_175 9 5.40 1.04 1.18 -23.4 -2.9 -27.0 -5.9 2.7 18.8
A2_2D_175_12 6.20 1.01 1.07 -7.8 0.1 -11.8 -3.6 14.7 20.9
Al_2D_150_12 5.60 1.04 1.18 -27.9 -6.7 -31.7 -9.8 -1.0 15.8
Wg5 B5050_100A 10.90 0.99 1.03 6.0 9.3 1.2 4.6 22.3 25.0
Wg6 B5050_100C 11.90 0.98 1.04 -1.6 2.8 -6.0 -1.4 15.4 19.0
Wg8 B5050_100D 11.00 0.99 1.01 5.3 7.0 11.9 135 1.1 2.9
Wg9 B5050_100 12.60 1.05 1.00 -16.1 -15.7 -7.9 -7.5 -24.9 -24.4
Wg12 B5050_100B 13.20 1.02 0.94 11.9 6.5 -3.0 -9.4 -3.4 -9.8
Wg14 B5050_100 13.60 1.02 1.04 -0.2 4.0 -17.2 -12.3 -17.7 -12.8
Wg5 B7550_100A 7.70 1.06 1.09 -53.0 -38.9 -57.9 -43.4 -20.8 -9.7
Wg6 B7550_84A 8.20 1.08 111 -57.7 -40.8 -62.8 -45.4 -24.6 -11.2
Wg8 B7550_100C 8.40 1.08 1.09 -25.4 -14.1 -25.8 -14.4 -25.2 -13.9
Wg9 B7550_100D 8.60 1.18 1.14 -33.1 -15.7 -33.5 -16.0 -32.8 -15.5
Wg12 B7550_100A 9.10 111 111 -26.1 -12.9 -17.2 -4.9 -13.0 -1.1
Wg12 B7550_100B - 1.11
Wg14 B7550_100A 8.60 1.01 1.03 -21.9 -17.4 -13.2 -9.0 -9.4 -5.3
Wg5 B10050_100A 4.30 1.09 1.11 -49.5 -32.5 -51.3 -34.2 -17.4 -4.1
Wg6 B10050_100C 5.20 1.13 1.12 -75.0 -53.3 -77.2 -55.3 -37.5 -20.5
Wg8 B10050_100A 5.10 1.23 1.12 -14.8 -1.4 -22.0 -7.8 -16.8 -3.2
Wg9 B10050_100C 4.80 1.17 1.10 -12.4 -0.8 -19.2 -6.9 -14.2 -2.5
Wg12 B10050_100A 6.20 1.31 1.09 -21.4 -10.0 -16.9 -5.9 -11.6 -1.1
Wg14 B10050_100A 6.40 1.30 1.06 -22.6 -14.4 -17.4 -9.6 -12.2 -4.7
Wg5 B10050_100A -- 1.11
Wg6 B10050_100C -- 1.12
Wg8 B10050_100A -- 1.12
Wg9 B10050_100C -- 1.10
Wg12 B10050_100A -- 1.09
Wg14 B10050_100A -- 1.06
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The highlighted values identify the optimal compta model for each set of devices.

All but three devices are described by the theoakfrequencies to within 16% of the
observed acoustic transmit. We observe that tloelleéions using the confined
vibrational dimensions describe the observed trarfsaguencies better than those
developed using the full etched dimensions. Thkeerttical transmit frequency is thus

best given by the equation

t — ~ confined * full % £ t,confined
ftx,H 20 — CH 20,Cccc Ccompliance(t’ L) fMindlin,air (85)

Plotting the theoretical transmit frequency curaed comparing to the observed
transmit frequencies from Wg- and A-series dev(sbswn in Figure 8.2), we find that

theoretical values describe the observed datawelly
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Figure 8.2 Theoretical and observed optimal acoustic trahfexdguencies in water for
imaging applications. Theoretidd}, calculated using quadratic (top), piece-wise
(middle), and group-wise (bottom) compliance models
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Calculating thé¥? between the theoretical and observed receive éregjas using the
different compliance models (Table 8.7), we seeéttiatheoretical frequency calculated
using the quadratic, piece-wise, and group-wisepdiamce models are an excellent fit to
the observed data.

Table 8.7 R values for theoretical and observed transmit feagies for Wg- and A-
series devices.

Compliance Fit Model R%ireq Tx
Linear 0.2730
Quadratic 0.8465
Piece-wise Linear 0.8509
Group-wise Linear 0.5990

These results demonstrate that an equation baskftinaifin plate theory and
incorporating the effect of water loading and coian support may be used to
accurately predidt'y using Equation 8.5. The transmit frequency issshto be best
described as a confined fundamental mode calculetieg) the etched width and the PZT

length (smaller than the etched length) as theelathensions.

8.5 Higher Order Modes

The 200m devices were shown by optical vibrometry to opeena a higher order
mode in transmit. These higher-order modes werigexshin the modeling efforts
presented previously, requiring separate treatm€&hée following analysis will focus on
the modeling methods for this data set only. Fitst changes to the theory required to
model higher-order vibration will be considerecheThigher-order frequencies observed

using optical vibrometry in air and water will thbe compared to the theory. Finally,
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the higher-order acoustic transmit frequencies orealsin the water tank will be
compared to the theory.

Consider the general equation used to model thatiam of pMUTSs in water

t — full /conf % full % £ t,full/conf
fH 20 — CH 20,cccc Ccompliance(t’ L) fMindlin,air (86)

where the compliance term is calculated using tileeftched dimensions while the
Mindlin frequency in air and water-loading termsyntee taken with either full or
confined dimensions. Both the water-loading faetod the theoretical Mindlin
frequency in air are well-defined for higher-ordeondes. In the latter component, the
frequency increase is accounted for entirely inaneased frequency parameter.
Computed tables of higher-order mode frequencymparars were adapted for use with
pMUTs. Note that in the literature, the frequepayameters are given for mode
sequencesf increasing amplitude. However, the specifiademshapeq1-1,1-3,3-1,etc)
are not always consistent with a single mode sespieamber. The lowest mode
sequence is always the fundamental 1-1 mode, howeeerder of the subsequent
higher modes is dependent on the aspect raticegbltite under consideration.

The compliance models developed previously areiegge for fundamental mode
operation only. With only one device dimension@®trating in a higher order mode, a
substantive compliance model cannot be determifed this reason, the compliance
term will be omitted in parts of the following agsis. While it is likely that compliance
of the edge supports impacts higher-order vibraiitos reasonable to favor omission of
this term until a more comprehensive characteopatif the compliance effects at higher-

order modes is completed. The compliance factonfihe fundamental mode will be
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included in the analysis of optically observed treqcies, but will be omitted when the
acoustic transmit frequencies are considered.

Additionally, the limited optical measurements dafalie at present do not provide
definitive evidence of full or confined vibrationdimensions. Both dimension sets will
be considered in the following analysis.

Recalling the multiple higher-order mode frequea@bserved using optical methods,
1-1, confined 1-1*, 1-2/2-1, 1-3 and 3-1 modes wayserved in air and 1-1, confined 1-
1*, and 3-1 modes were observed in water. Usiegagpropriate frequency parameters
/? for higher-order modes, the Mindlin frequenciesevebtained for the Wg8 B200
physical specifications. Combinations of thesédnargorder Mindlin frequencies with
compliance and water-loading factors yield postiéd for the theoretical higher-order
vibration, given in Table 8.8 with observed freqcies from optical methods for
comparison. Note that theoretical values for highreler modes that include the
compliance factor use the fundamental 1-1 mode tange term and are italicised. The
compliance for higher-order modes is expected tdrtmuite less to decreasing the
frequency of vibration than in the fundamental c#éises these values represent a lower-
bound to the theoretical frequency.

Table 8.8 shows that the theoretical frequencites ofioderate approximation of the
observed higher-order frequencies. The obsenegpliéncies in air fall between the
theoretical frequencies with and without compliantewater, the theoretical 3-1 mode
with compliance is within 6% of the observed fregexe Further development of the
compliance modeling for higher-order modes willeoffefinement and greater accuracy

to this theory.
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Table 8.8 Calculated higher-order frequencies for Wg8 B@eg0ice specifications
under air- and water-loading. Observed frequerfcees optical vibrometry included for

comparison.
Air H20
fObSopticaI f'uindin | fm* Ceomp fObSopticaI f'm* Crzo | f'm* Crizo * Ceomp
Device Mode (MHz) | (MHz) (MHz) (MHz) (MHz) (MHz)
Wg8 B200 1-1 1.83 2.46 1.74 1.16 1.69 1.20
— 1-2 (5.47) 4.21 2.98 _ -- --
I 2-1 5.39 3.82 -- --
1-3 (5.69) 6.92 4.90 = 6.28 4.45
3-1 (7.81) 9.63 6.82 (5.88) 8.74 6.19
1.73
1-1* 2.63 2.75 1.91 2.79 1.93 1.33
- 3.21
c 9% - -
8 1-2 (5.47) 5.16 3.57 _
2-1* 5.62 3.89 -- =
1-3* (5.69) 8.75 6.05 -- 7.99 5.52
3-1* (7.81) 9.84 6.81 (5.88) 8.98 6.21
* designates confined dimensions
() designate obs freq repeated in both full and confined modes
italics designate Ccomp Of 1-1 mode applied to higher-order modes [unconfirmed by experiment]

Next, consider the high-order acoustic transmidencies measured in the water

tank. Table 8.9 presents the theoretical highdeiomodes calculated using the

specifications of the Wg-series 268 devices. Both 1-3 and 3-1 modes are presented

using full and confined dimensions. The obsenvigtidr-order transmit frequencies are

provided for comparison.

Table 8.9 Theoretical Mindlin frequencies for 1-3 and 8bdes in comparison to
observed acoustic transmit frequencies (shown tudieer-order from optical
vibrometry). Theoretical frequencies are calcudte full and confined dimensions and
include the decrease in frequency due to watelingadlhe effect of compliant support

is not included.

1-3 3-1
obs f tH20,fu|l f tH20,conf f tH20,fu|l f tH20,conf
] % | no compliance no compliance no compliance no compliance
Device (MHz) (MHz) (MHz) (MHz) (MHz)
Wg5 B200100_100D 3.80 3.24 4.13 4.51 4.64
Wg6 B200100_100B 4.30 3.22 4.10 4.48 4.61
Wg8 B200100_100A 6.50 6.28 7.98 8.74 8.98
Wg9 B200100_100C 6.80 6.02 7.65 8.38 8.61
Wg12 B200100_100B 8.40 9.77 12.41 13.60 13.95
Wg14 B200100_100D | 8.60 9.90 12.56 13.78 14.12
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While a theoretical frequency for each device maydund within Table 8.9, no
consistent formulation is adequate in describihgfahe 200m devices. The 3-1 mode
using confined dimensions fits the thinnest Wg5 amtvices well, but produces
frequencies higher than the observed for thickerogs. With the addition of a
compliance factor, it is expected that the theoatt3-1 mode with confined dimensions
will provide sufficient approximation of the higherder vibration of pMUTSs.
Unfortunately, a wider range of device sizes amcktiesses capable of higher-order
vibration must be evaluated in order to form anga@dée compliance model to be applied
here. However, the higher-order vibration of pMUWEs not been shown to produce
promising imaging results, so continued exploratbhigher-order frequency theory is

unlikely to benefit the current imaging applicatsoof pMUTS.

8.6 Summary

The methods described in this chapter have showrotade excellent models of the
fundamental-mode vibrational frequencies in waberirhaging applications. The
optimal acoustic transmit or receive frequenciewater are well-described by the
analytical methods given. Expansion of these medahtions into dimensional and
material property terms can be used to guide tegydef future pMUT devices.

Combining the equations for water-loading (Eq. §.80pport compliance (Eq. 7.6,
guadratic fit), and fully-clamped Mindlin frequeesi(Eq. 7.1), we can express an
expanded form of the general equation (Eq. 8.6oded here) for pMUT

fundamental-mode frequencies in water as showrir8B& and 8.8.
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t —_ full /conf 4 full % £ t,full /conf
fH20 - CH 20,cccc Ccompliance(t’ L) fMindIin,air (86)

The equations for optimal acoustic transmit aneirexare found by using the
appropriate structural dimensions in Eq. 8.6, yrgceither full or confined vibrational
dimensions. For the optimal acoustic receive feeqies, the etched cavity length is

used such that

2
t.. to
fi a0 = 1 % 1- 555 —S_ +1265 —S

Cvm j etch etch

1+ & Letch

* /im(Letchiwetch’ttot) Et ?

tot

2pwtjch 12r (1- V2)

(8.7)
where length, width, and thickness dimensions arengoyL, W,andt, respectively, and
subscripts describe specific structural dimensions.

In the water-loading terng,/gis the dimensionless ratio of the mass densityaiér
to that of the plateCym is a “virtual mass function” dependent on the gkaspect ratio,
andA andB are mode-dependent coefficients given for migd®r the CC condition. In
the Mindlin frequency terny; is the composite plate densityis the Poisson’s ratio
(~0.3),/?mnis the frequency parameter taken from the interimt of tabled values
(dependent oh,W, andt), andE is the Young’'s modulus of the composite plater{fro

measurement or calculation from composite plateufi@ rigidity, D). The compliance

term given is for the quadratic model, which fovides where-=- < 025 provides the
etch

most consistent results.
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For the optimal acoustic transmit frequencies,RE& film length is used such that

2
to to
£l o = ! % 1- 555 —S_ +1265 —S

1+ & LPZT Cvm i etch etch

g ttot 2 B

* /ﬁm(LPZT’Wetch’ttot) Ettot2
sze%ch 12r (1- V2)

(9.8)
These two equations constitute the predictive aesigory desired for the frequency
control of pMUTs. The selection of the appropriatgiation to use is dependent on the
intended application, though in general, using libéhtransmit and receive frequency
equations in concert will help to establish bothitygand PZT film lateral dimensions.
Careful selection of the relationship between gaartd PZT dimension will allow
increased control of the frequency separation betviiEansmit and receive operating

points.
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Chapter 9

Discussion

9.1 Application of the pMUT Frequency Theory

9.1.1 Transducer Design - Balancing Frequency, Efiency, Sensitivity,
and Physical Dimensions

The pMUT frequency theory presented has been shopwrovide excellent
guantitative description of the optimal fundamemade transmit and receive
frequencies for imaging applications. However,dberating frequency is one of several
aspects taken into consideration for the desiganaifltrasound transducer. The physical
dimensions, efficiency in transmit, and sensitivityeceive are just a few other
parameters that require consideration in the dgsigecess.

The physical transducer dimensions in catheterebesaging applications are
extremely tight and must be strictly controlledaking the cabling and interconnect into
consideration, the footprint of the transduceryamast fit within an 8 or 10Fr catheter.
Therefore, the element size and pitch must be ulyedelected to permit the desired
number of array elements within the allowable devantprint. Additionally, the
thickness of the element must be neither too thicatise mechanical failure nor too thick
to prohibit flexure while remembering that ttie relationship plays a significant role in
the frequency and sensitivity of pMUTSs.

Acoustic measurements have revealed that the titafiiency is higher for

membrane thicknesses of 5at0 while 15mm membranes experience a dampening of
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transmit output and efficiency. This is particlyarue for devices with smaller edge
dimensions where the thickness to length is eveatgr. The relationship of transmit
efficiency to length is somewhat inconsistent, gftodevices up to 7Bn in nominal
length fall within reasonable proximity of each eth Devices with 100 and 20
lengths are typically poorer due to higher-ordedmoontributions. The recommended
range of device dimensions to optimize transmitefhcy are those with <bdn
thickness and <#8n length.

The receive sensitivity follows a more consisteand, with sensitivity increasing
with element length up to 1@@h. This is likely an area effect, where the greateface
area is favored for the incident pressure to aohuevices with 20@m length were
shown to have a diminished sensitivity comparetid@m devices for 5 and b@n thick
elements. Thinner devices (5 andriQ) also perform more favorably than thicker
(15mm) devices with regard to receive sensitivity. Teeommended device dimensions
for optimal receive sensitivity are < thickness and <1@@n length while seeking as
large an area per element as is feasible basethenaiteria.

Choosing the design parameters of pMUT arraysnf@ging applications requires a
careful balance of all of these performance metrBsfore proceeding with the full
design methodology, an educated approximationettement dimensions and thickness
will aid in applying the frequency design equatioi$e frequency plots and curves
provided in the results and analysis may be usedgemeral guideline for device
dimensions. A pre-selected aspect ratio to be firadd throughout is recommended

(preferably in the range 1.25-1.75), though it $ddae noted that the aspect ratios used
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to develop the previously plotted frequency cumwes variable with device size. If the
equation forfy is used, a pre-selected;Lech ratio is recommended to simplify
calculation.

The recommended design methodology then beginglbygtsg the target imaging
frequency (transmit or receive) in water and chogshe appropriate corresponding
frequency equation. Each term of the frequencyaggun can be expressed as a function
of t andL, with W=L/f. If a desiredpz7is chosen, then for any givég, the frequency is
dependent oh only. Plotting the frequency curve (Figure 9.4 éacht,,; against or

L/
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Figure 9.1 fx andfy frequency curves for multiple thicknesses with AR5, tpz=1nm,
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If the lateral dimensions are not within the coaistts for the application, increasing
thety,: may help to bring the necessarjower. However, lower and upper bounds do
exist on the frequencies possible with a gilzaffue to the feasibility of manufacturing
very thin membranes (lower bound) or when the glaitkness is large enough to
prohibit flexure. Also, the frequency equationgegi hold for plates with/L<0.27.
Therefore, not all frequencies will be available &0y given element size, and it is to be
expected that the dimensions required for higregufencies (>12MHz) result in smaller
device area and thus lower receive sensitivity.

Once the proper dimensions for the desired transmiceive frequency are
determined, the other frequency can be determigetifusting the ratio dfpzr:Letch
The transmit and receive frequency gap is tunaplehlanging the short dimensions of
the PZT to cover more or less of the cavity. Cmgethe entire cavity should leave both
frequencies the same.

The frequency curves shown in Figure 9.1 exemphlifigulated,x andfi, for ts=1,

1.5, 2.5, 5, 160m, tpz=1mm, AR=1.25,Wh71=Wetcr*1.05, Lpz7=Letcr*0.85. For a given
frequency, by choosing the curve with the ligsto balance transmit efficiency and

receive sensitivity, the appropridigc, can be found.

9.1.2 Limitations of the pMUT Frequency Theory

While the presented theory has been shown to peqwiedictive frequency results
within 20% of the observed resonant frequencidalmficated pMUTSs, a number of

constraints currently limit the effectiveness anduaacy of the model.
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The primary limitation of the pMUT frequency theasythe empirical basis by which
the constants for compliant support are derivedil®founded on Mindlin plate theory
and established based on a demonstrated prindiptEngpliant edge support, the
guantitative analysis of the compliant supportaavily dependent on the material
properties of the membrane and substrate. Thetitatare values used to describe the
compliant boundary conditions have been developmd the observed frequencies of
physical devices. Thus, the current theory istiohito membranes falling within the
range of tested device dimensions, particularlyagect ratio (1.294W<1.65) and
relative thicknesst{L<0.27).

The current theory is not only limited to thesegas, but has been developed
assuming the relationship between the aspectaatiaelative thickness maintain the
trends by which existing pMUTs have been made. IlBmdevices (~50m) fall on the
larger side of the range of aspect ratios andrare longer and more bar-like, while
larger devices trend toward a more square-likecspéo. In order for the theory to
account for both changing aspect ratios and variatin relative thickness, interpolation
over the range of aspect ratios (Fig. 7.7) was eyl to produce a comprehensive
compliance model. Devices fabricated outside wftiiend will likely be poorly modeled

by the frequency theory currently presented.
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9.2 Future Work

9.2.1 Measuring Compositdpyyt Or Epzt

Determination of the elastic modulus of the deakRZT is possible by constructing
a cantilever unimorph structure with large lengtmpared to the thickness. By
measuring the resonant frequency of vibration aftédtion of the cantilever in the
presence of a known load, classical beam theorypearsed to back-calculate the
composite and PZT moduli given known values for$hsubstrate and the dimensions of
the beam. The use of a cantilever structure ghsdheoretical calculation as the
vibration of long, thin cantilevers relies on omlgingle fixed boundary which can be
idealized as rigidly clamped, minimizing the effettcompliant support, and has been
well-documented.

Using a plate structure introduces more compferithe theoretical formulation,
but if simplified geometries such as square orutancplates are used, some of the
complexity can be avoided as such structures alled@eumented. However, with
suspended plates and membranes, there remainsee dégincertainty in the size of the
cavity below, which can be estimated by measumsg dtructures on the same wafer.
The dimensions of cantilever structures, howevan, lie measured directly which

reduces these uncertainties considerably.

9.2.2 Broader Range of Device Dimensions

The pMUT frequency theory was developed from eropirevidence covering a
subset of the possible structural configurations iarthus limited in application to

devices with similar dimensions. The current tiyezan be expanded to build a more
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robust and descriptive theory by fabricating arsding devices over a comprehensive set
of aspect ratios and relative thicknesses. Catlg@mpirical data over a wider range in
both metrics will help separate the two variabled their independent effects on
frequency and will improve the efficacy of the foegcy theory by diminishing the need

for interpolation and introducing greater accuracthe compliance models.

9.2.3 Optical Vibrometry

Measurement of more pMUT devices using opticalontetry will help elucidate
many operating characteristics not observable wusbogistic and electrical methods alone.
The frequencies, mode shapes, vibrational dimesseamd crosstalk/coupling effects
were measured for only two devices. Continued oreasent and analysis using optical
vibrometry can be used to develop a more compréhetiseory of operation.

Vibrational dimensions may differ depending on tasizes, layer thicknesses, or
other device parameters. Higher-order mode shapgse suppressed after a certain
relative thickness is reached. The resonant asioitl frequency that travels throughout
the array structure can be examined more clogether experiments with electrical
crosstalk or mechanical coupling can be perforneextudy not just single element

operation, but inter-element interactions as well.

9.2.4 Limiting Resonant Oscillation

The long-duration resonant oscillation has beenveho degrade dynamic range,
bandwidth, and axial resolution. Driving the pMUGf§-resonance improves the

bandwidth without sacrificing much transmit effio@y or receive sensitivity. However,

203



other methods of minimizing the resonant oscillaitan be explored. Depositing
dampening/absorptive material around the silicenstiould reduce the oscillation
amplitude, improving bandwidth and dynamic rangg@nTmatching layers deposited on
the surface might help to couple energy out ofdéxéce silicon.

Fabrication of new device structures may also yseldstantial benefits to pMUT
imaging. The use of etched trenches in the desilm®n between elements might limit
the lateral propagation of mechanical energy. dbéht cavity geometries such as
trapezoids or rhomboids might decrease lateral ar@chl coupling as well. Many new
structural possibilities exist and may yield bréak&tighs in the performance of pMUTs

for imaging.

9.3 Conclusions

The results presented in this dissertation proaettie frequency of vibration of
pMUTs can be predictively modeled based on experiai@ata from various pMUT
configurations. Acoustic and optical experimemt&thods, measurements, and results
were presented from 2D pMUT arrays demonstratieg guitability for imaging in
tissue and tissue-like phantoms. Moreover, thedomental mode frequencies from
resonant oscillation and optimal acoustic transmd receive were analyzed.
Comparison to conventional Mindlin theory showealt tidealized clamped and simply-
supported boundary conditions are insufficientéeatibe pMUT vibration. Models for
compliant support were used to modify the boundaryditions in Mindlin theory. The

modified Mindlin theory was applied to devices matluded in the model development
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to demonstrate the theory’s predictive capabilitydMUT resonant oscillation as well as
optimal acoustic transmit and receive frequenamesnhaging applications.

This modified Mindlin theory presents a predictigeantitative description of pMUT
vibration that had not been available previoustyis hoped that these results contribute
to the ongoing development of pMUTSs for forwardkow, catheter-based ultrasound

imaging.
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Appendix A

Vibration of Strings, Bars, and Plates

A.1 Vibration of Strings and Thin Bars

The approach and derivations provided in this eadire adapted from Rossing and

Fletcher’?,

A.1.1 Transverse Wave Equation for a String

By examining the net force on a string segmenenfithds displaced byy under
tensionT to form an angle, the net force dF is found to be the differencievben the y
components of T at the two ends of the segment.

dF, = (Tsing),., - (Tsing), (A1)

Applying a Taylor’s series expansioinx + dx) = f (x) +

Tf (%)
T

dx+... to Tsing and
X

keeping only first order terms,
dF. = de (A.2)
y ﬂx

for small displacement y, sincan be replaced by tapdy/dx, giving

_- TPy
dFy =T ‘sz

dx (A.3)

The mass of the segment, dsyés, so Newton’s second law of motion becomes

Ty
it

7y
P dx = (mas)

T

(A.4)
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Because dy is small, ddx and writing é&=T/m we find

Ty _TTy_.Ty
> mx? x>

(A.5)

where T is the tension in the string and the mass per unit length.

A.1.2 Longitudinal Wave Equation for a String or Thin Bar

The equation of motion for longitudinal waves iatang or thin bar are found by
applying Hooke’s law for the stress and strain @e@ment of the string. Taylor series
expansion and differentiation can be used to fiméxpression for the net force acting on

the segment and Newton'’s second law of motioneésius define the equation of motion,

T'w_ETw_ ,Tw
mw e -

(A.6)

where E is the Young’s modulus in the string and the mass per unit volume. The
longitudinal wave velocity is given by, =/ E/r .

The normal modes of vibration for a structure viatth ends fixed is then given by

f =n  n=1,2,3, ... (A.7)
oL

n

A.2 Vibration of Bars

The approach and derivations provided in this eadire adapted from Kinsler &

Frey!”™ and Rossing & Fletché?.
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A.2.1 Bending Waves in a Bar

Transverse vibrations in bars and rods are somesutmdar to strings, however,
frequency dependence on tension is more complicdtethct, bars can vibrate under
zero tension, with the elastic forces in the bawvpling the restoring force in the force
balance of the unit element.

The result of bending a unit segment of a bar predstress and strain as a result of
the elongation or compression on portions aboueetw the neutral axis. For a
filament located at a distanedelow the neutral axis, compression by an amdgnt
produces a strain df/dx. The relationship between stress and strain foaterial is
given by the Young’'s modulus such that the fadEeaequired to produce stramdf/dx is

dF =edsz Y (A.8)
dx

wheredSis the cross-section of the filament dhd the Young’'s modulus.
The moment of this force about the neutral axdMs=[E dS z (d/dx)]z. The total
moment over all filaments in the bar is thus

M= dM = Ej—f z°dS (A.9)
X

Defining a radius of gyratiork, for the cross-section such that

1

K?== Z7%dS (A.10)
the bending moment becomes
2
M= sk @ Eskz 1Y (A.11)
dx X
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Y

becausedf @ ——- dx for smalld/. For a rectangular cross-sectidf,= h/\/ﬁ.
X

In order for the bar to remain in equilibrium, teenust be shearing forceswith

momentF dx at the ends of the bar such tRadx = dM, giving

3
F =":T—'\):' =. ESKZ% (A.12)
X

However, the shearing force is not constant, pcotpa net forcedF = (F / x) dx
which causes an acceleration perpendicular toxisecd the bar. The equation of motion,

then, becomes

2
T* - ax=(r san 1Y
X it

4 2
cEske 1Yo, 1Y
X It

ﬂ2y _ EK2 ﬂ4y
Mt? roxt

(A.13)
The displacement is then found to be

y =cos(m + 1) Acosh™ + Bsinh + c cos™ + Dsin 2 (A.14)
% % v %

wherev is the wave velocitw® = uK/E/r = uKc_ and the constants A, B, C, D can be

found using the boundary conditions of the bar.
The vibrational frequencies can then be found leyiidying the roots of the
equations resulting from the displacement funcéibave and the boundary conditions.

Thorough solutions to common examples are giveherliterature, with Kinsler & Frey
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[ and Rossing & Fletché? giving excellent explanation and overview. The
vibrational frequencies for 3 common examples arergbelow.

Simple support on both ends:

pc K

= m> m=1,2,3, ... A.15
o2 (A-15)
Clamped on one end
f =%[1.1942 2988 ,5%,72,...(2n- 1)2] (A.16)
Free on both ends
f,= p;tzK 30112 52,72,9%,.. (2n +1)’] (A.17)

A.2.2 Boundary Conditions for a Bar

Three simple boundary conditions for the ends efithr commonly considered in
vibration analysis are free (F), simply support®88&), and clamped (C). At a free end,
there is no torque and no shearing force, so tbenskeand third derivatives of y are both
zero. At a simply supported edge, there is nolatgment and no torque, so y and its
second derivative are both zero. At a clamped @aie is no displacement and no

velocity, so y and its first derivative are zero.
Free Ty/1%* =0, PPy/Ix* =0
Simply Supported y=0 T%y/Ix* =0

Clamped y=0, Ty/x=0
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Solutions to the equation of motion for bars wittfiedlent boundary conditions can be

found in the literature (Rossing & Fletcher prowadegood overview).

A.2.3 Rotary Inertia and Shear Deformation in Thidk Bars

Thus far, transverse motion of the bar has beesidered due only to the bending
moment or stiffness of the bar. This simplifiechdition is often called the Euler-
Bernoulli beam. For long, thin bars or rods, toesdition is sufficient. However for
bars considered thick compared to their lengtis, mecessary to include the effects of the
rotary inertia and shear stress, often called the3henko beam.

As a beam bends, the elements of the beam rotatagthn some small angle. The
rotary inertia is thus equivalent to an increasmass and results in a slight lowering of
the vibrational frequencies, particular for highesdes.

Shear forces tend to decrease the transverse til@fle¢ the bar, thus also
contributing to decreasing the frequency, partidylor higher order modes.

Overall, vibrational frequencies are decreasediigor thick bars compared to
thinner ones. As this research focuses on rectanpglates, the topic of thick bars will
not be discussed further, except to say that tleetsfof shear deformation and rotary

inertia influence plate vibration in similar ways.
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A.3 Vibration of Rectangular Plates — Thin Plates

A.3.1 Waves in a Thin Plate

Like a bar, a plate can support longitudinal (coesgional) waves, shear waves,
torsional waves, or a bending wa{®. Longitudinal, shear, and torsional waves,
typically occur in structures that are large conegato the wavelength in all three
dimensions. Longitudinal, shear, and torsional @gaare capable of generating very little
acoustic radiation compared to bending waves. Tiersding waves are of the greatest
relevance in the development of a vibrational fesgpy theory for pMUTs and are the

only type that will be considered here.

A.3.2 Equation of Motion for a Thin Plate
The derivation of the differential equation govegnthe pure bending of plates under
static transverse loading is presented in detailinyoshenkd’®, given by

En® .
———N*W(x,y) = q(x, A.18
120 %) (xy) =a(xy) (A.18)
whereW(x,y)is the plate displacement,s the volume density, is Poisson’s ratid is
Young’s modulush is the plate thicknesg(x,y)is the applied static load, and

N4

N°N?, whereN?is the Laplacian operator.
For free vibration of the plate, the loadimgjs equal to zero. However, an inertial
force due to the motion of the plate must be actamlifor and replaces the static loading.
The classical differential equation of motion faarisverse displacemewt(x,y,t)of a

plate by bending i§”
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TPW(X, y,t) N Eh®

rh
2 12(1- v?)

N*W(x,y,t) =0 (A.19)

wheret is time. This equation can also be rewritterhimform (Leissa)

T°wW

t2

DN*W + rh

=0 (A.20)

whereD is the flexural rigidity of the plate defined by

3
D:L2
12(1- v?)

(A.21)
We can choose to express the displaceM&mty,t)as the product of two functions,

one involves spatial coordinatesndy while the other involves timig such thaiV(x,y,t)

= W(x,y) T(t) Further, we seledi(t) = A sinut+ a) wherewdescribes the frequency of

oscillation (rad/sec) and describes the phase of the time-varying vibratidhe

equation of motion then becomes
RIAW(x, y) - @W(X, y)=0 (A.22)

which is now a function of the plate mode shapeesgionW(x.y) the plate properties,
and the circular frequenay. Variation of the plate vibration in time is thdascribed
solely byw

The equation above governs the free vibrationIdhal flat plates undergoing small
amplitude vibration. Solutions to this differemtguation that satisfy any prescribed
boundary conditions will provide the necessary dpson of plate vibration that will be
applied to pMUTs.

The expression of the equation of motion in dimenigiss form allows advantageous

scaling using a single solution set as will be shéater. Dimensionless spatial variables
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x and#h are presented where=x / aand/ =y / b, anda andb are the dimensions of the
plate. By appropriately multiplying or dividingdtvariables< andy by quantitiesa and

b in the equation of motion and rearranging, a dismamess form is obtained

Twxh) , of2 1'W(x,h) o T'W(x,h)

- 4 =
o T W) =0 (A.23)

where/? = ua®,/rh/ D and the plate aspect ratiofis b / a

Solutions to this differential equation will be pemted by values df that satisfy
any prescribed plate boundary conditions for gigepect ratios and plate mode shapes
and will provide the necessary description of plabeation that will be applied to
pMUTSs. The frequency of oscillation can then benid using the plate properties —

dimensiona, thickness, densityr, and flexural rigidityD — through the expression

/* |D

A.3.3 Boundary Conditions

Three simple boundary conditions for the edgesmfte commonly considered in
vibration analysis are free (F), simply support8&), and clamped (C). At a free end,
there is no torque and no shearing force, so tbengkeand third derivatives of the lateral
spatial coordinate at the edgey(or x,/) are both zero. At a simply supported edge,
there is no displacement and no torque, so theéaspabrdinate and its second derivative
are both zero. At a clamped end, there is no aigphent and no velocity, so the spatial

coordinate and its first derivative are zero.

214



For the study of pMUT vibration, the classical bdary conditions considered are
simply supported and clamped as the constrairtteeagddges are confined to zero
displacement. Expressions for the simply suppcaateticlamped boundary conditions at

the edgex=a are given as an example below.

2
Simply Supported W(X,Yy) = %(Z(y) =0| .,
X
Clamped W(x,y) = w =0|,ea
X

A.3.4 Plates with Elastic Support
In the case of a plate supported by, or embeddetinmassless elastic medium, an

addition stiffness term W is included into the equation of motion to produce

T*w

t2

DN*w+ rh +Kw=0 (A.25)

whereK is the stiffness of the foundation (or media) nueed in units of force per unit

length of deflection per unit area of contat¥.

A.3.5 Frequency of Vibration under Classical Platd'heory

Numerous methods for the calculation of naturajdiencies of an isotropic,
rectangular plate are summarized by Lef¥8a Gorman provides a clear summary of the
classical plate theory for free vibration of regafar plate$® along with a presentation
of natural frequencies for several classical bomndanditions. As mentioned

previously, the natural frequency of vibration &thin, isotropic plate with dimensions
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a,b, thicknessh, volume density , plate flexural rigidity, D, and frequency parasre/?
is given as

2
Wzé % (A.26)

where the deflection is small relative to the platekness.

The remaining calculation of the frequency of vilma is continued in §6.2.1.

A.4 Vibration of Rectangular Plates — Thick Plates

A.4.1 Equation of Motion for a Thick Plate

The derivation of the equation of motion for a Mindglate using Hamilton’s
principle and variational principles is summaritgdRao®”. The differential equation
specifying Mindlin plate vibration is

rh®
12

2
D g2+ rh 12 g9 (A27)

RZ- L g2 DRZ-
kG KGh  1XG

1 W+rhfiw = 1-

wherek is the shear correction factor a@ds the shear modulus given by

E
2(L+V)

k2 zﬁin and G= (A28)

For the free vibration of the rectangular Mindlilage, the external force on the right

hand side of the equation goes to zero and thetieguef motion becomes
- " g2 DRZ- gz we AW =0 (A.29)
kG 12 t '

In a process similar to that described for thirtetheory (see Appendix A.3), we can

perform a separation of variables expressing thplatemenW(x,y,t)as the product of
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two functions, one involving spatial coordinateandy with the other involving time,
such thatv(x,y,t) = W(x,y) T(t) Further, we seledi(t) = A sinut wherewdescribes the
frequency of oscillation (rad/sec).

The equation of motion then becomes

3
Rz- Lw2 pRz. D

w? W+ rhuw”W =0 (A.29)
kG 12

which is now a function of the plate mode shapaesgionW(x.y) the plate properties,
and the circular frequenay. Variation of the plate vibration in time is thdascribed
solely byw.

The equation above governs the free vibration oenately thick rectangular plates.
Solutions to this differential equation that satiahy prescribed boundary conditions will

provide the necessary description of plate vibratiat will be applied to pMUTSs.

A.4.2 Vibrational Frequencies of Rectangular Mindin Plates

Determination of the natural frequency of vibratfon Mindlin plates is approached
in a manner similar to classical plate theBfy For simply supported conditions, an
exact solution can be found by expressing the atgrhent function in the equation of

motion as a series solution, thterm being
W(xy)=C,, sinmsin% (A.30)
a

wherea,b are the dimensions of the plate anghdescribe the mode shape. Substituting

into the equation of motion, we obtain the frequeeguation
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12kG a b kG 12 a b

(A.31)
The remaining calculation of the frequency of vilma from the above equation of

motion is continued in §6.3.2.
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