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SUMMARY

Brain disorders are a major cause of disability, and current treatments like pharmacolog-
ical interventions and deep brain stimulation (DBS) have limitations, including side ef-
fects, limited efficacy, and invasiveness. Ultrasound neuromodulation is a non-invasive
technique for stimulating neural activity and providing therapeutic intervention using
ultrasound waves. Although ultrasound has been empirically proven effective in neu-
romodulation, its underlying mechanisms of action remain partially unclear. In vitro
models, such as 2D and 3D cell cultures, are valuable for studying the mechanisms of
ultrasound neuromodulation and optimizing stimulation parameters. However, con-
ventional handheld ultrasound transducers and in vitro platforms are not ideally suited
for this purpose due to incompatible sizes and undesirable acoustic reflections. Fur-
thermore, efforts in miniaturizing piezoelectric ultrasound transducers, the most com-
mon transducer type used in ultrasound neuromodulation, still suffer from high inef-
ficiency in the generation of ultrasound and have limited spatial resolution. This thesis
presents novel microfabrication techniques to address these challenges, focusing on im-
proving the performance of piezoelectric ultrasound transducers (PUTs) integrated on
application-specific integrated circuits (ASICs) and minimizing acoustic reflection from
the in vitro platform.

To enhance the transmit efficiency of PUTs on the silicon substrate typically found in
ASICs, an integrated air-backing layer was incorporated into the silicon substrate. This
air-backing layer, achieved through selective thinning of the silicon beneath the trans-
ducers, resulted in a significant improvement in output intensity. The optimal mem-
brane thickness was determined to be 20 µm, balancing improved output intensity with
mechanical stability.

A novel polymer-metal connection (PMC) method was developed to implement an
acoustically-transparent top connection for the PUTs. This approach utilizes a micro-
fabricated PDMS/Ti/Al membrane supported by a silicon frame, replacing traditional
top connections that introduce significant acoustic losses. The PMC preserved 80% of
the output intensity compared to an ideal reference, significantly outperforming con-
ventional aluminum foil connections.

To further enhance focusing capabilities, a miniaturized Fresnel-zone plate (FPZP)
lens was fabricated from PDMS using a single photolithography step. This approach en-
ables precise control over lens geometry and acoustic properties, leading to improved fo-
cusing resolution compared to conventional methods. The fabricated FPZP lens demon-
strated a focal gain of 19.95 dB and a high focusing resolution, thus enabling high-freque-
ncy ultrasound generation is suitable for in vitro ultrasound neuromodulation studies.

To address the challenge of acoustic reflection from conventional in vitro platforms,
an anti-reflective microengineered substrate (ARMS) was proposed. This design incor-
porates an array of pillars at the interface between two polymer layers to distribute and
reduce the amplitude of reflected waves. Simulations showed that the optimized ARMS
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design significantly reduced echo amplitude and preserved stimulation signal fidelity
compared to conventional glass substrates.

The combination of the advancements in piezoelectric transducer technology and
acoustic design described in this thesis holds promise for improving the performance
and versatility of in vitro ultrasound neuromodulation platforms. The development of
miniaturized, efficient transducers and anti-reflective substrates could enable more pre-
cise and reliable stimulation of neural tissue, facilitating further research into the mech-
anisms and applications of ultrasound neuromodulation.



SAMENVATTING

Hersenaandoeningen zijn een belangrijke oorzaak van invaliditeit, en huidige behan-
delingen zoals farmacologische interventies en deep brain stimulation (DBS, diepe her-
senstimulatie) hebben beperkingen, waaronder bijwerkingen, beperkte werkzaamheid
en invasiviteit. Ultrasone neuromodulatie is een niet-invasieve techniek voor het sti-
muleren van neurale activiteit en het bieden van therapeutische interventie met behulp
van ultrasone golven. Hoewel ultrasound empirisch bewezen effectief is in neuromodu-
latie, blijven de onderliggende werkingsmechanismen gedeeltelijk onduidelijk. In vitro
modellen, zoals 2D- en 3D-celculturen, zijn waardevolle hulpmiddelen voor het bestu-
deren van de mechanismen van ultrasound neuromodulatie en het optimaliseren van
stimulatieparameters. Conventionele ultrasound transducers en in vitro platforms zijn
echter niet ideaal voor dit doel. Dit proefschrift presenteert nieuwe microfabricage-
technieken om deze uitdagingen aan te gaan, met de focus op het verbeteren van de
prestaties van piëzo-elektrische ultrasound transducers (PUTs) geïntegreerd op applica-
tiespecifieke geïntegreerde schakelingen (ASICs) en het minimaliseren van akoestische
reflectie van het in vitro platform.

Om de transmissie-efficiëntie van PUTs op silicium te verbeteren, werd een geïnte-
greerde luchtlaag in het siliciumsubstraat opgenomen. Deze luchtlaag, verkregen door
selectieve verdunning van het silicium onder de transducers, resulteerde in een signifi-
cante verbetering van de zendintensiteit. De optimale membraandikte werd bepaald op
20 µm, waarbij een balans werd gevonden tussen verbeterde zendintensiteit en mecha-
nische stabiliteit.

Er werd een nieuwe polymeer-metaalverbindingsmethode (PMC) ontwikkeld om een
akoestisch transparante topconnectie voor de PUTs te implementeren. Deze aanpak
maakt gebruik van een microgefabriceerd PDMS/Ti/Al-membraan, ondersteund door
een siliciumframe, ter vervanging van traditionele topconnecties die aanzienlijke akoes-
tische verliezen introduceren. De PMC behield 80% van de zendintensiteit in vergelij-
king met een ideale referentie, wat aanzienlijk beter presteert dan conventionele alumin-
iumfolie-verbindingen.

Om de focusseringscapaciteit verder te verbeteren, werd een geminiaturiseerde Fres-
nel-zoneplaatlens (FPZP) vervaardigd uit PDMS doormiddel van een enkele fotolitho-
grafiestap. Deze aanpak maakt precieze controle over de lensgeometrie en akoestische
eigenschappen mogelijk, wat leidt tot een verbeterde focusseerresolutie in vergelijking
met conventionele methoden. De gefabriceerde FPZP-lens vertoonde een focale ver-
sterking van 19,95 dB en een hoge focusseerresolutie, waardoor deze geschikt is voor
hoogfrequente ultrasoundtoepassingen.

Om de uitdaging van akoestische reflectie van conventionele in vitro platforms aan
te pakken, werd een antireflecterend microgeconstrueerdsubstraat (ARMS) voorgesteld.
Dit ontwerp bevat een reeks pilaren op het grensvlak tussen twee polymeerlagen om de
amplitude van gereflecteerde golven te verdelen en te verminderen. Simulaties toon-
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den aan dat het geoptimaliseerde ARMS-ontwerp de echo-amplitude aanzienlijk ver-
minderde en de getrouwheid van het stimulatiesignaal behield in vergelijking met con-
ventionele glassubstraten.

De combinatie van de ontwikkelingen in piëzo-elektrische transducertechnologie en
akoestisch ontwerp die in dit proefschrift worden beschreven, belooft de prestaties en
veelzijdigheid van in vitro ultrasound neuromodulatieplatforms te verbeteren. De ont-
wikkeling van geminiaturiseerde, efficiënte transducers en antireflecterende substraten
zou een preciezere en betrouwbaardere stimulatie van neuraal weefsel mogelijk kunnen
maken, wat verder onderzoek naar de mechanismen en toepassingen van ultrasound
neuromodulatie faciliteert.



1
INTRODUCTION

Tiger got to hunt, bird got to fly;
man got to sit and wonder, ’Why, why, why?’

Tiger got to sleep, bird got to land;
man go to tell himself he understand.

Kurt Vonnegut

1
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Figure 1.1: Graph showing the spatial resolution and depth penetration of different brain stimulation tech-
niques [9], [10], [11], [12].

1.1. ULTRASOUND NEUROMODULATION
Despite recent advances in neuroscience, the complex network of communciating sys-
tems within the human brain is still largely unknown. Embedded within the complexity
of the brain, brain disorders (BD) are one of the major causes of disability and loss of
life. While pharmacological treatments have been the cornerstone of modern medicine,
there are side effects resulting from their non-targeted nature, and limited efficacy due to
the largely impermeable blood-brain barrier. Electronic-based or bioelectronic medicine,
such as deep brain stimulation (DBS), offers a localized therapy for BD by delivering the
treatment only to the required brain region. DBS has shown great efficacy for BD such
as Parkinson’s disease [1] and epilepsy [2], while reducing the dosage of pharmaceutical
drug intake, and, consequently, reducing side-effects. However, DBS requires invasive
surgery and carries risks, which necessitate careful evaluation, and limit its accessibility
to patients [3],[4]. More accessible treatments for BD are being explored through non-
invasive bioelectronic medicine utilizing magnetic [5] and electric fields [6], and focused
ultrasound [7]. The use of focused ultrasound in particular has shown great promise
due to its advantageous combination of high spatial resolution and depth of stimula-
tion compared to other non-invasive modalities (Figure 1.1). Investigations have been
reported in animal models and humans primarily in the form of transcranial focused ul-
trasound stimulation (tFUS), in which an ultrasound wave is applied through the skull
with a specific waveform.

Despite the evidence for successful neuromodulation performed by focused ultra-
sound stimulation (FUS) across the literature [8], there still remain unknowns in the field
limiting its potential for clinical application. Firstly, there is still no consensus on the op-
timal ultrasound waveform parameters, both in the time and amplitude domain [8]. In
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human applications, the complexity and safety requirements of the experimental pro-
cedure limit the exploration of the optimal stimulation parameters. On the other hand,
ultrasound-induced responses are typically obtained via recording modalities such as
functional magnetic resonance imaging (fMRI) [13] and electroencephalogram (EEG)
[14]. However, these global recording modilities limit the understanding of the effects
of the ultrasound waveform parameters at the cellular level. In contrast, animal stud-
ies involving rats and monkeys offer more flexibility, albeit with potential translational
challenges due to physiological differences with humans [15]. Notably, experiments uti-
lizing anesthesia have indicated undesired effects on the experimental outcomes [16]. In
addition, using sub-MHz ultrasound in rodents to mimic the frequency used in human
studies can lead to unreliable functional and behavioral responses [17]. The resulting
axial resolution of approximately 1-2 centimeters is acceptable in humans, whereas in
rodents, this represents more than the entire depth of the brain [18]. In vitro models
offer an alternative and valuable platform to delve into optimal parameters for ultra-
sound neuromodulation with significance towards human translation [19]. They allow
for studies in human-derived neurons and organoids, where ultrasound parameters can
be explored with fewer constraints and high-fidelity recordings can be obtained with
high throughput [20]. However, progress in in vitro ultrasound neuromodulation re-
search has encountered several challenges, which are described in the next sub-section.

1.1.1. CHALLENGES IN in vitro ULTRASOUND NEUROMODULATION

MINIATURIZED ULTRASOUND TRANSDUCERS

Figure 1.2: Size comparison of a commercial focused
ultrasound transducer with typical in vitro platforms.

Conventional commercially-available trans-
ducers, often designed as handheld de-
vices, pose challenges for inclusion within
setups with confined spaces such as in
vitro setups including microplates, mi-
croelectrode arrays (MEAs), and fluores-
cence microscope systems (Figure 1.2).
The compatibility with the standard in
vitro format is important in order to fa-
cilitate a large volume of research in the
pre-clinical stage of treatment develop-
ment. Previous attempts utilizing com-
mercial ultrasound transducers required
a bulky adaptation structure for position-
ing and manipulation of the transducer,
thereby restricting experimental versatil-
ity to a singular setup or recording modal-
ity [21],[22]. Another challenge is to pre-
vent cross-sensitivity of the cells to the
electric field generated to drive the ultra-
sound transducer, which can confound
the outcome of the experiment [23].

Advancing the field of in vitro ultrasound neuromodulation would ideally require
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ultrasound transducers with compact form factor and high output efficiency, defined
as the focal pressure-per-volt applied to the transducer, such that the required acoustic
pressures can be achieved with low driving voltages, hence minimizing the risks of cross-
sensitivity. There are three ultrasound transducer technologies when considering the
landscape of miniaturized ultrasound transducers: piezoelectric ultrasound transducers
(PUTs), capacitive micromachined ultrasound transducers (CMUTs), and piezoelectric
micromachined ultrasound transducers (PMUTs) (Figure 1.3).

Figure 1.3: Simplified schematics of miniaturized ultrasound technologies: (a) Piezoelectric ultrasound trans-
ducers, alternating electric potential applied across the piezoelectric element through electrodes placed on
two opposing sides. (b) CMUT consists of a dielectric membrane suspended over a cavity. Electrodes are po-
sitioned in the membrane and on the bottom of the cavity. An Electric field is applied across the electrode,
causing movement of the membrane through electrostatic force. A direct current bias voltage is used to bring
the membrane into collapse mode, and an alternating current voltage is used to generate the ultrasound wave.
(c) PMUT, a piezoelectric membrane, is used instead of a dielectric membrane of a CMUT. Electric potential
is directly applied to the piezoelectric membrane to actuate the membrane movement, thus eliminating the
need for a bias voltage.

CMUTs have been developed in the past three decades and can be considered as
the newer technology compared to piezoelectric transducers [24]. CMUTs have a clear
competitive edge in miniaturization due to their complementary metal oxide semicon-
ductor (CMOS)-compatible manufacturing process. By utilizing microfabrication tech-
nology, small transducers on a micrometer scale can be fabricated with high accuracy
and high throughput. The performance of the transducer can be tailored by adjusting
design parameters such as material choice, membrane dimensions, and gap size. An-
other advantage of CMUTs is their low Q-factor, which corresponds to a wide bandwidth.
This characteristic is highly desirable in ultrasound imaging for producing sharp images.
However, CMUTs have several drawbacks, namely, the need for high bias voltage and low
transmit efficiency [24], [25]. The operation of CMUTs requires a high bias voltage to op-
erate the device, which typically ranges from tens of volts to 200 V [25],[26]. The need
for bias voltage limits the use of CMUTs in an application that has limited power sup-
ply voltages. Research of pre-charged CMUTs that circumvent this drawback has been
shown in the literature [25]. Pre-charging was achieved by trapping electrical charge in
a layer of Al2O3 placed above the bottom electrode [25]. In applications that require a
reasonably high output pressure (e.g. neuromodulation, tissue ablation) or with limited
power supply (e.g. wearable or implantable devices), a transducer with high transmit
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efficiency and low loss is preferred. In these cases, the inherent damping characteristic
of CMUTs, associated with their low Q-factor, is not ideal. Additionally, the reliability of
CMUTs is a concern, as they consist of micrometer-thick membranes that are suscepti-
ble to damage and degradation over time [27].

PMUTs addressed the need for high bias voltage in CMUTs by using a piezoelectric
effect to move the flexural membrane instead of electrostatic force [28]. Instead of a di-
electric material, a piezoelectric material is incorporated into the membrane. AC voltage
applied across the piezoelectric membrane causes the vibration that generates acoustic
waves (Figure 1.3). The performance of PMUTs is determined by the membrane parame-
ters and, more importantly, the choice of piezoelectric material [28]. A piezoelectric ma-
terial is characterized by its coupling factor, which denotes the efficiency of conversion
from electric energy to mechanical energy or vice versa. Lead zirconate titanate (PZT)
based PMUTs have been shown to exhibit a high transmit efficiency [28], [29]. The use
of a 2% Niobium doping in a sol-gel PZT-based PMUT was reported to yield an output
efficiency of 30 kPa/V at 20 mm distance [29]. However, their fabrication using a sol-
gel method is challenging and requires a poling process which causes a low yield and
uniformity [28],[30]. Aluminum nitride (AlN) based PMUTs offer a CMOS-compatible
process of PMUT at the cost of performance, especially in transmit efficiency due to the
low piezoelectric coupling factor of AlN [28], [31]. Unlike PZT, AlN can be sputtered on
a substrate and does not require a poling process [32]. To address the low transmit ef-
ficiency of AlN PMUTs, scandium was used as a dopant to improve the coupling factor
of AlN in PMUTs. However, the transmit efficiency was still far below PZT-based PMUTs
with an output efficiency of 12 kPa/V at 1.9 mm distance [31].

Compared to micromachined ultrasound transducers, PUTs are the more conven-
tional transducer technology. PUTs utilize the bulk deformation of a piezoelectric ma-
terial under an electrical field to generate ultrasound waves (Figure 1.3). Unlike PMUTs
that typically use <10um-thick piezoelectric membrane, the thickness of PUTs ranges
from a submillimeter to a few millimeters, depending on its frequency [33], [34]. At
present, PUTs still offer better transmit efficiency compared to PMUTs and CMUTs [24],
[28]. The fabrication of bulk piezoelectric elements used in PUTs have reached commer-
cial maturation and are available in various configurations. This contrasts with MUTs,
which require careful and expensive optimization of the membrane parameters to pro-
duce various ultrasound parameters, and its commercial availability is still limited to
a few foundries. PUTs have been the industry standard for decades and can be found
in most medical facilities as a safe and affordable imaging tool in the form of a hand-
held device. Several implementations of miniaturized PUTs have been used in clinics,
such as intravascular ultrasound (IVUS) catheter [35] and intra-cardiac echo (ICE) probe
[36]. The implementations of PUTs on application-specific integrated circuits (ASIC)
have been shown for imaging applications [37], [38]. However, the technology devel-
oped for imaging transducers is typically optimized for wide bandwidth sacrifice trans-
mit efficiency. Several works have demonstrated PUTs with output efficiency as high as
80 kPa/V at 15mm distance [39] and 160 kPa/V at 1 mm distance [40]. Both works were
implemented on a flexible substrate. This efficiency was not yet reflected in PUTs on
ASIC, which showed a transmit efficiency of 6 kPa/V [34] and 20 kPa/V [33]. Although, in
theory, the output pressure range of PUTs can be extended with higher output voltage,
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this is limited by the size and technology of the ASIC. When considering the efficiency
and the ease of customizability, PUTs are the suitable technology for ultrasound neuro-
modulation study. However, its implementation on ASIC still needs to be improved in
terms of transmit efficiency.

PRESERVING STIMULATION FIDELITY

Another challenge that needs to be addressed is the preservation of the stimulation wave-
form fidelity during the experiment [22]. Most in vitro and ex vivo setups comprise cells
or tissue slices on a rigid substrate in a confined well typically made of polystyrene or
glass. In contrast, ultrasound transducers are characterized in a large water tank to map
their acoustic beam profile. Although the culturing well can be made large enough to
reduce the impact on the fidelity of the ultrasound waves, the use of a hard substrate
cannot be avoided in most cases [22]. Polystyrene and glass have an acoustic impedance
that is highly mismatched to a liquid medium [22], [21]. An interface of two materials
with highly mismatched acoustic impedance will cause a non-negligible reflection of
waves that can interfere with the incoming waves. This interference can cause an incor-
rect correlation between stimulation parameters and the biological response. Prediction
of the actual stimulation parameters in the presence of interference due to the substrate
can be made in order to improve the stimulus-response correlation [21]. However, this
necessitates complex models that require expertise and access to certain computational
resources. Another approach is to minimize the reflection from the substrate by cultur-
ing cells on a thin film placed on top of water, thus having the cells positioned between
two liquid media, the culture medium and water [19]. However, there is a practical limit
on the amount of medium within the setup and reflection will still occur on the interface
with either the container or air. Therefore, the efficacy of this approach is determined
by the amount of medium past the cells to allow for the reflected wave to dissipate be-
fore reaching back to the cells. Additionally, this approach requires a dedicated setup
that is unconventional in a typical medical research facility. In order to have a more in-
clusive platform to disseminate ultrasound neuromodulation research, anti-reflection
strategies have to be implemented in a standard in vitro research platform.

1.2. MAIN QUESTION AND THESIS OBJECTIVES
This thesis aims to answer the following question: How to create a focused ultrasound
neuromodulation device seamlessly integrated into standard in vitro platforms?.

To achieve this goal, two main components will be addressed: the transducer and
the substrate for the cell culture. PUTs have been shown to have good transmit effi-
ciency, which was however not seen when implemented on a silicon substrate such as
an ASIC. The implementation of PUTs on ASIC is invaluable in neuromodulation stud-
ies, allowing for a millimeter-sized transducer that is capable of focus steering through
a phased array. This would allow scientists to target specific neurons or groups of neu-
rons and study their response to ultrasound. As the first step, this thesis aims to improve
the transmit efficiency of PUTs on silicon. In addition, an alternative focusing technique
is also explored, especially for cases where the implementation of a phased array trans-
ducer is not feasible. This thesis will also address the challenge of substrate reflection by
exploring ways to reduce ultrasound reflection from an in vitro platform.
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This thesis approached these challenges by first addressing the optimization of PUTs
on silicon. A finite element model (FEM) was implemented to simulate the mechani-
cal and acoustic interaction between various elements within PUTs. After analyzing the
contribution of different elements and material combinations, an optimum design was
derived. This design was then converted into a fabrication flow which can be imple-
mented in a wafer-level fabrication process that combines standard microfabrication
techniques and soft-polymer processing. The fabrication of the devices was conducted
in the Else Kooi Laboratory (EKL) cleanroom of TU Delft. The fabricated devices were
then assembled and characterized in an underwater acoustic characterization setup.
Preliminary biological validation of the transducers was performed in collaboration with
researchers from Leiden University Medical Center (LUMC). To tackle the challenge of
reducing acoustic reflection, a numerical model was used to simulate the acoustic prop-
agation of waves in a culture well. Combinations of microengineered structures and
materials were compared with regard to reduction in acoustic reflection and implemen-
tation feasibility.

1.2.1. OUTLINE OF THE THESIS
This dissertation is organized into seven chapters.

Chapter 1 introduced the main motivation for the research, the challenges in the
field as well as the outline of the work.

Chapter 2 introduces the theories and concepts in acoustic and ultrasound trans-
ducer design used throughout the dissertation.

Chapter 3 explores the first method used to optimize the transmit efficiency of PUTs
on silicon by incorporating an air backing layer. The air-backing layer is implemented by
creating a cavity underneath the transducer. The optimum thickness of the membrane
and its impact on the transmit efficiency of the transducers were studied in FEM and
experimental validation.

Chapter 4 explores the implementation of an acoustically-transparent top connec-
tion on PUTs. This chapter addressed the research gap in the top connection of PUTs,
which to date proved challenging to implement using microfabrication techniques due
to the relatively large size of bulk piezoelectric resonators. Using a polymer-metal layer
on a microfabricated structure, this chapter proposes a top-level connection that can be
implemented on an array of PUTs to maximize their transmit efficiency.

Chapter 5 explores an alternative ultrasound focusing technique to phased array that
maximizes transmit efficiency. The chapter presented Fresnel Phasing Zone Plates that
can be fabricated using a single photolithography process to allow cheap and rapid pro-
totyping of focusing parameters.

Chapter 6 presents the anti-reflective substrate that can be implemented in micropla-
tes and MEAs by using a combination of polymers with structured interface. The pro-
posed concept has been shown to reduce the amplitude of ultrasound echo by 60%.

Chapter 7 concludes the thesis and presents the outlook of the research.
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2
INTRODUCTION TO ULTRASOUND

TRANSDUCERS

This chapter provides an introduction to piezoelectric transducers and acoustic theory,
establishing the foundation for understanding the research presented in the thesis. The
chapter begins with a detailed exploration of the piezoelectric effect, explaining how cer-
tain materials convert electrical energy into mechanical energy and vice versa. Key pa-
rameters governing transducer performance, such as the electromechanical coupling coef-
ficient, Curie temperature, and mechanical quality factor, are also discussed. The chapter
then examines important design considerations for piezoelectric transducers, including
the relationship between transducer geometry, operating frequency, and focal distance.
Additionally, the chapter explores relevant acoustic principles, such as wave propagation,
acoustic impedance, reflection, transmission, and attenuation.
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This chapter establishes a foundation in piezoelectric transducer technology and
acoustic theory, providing the necessary background to understand the research pre-
sented in this thesis. It begins with exploring the piezoelectric effect, detailing how cer-
tain materials convert electrical energy into mechanical energy and vice versa. Key pa-
rameters that govern transducer performance, such as the electromechanical coupling
coefficient, Curie temperature, and mechanical quality factor, are introduced and dis-
cussed. The chapter then examines important design considerations for piezoelectric
transducers, including how transducer geometry and operating frequency determine
the focal distance. Additionally, the chapter explores the acoustic principles relevant to
transducer operation, such as wave propagation, acoustic impedance, reflection, trans-
mission, and attenuation. This comprehensive overview provides the necessary context
for understanding the subsequent chapters.

2.1. PIEZOELECTRICITY

2.1.1. PIEZOELECTRIC EFFECT
Piezoelectricity describes the reversible process of converting between electrical and
mechanical energy in certain materials. This phenomenon stems from the lack of a cen-
ter of symmetry in the crystal structure of piezoelectric materials, resulting in an uneven
distribution of charges [1]. When an electric field is applied, these charges are displaced,
causing the crystal lattice to deform and produce mechanical strain. Conversely, ap-
plying mechanical stress to the material induces an electrical charge. This bidirectional
conversion between electrical signals and mechanical vibrations, known as the piezo-
electric effect and inverse piezoelectric effect, respectively, is the foundation for many
applications, including ultrasound transducers, actuators, and sensors [2].

Figure 2.1: A schematic describing the piezoelectric effect: (left) piezoelectric element in the absence of electric
field, (middle) piezoelectric element expands when an electric field is applied opposite of the poling direction,
and (right) piezoelectric element contracts when an electric field is applied along the poling direction.

The efficiency of this electromechanical conversion is characterized by the electrome-
chanical coupling coefficient (k), which quantifies the fraction of electrical energy con-
verted to mechanical energy. k is defined as the ratio of the stored energy dissipated in
the load (ws ) to the total energy (wt ) as seen in the following formula [3]:

k2 = ws

wt
(2.1)

Therefore, k2 represents the efficiency of electromechanical energy conversion for
a material [1]. Due to the anisotropy of piezoelectric materials, the characteristics of
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Table 2.1: Typical parameters of piezoelectric materials [1],[5].

Properties PZT-4 PZT-5H PMN-PT NBT
kt 0.47 0.52 0.57 0.47
k33 0.69 0.75 0.90 0.55
Tc 350°C 200°C 90°C 85°C

a piezoelectric material are assigned with number 1,2 and 3 corresponding to the X, Y
and Z axes of the Cartersian coordinate system (Figure 2.1). The direction of polariza-
tion established during the poling process is typically denoted as axis 3. When assessing
the efficiency of a piezoelectric material, multiple coupling coefficients are denoted by
ki j , where i indicates the axis of electrical load connection and j represents the direc-
tion of stress/strain. This means that the piezoelectric properties of the material vary
depending on the direction of the applied force or electric field. A widely-used coupling
coefficient is k33, which represents the coupling when the electrical load and the result-
ing stress/strain are along the axis 3. Another widely-used coupling coefficient is kt ,
the thickness-mode coupling coefficient. kt is a variant of k33 under the condition of
zero lateral strain. kt is used when the lateral dimension is larger than the longitudinal
dimension, whereas k33 is applicable to transducers shaped as a tall, narrow bar [1]. Ad-
ditionally, piezoelectric materials are sensitive to temperature, exhibiting degradation of
their piezoelectric properties above a critical point called the Curie temperature (Tc ) [4].
Therefore, the Curie temperature is a crucial consideration during both the fabrication
and operation of piezoelectric transducers. Exceeding this temperature during fabri-
cation can permanently damage the material’s piezoelectric properties while operating
temperatures near the Curie point can lead to performance degradation and potential
device failure.

2.1.2. PIEZOELECTRIC MATERIALS

The choice of piezoelectric material depends on the specific application and desired
properties. Lead zirconate titanate (PZT) is a widely-used piezoelectric material for ul-
trasound transducers due to its k. PZT is classified into soft and hard types. Soft PZT,
such as PZT-5H, has a much higher piezoelectric coupling coefficient than hard PZT,
making it suitable for applications requiring high efficiency or sensitivity [1]. Hard PZT,
such as PZT-4, has a lower piezoelectric coupling coefficient but a higher Curie temper-
ature, making it suitable for high-power and high-temperature applications [5]. Lead
magnesium niobate doped with lead titanate (PMN-PT) offers an even higher coupling
factor than PZT [1]. However, it presents fabrication challenges due to its brittleness
and very low Curie temperature. Lead-free piezoelectric materials, such as sodium bis-
muth titanite (NBT) [5],[4], have garnered attention due to the health and environmental
concerns associated with lead. Although their piezoelectric performance currently lags
behind PZT, significant research efforts aim to improve their properties.
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Figure 2.2: Schematic illustrating the near field and far field of an ultrasound transducer. The near field is
characterized by complex pressure variations, while the far field exhibits a single main lobe and a more uniform
decay of ultrasound intensity. The natural focal distance marks the transition between these zones, adapted
from [6] .

2.2. TRANSDUCER DESIGN

2.2.1. FOCAL DISTANCE OF A TRANSDUCER
In an unfocused ultrasound transducer, the vibrations on the transducer generate pres-
sure waves that propagate into the surrounding medium. The region directly in front of
the transducer is known as the near field or Fresnel zone (Figure 2.2). In this region, the
ultrasound beam exhibits complex interference patterns, with pressure variations and
side lobes [1]. Beyond the near field lies the far field or Fraunhofer zone. In this region,
the ultrasound beam diverges and the pressure field decays more uniformly with dis-
tance (Figure 2.2). The far field is characterized by a main lobe and progressively weaker
side lobes [1]. At the transition between the near field and far field, lies the natural focal
point of the transducer. The distance of the natural focal point from the transducer (FD )
depends on the diameter of the transducer (D), the speed of sound in the medium (c),
and the frequency of the ultrasound ( f ), and, for circular transducer apertures, can be
given by:

FD = D2

4λ
= f D2

4c
(2.2)

2.2.2. COMPONENTS OF PIEZOELECTRIC ULTRASOUND TRANSDUCER
The simplest form of piezoelectric transducer is a single-element ultrasound transducer,
which uses a single piezoelectric element. Typically, the transducer consists of sev-
eral components: the piezoelectric element, a matching layer, and a backing layer (Fig-
ure 2.3). The matching layer improves the acoustic coupling to the propagation medium
by minimizing loss due to reflection [7]. The backing layer affects the mechanical qual-
ity factor of the transducer and, consequently, the bandwidth and transmit efficiency of
the transducer [7]. In this particular case, wires are connected on the bottom and top
(through a brass pipe) of the PZT to supply the driving signal.
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Figure 2.3: A cross-section of a typical single element transducer with matching layer and backing layer [8].

2.2.3. REFLECTION AND TRANSMISSION
When an acoustic wave encounters an interface between two different media, it under-
goes both reflection and transmission [7]. The extent to which these phenomena oc-
cur depends on the acoustic impedance mismatch between the two media. Acoustic
impedance (Z) is a property of a medium that characterizes the resistance to sound wave
propagation and is defined as the product of the medium’s density (ρ) and the speed of
sound (c). In an interface of media with identical acoustic impedances, the wave passes
through the interface without any reflection. However, if there is an impedance mis-
match, part of the wave is reflected back into the first medium, and the remaining part is
transmitted into the second medium. The reflection coefficient (R) quantifies the ratio
of the reflected wave pressure amplitude to the incident wave pressure amplitude [7],
which can be determined by the acoustic impedance of the two media (Z1 and Z2):

R = Z2 −Z1

Z2 +Z1
(2.3)

The transmission coefficient (T) quantifies the ratio of the transmitted wave amplitude
to the incident wave amplitude and it is related to the reflection coefficient by the con-
servation of energy and thus can be calculated as:

T = 1−R (2.4)

2.2.4. MECHANICAL QUALITY FACTOR
The mechanical quality factor (Q) is a dimensionless parameter that describes how ef-
ficiently the transducer vibrates [1]. The vibration of a transducer with high Q will de-
cay slower than a transducer with low Q (Figure 2.4(a)). Consequently, the mechanical
energy stored in the resonator will dissipate more slowly for higher Q. The Q can be de-
termined by observing the frequency response of the transducer (Figure 2.4(b)) [1], and
it is defined as the ratio between the resonance frequency (fr) and the full-width half
maximum bandwidth (∆ f ) [7]:

Q = fr

∆ f
(2.5)
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Figure 2.4: The effect of high and low Q:(a) it can be seen in the time domain that Q affects the vibration decay
of a transducer, (b) consequently, Q affects the bandwidth and maximum amplitude in the frequency domain.

The quality factor of a transducer is influenced by the material properties and the con-
struction of the transducer. Layers surrounding the piezoelectric element, such as the
backing layer and the matching layer, can directly influence the vibration of the piezo-
electric material due to transmission loss and damping of reverberation [7]. The choice
of Q depends on the specific application; in ultrasound imaging, a short pulse length is
desired to achieve high axial resolution, and therefore, transducers with low Q are pre-
ferred [7]. In contrast, applications that require high output pressure or high power effi-
ciency prefer a transducer with high Q, causing less damping to minimize losses [5],[9].

2.2.5. ACOUSTIC ATTENUATION
As waves travel through a medium, they will experience loss due to absorption and scat-
tering [10]. Absorption occurs when the mechanical energy is converted into heat by
the friction of molecules, therefore reducing the amplitude of acoustic waves. Scattering
describes the deviation of wave propagation due to inhomogeneity within the medium
[10]. The scattered waves can interfere with each other and the original wave, which re-
duces the overall wave amplitude. The attenuation of a given material is often quantified
by its attenuation coefficientα, which describes the loss in intensity over a unit distance,
and it is typically expressed in dB/cm. The attenuation coefficient is frequency depen-
dent, sometimes expressed in dB/cm/MHz [11]. The relationship between frequency
and attenuation coefficient is nonlinear and instead follows a power law relationship
[10].

α=α0 · f n (2.6)

, where α0 is a material-specific frequency-dependent attenuation coefficient, f is the
frequency of ultrasound waves, and n is the power exponent typically close to 1.
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3
INTEGRATED AIR BACKING LAYER

ON SILICON SUBSTRATE

This chapter presents a novel approach to improve the transmit efficiency of piezoelectric
ultrasound transducers (PUTs) by incorporating an air-backing layer within the silicon
substrate. This integrated air-backing is achieved through microfabrication techniques,
selectively thinning the silicon substrate beneath the transducers to create a suspended
membrane. The membrane design was optimized at a thickness of 20 µm and demon-
strated a significant improvement in output intensity by a factor of 5.11 compared to
transducers on a standard 300 µm silicon substrate when measured at 8.5 MHz. Even
when accounting for shifts in resonance frequency, the air-backed transducers showed a
notable enhancement (average factor of 2.65) at their respective resonance frequencies.
The integrated air-backing layer shows promise for enhancing the efficiency of PUTs-on-
ASIC for ultrasound neuromodulation.

Parts of this chapter have been published in [1].
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Piezoelectric ultrasound transducers (PUTs) have been the industry standard for dec-
ades in the ultrasound world [2]. Compared to micromachined ultrasound transducers,
PUTs have typically higher transmit efficiency [2]. Although piezoelectric ultrasound
transducers (PUTs) have reached commercial maturation, especially in handheld imag-
ing devices (Figure 3.1(a)), several works have shown the integration of PUTs on ASIC
to reduce the overall size of the transducer’s driving electronics while enabling complex
features such as phased array focusing (Figure 3.1(b)). ASIC technology alleviates the
challenges of routing a large number of interconnects needed to implement a phased
array, allowing scaling up the number of elements in the array while minimizing the to-
tal area of the system due to the low cable count (Figure 3.1(b)). In imaging, several
implementations of PUTs on ASIC have been demonstrated such as for intravascular
imaging [3] and intracardiac echocardiography [4]. In the context of neuromodulation,
PUTs on ASIC offer a steerable stimulation in a small form factor, allowing for wearable
or implantable stimulators for ultrasound neuromodulation [5].

Figure 3.1: Comparison in dimensions between (a) PCB-based [6] and (b) ASIC-based phased array PUTs [7].

Figure 3.2: Cross section of PUTs-on-ASIC stack used in [3],[4].

Despite the developments of CMOS integrated PUTs, their performance still suffers
from low output efficiency. Chen et al. reported a transmit efficiency of 6 kPa/V with a
maximum pressure of 300 kPa [7]. Costa et al. reported a transmit efficiency of 20 kPa/V
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with a maximum pressure of 100 kPa [5]. The transmit efficiency of the piezoelectric
transducer on CMOS IC is still not optimum when compared to a more conventional
approach of piezoelectric focused ultrasound transducer that can reach up to 80 kPa/V
[8]. In theory, the pressure generated by a piezoelectric transducer scales linearly to the
input voltage. In tissue ablation, the input voltage can go as high as 200 V to generate
tens of MPa [9], [10]. However, technology constraints and transistor sizing limit the
voltage supply capabilities of ASICs to the tens of V. More importantly, power dissipa-
tion in ASICs can lead to excessive heat. With a power density of 100 mW /cm2 corre-
sponding to 1 degree Celsius of temperature increase. if tens a power supply of tens of
volts are needed, temperature can rise by several tens of degrees, which is a major con-
cern for both wearable and implantable ultrasound neuromodulation devices, as well as
for in vitro studies. Consequently, maximizing the transmit efficiency of the transducer
becomes crucial to achieve the desired range of output pressures within the limitation
of voltage supply and thermal dissipation. Therefore, optimization of the current im-
plementation techniques is necessary to achieve the pressure required for ultrasound
neuromodulation.

3.1. SIMULATION OF PUTS ON SILICON

3.1.1. PRELIMINARY SIMULATION SETUP
A finite element modeling (FEM) in COMSOL Multiphysics was performed to study the
influence of different elements of ASIC/silicon-integrated ultrasound transducers. The
simulation was performed using an axisymmetric model that utilize three physics mod-
ules: electrostatics, solid mechanics, and pressure acoustics. The electrostatic and solid
mechanic module simulated the piezoelectric effect which became the acoustic source
in the model. The simulation was performed in the frequency domain, which observed
the harmonic steady state of the model. The simulation model consists of three primary
geometries: the piezoelectric material, the propagation medium, and the backing sub-
strate as seen in Figure 3.3. Water was chosen as the medium to mimic the acoustic prop-
erties of soft tissue, which will be used during the measurement stage. A lead zirconate
titanate (PZT) type 5H with a thickness of 0.21 mm was used as the transducer, which
corresponded to a resonance frequency of 10 MHz. An electrical potential was applied
across the transducer along its poling axis. Due to the axisymmetric model, the rectan-
gular definition of the transducer formed a cylinder in the 3D space. A perfectly matched
layer (PML) was added to the outer boundaries of the model to prevent reflection due to
the finite simulation space. The use of PML on the boundaries of the simulation space
implies an infinitely large medium and backing layer.
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Figure 3.3: Diagram explaining the schematic of the FEM in COMSOL.

3.1.2. PRELIMINARY SIMULATION RESULTS
Three configurations of the backing layer consisting of water, silicon, and air, were as-
sessed to see the implications of the backing layer on the acoustic pressure generated by
the transducer. The material properties used during the simulation were provided by the
COMSOL material database, with the exception of a few taken from the literature. The
acoustic properties of the materials can be seen in Table 3.1

Table 3.1: A list of acoustic properties of materials used in the COMSOL FEM

Material
Speed of sound

(m/s)
Density
(kg /m3)

Acoustic
impedance

(MRayl )
Water 1480 1000 1.48

PZT-5H 4600 7600 34.96
Silicon 8440 2330 19.67
Glass 5968 2200 13.13

Air [11] 343 1.293 0.00044
Epoxy [12] 2650 1150 3.05

Figure 3.4: The effect of different backing layers on the normalized intensity of a piezoelectric ultrasound trans-
ducer.

The water backing layer was simulated as the baseline of the simulation. The defor-
mation of a piezoelectric material under a symmetrical AC signal along the driving axis
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is distributed equally in both directions. Therefore, the pressure profile generated on the
top and the bottom of the transducer were identical, as shown in Figure 3.4(middle) The
water-backed simulation also showed the beam profile of the transducer in the medium
without the influence of reflection that might occur from the back of the transducer.

The silicon backing layer represents the integrated piezoelectric transducer on an
ASIC. The use of silicon substrate significantly reduced the generated pressure that went
toward the water medium. The reduction in overall pressure can be explained by the
damping that is introduced by the substrate. It is also important to note that the re-
flection between the water-PZT interface is higher than the PZT-silicon interface due
to the lack of a matching layer. The lower reflection on the PZT-silicon caused a sig-
nificant pressure to be seen in the substrate. The reflection can be quantified by using
Eq. 2.3, which indicates that higher reflection occurs in the interface of two materials
with larger acoustic impedance mismatch. When compared to the water backing layer,
the pressure generated by the transducer was reduced significantly with the presence
of silicon substrate, which could explain the low transmit efficiency seen in the litera-
ture. The air backing layer was explored since it was widely used as a backing layer in
handheld high-intensity ultrasound transducers[13]. This configuration resulted in the
highest peak pressure among the three configurations. The highly mismatched acous-
tic impedance between air and PZT resulted in the absence of pressure going towards
the backing layer, therefore reducing the probability of waves being reflected from the
back of the transducer and interfering with the waves on the front side of the transducer.
This model showed the efficacy of the air-backed transducers and, more importantly, the
detrimental effect of having silicon substrate on the performance of piezoelectric trans-
ducers. However, the practical implementation of applying a more optimized backing
on silicon is not straightforward. In a phased array transducer driven by ASIC, the piezo-
electric transducers need to be driven by electric signals provided by the IC. Therefore,
there has to be a direct interface between the piezoelectric transducers and the silicon
substrate. In the next section, a new method to circumvent this limitation is proposed.

3.2. PROPOSED CONCEPT: INTEGRATED AIR BACKING THROUGH

SUBSTRATE THINNING

One idea presented in this study is to thin down the silicon substrate selectively in or-
der to create a more optimal backing layer by having an air-filled cavity underneath the
transducers. Although a typical ASIC that utilizes complementary metal-oxide-semicon-
ductor (CMOS) has a thickness of approximately 300 µm, the bulk of the thickness is
present to provide mechanical support to the IC. The layer that includes the active de-
vices (transistors and diodes) of an IC is contained within a few micrometers below the
surface of the silicon, and underneath the thin metal stack. Several works have shown
that thinning a CMOS IC below 20 µm can be done without affecting the performance
of the IC [14],[15]. There are, however, other important factors when deciding how ag-
gressive the ASICs can be thinned in the context of piezoelectric transducer integra-
tion, such as the mechanical stability of the IC, which might lead to damage during its
handling. The integration process of piezoelectric elements on the ASIC also involves
steps such as wafer dicing of the piezoelectric elements that require mechanical stabil-
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Figure 3.5: Schematic showing the selective thinning concept to create air backing layer in silicon.

ity. Since the backing layer is only needed below the transducers, a selective thinning
of the silicon substrate provides a good balance between the mechanical stability of the
IC and maximizing the transmit efficiency of the transducers. Despite prior work hav-
ing demonstrated CMOS IC thinning [14],[15], and even though air-backing is common
in handheld therapeutic ultrasound transducers, a study demonstrating the effects of
progressively thinner silicon substrates on integrated piezoelectric transducers and its
generated acoustic intensity was not yet performed. To investigate this, the concept of
selective thinning of the silicon substrate can be seen in Figure 3.5. Cavities are selec-
tively placed underneath every element. Piezoelectric elements were placed on top of
the membranes that formed as a result of the cavities. Characterization of an ultrasound
transducer would be done by submerging the transducer in water, which is used as the
model of soft tissue. A layer of glass was added to the back of the silicon substrate to
prevent water from entering the cavities during the characterization, thus forming an
air-backing layer.

3.2.1. SIMULATION OF THE INTEGRATED AIR BACKING LAYER

During the preliminary simulations, an improvement over the generated pressure was
seen when the transducer was placed directly on top of the air backing layer. The pro-
posed concept tried to mimic this by having cavities below the piezoelectric elements.
However, a silicon membrane is present between the piezoelectric elements and the air-
backing layer, which can affect its efficacy. Further simulations with a model that better
resembles the proposed concept were performed. The primary goal of the simulations
was to identify the relationship between the thickness of silicon membranes and the
transducers’ transmit efficiency. As shown in the preliminary simulation, the presence
of silicon reduces the transmit efficiency of the transducers. However, a thinner sub-
strate could lead to lower fabrication yield and long-term reliability due to membrane
rupture.
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Figure 3.6: Schematic of the FEM setup in COMSOL using an axisymmetric model.

3.2.2. SIMULATION SETUP

Similar to the previous simulation, an axisymmetric simulation in the frequency do-
main was used. The same physics modules, solid mechanics, electrostatics, and pressure
acoustics were used. A layer of PML was also applied on the boundary of the simulation
space. The model included more complex geometries to represent a more realistic con-
dition. The thickness of the substrate is no longer infinite; the silicon is assumed to be
300 µm-thick with a layer of silica glass underneath the substrate. The silicon thickness
was chosen to mimic the typical thickness of ASICs. The water medium surrounding
the transducer stack was applied to better represent the typical condition of ultrasound
transducer characterization. A PZT-5H with a thickness of 0.27 mm was used which cor-
responds to a resonance frequency of 8.5 MHz, based on the study presented in [5]. The
material properties used during the simulation can be seen in Table 3.1. The focal dis-
tance of the transducer is expected to be at around 12 mm distance, based on the formula
Eq. 2.2. Additional information regarding the simulation setup, such as the thicknesses
of all materials and the mesh properties can be seen in Table 3.2.

Table 3.2: Summary of the simulation parameters used in COMSOL

Parameters value
PZT thickness 0.27 mm

PZT radius 1.5 mm
Silicon substrate

thickness
0.3 mm

Silica glass thickness 0.3 mm
Driving frequency 8.5 MHz

Medium radius 5 mm
Mesh shape Quadrilateral

Maximum mesh size 17.4 µm(λmedi um/10)
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Figure 3.7: The FEM result of the integrated air-backing layer with a membrane thickness of 20µm: (a) acoustic
pressure field and (b) acoustic intensity field.

3.2.3. SIMULATION RESULTS
The pressure distribution generated by the transducer can be seen in Figure 3.7(a), which
shows the maximum and minimum pressure within the simulation field. The corre-
sponding intensity profile can be seen in Figure 3.7(b) where the spatial characteristics
of the transducer can be observed. The intensity is defined as:

Ir ms =
P 2

peak

2Z
(3.1)

, where Ppeak is peak pressure and Z is the acoustic impedance of the medium. The
intensity signifies the acoustic energy in the unit area, and it is widely used in biomedical
ultrasound to assess the safety and dosage of treatments [16].

The transducer generates a conical volumetric focal beam profile which can be seen
in the intensity field. It is important to note that in the near field, peaks of intensity will
occur due to interference of waves coming from different points of the transducer. Due
to the significant variations in intensity in the near field, a comparison of the intensity
of the transducers has to be done beyond the near field as indicated in Figure 3.8(a) and
Figure 3.8(b). A 1D plot of the intensity was taken from the center point of the trans-
ducer, perpendicular to the surface (Figure 3.8(c) and Figure 3.8(d)). The plot shows the
distance and intensity of the focal spot which was used to characterize the performance
of the transducers. Due to the unfocused nature of the transducer, the focal spot covers
a large volume. The transducer also generated a focal distance similar to the estimation
as seen in the 1D plot. By observing the Ir ms within the focal area between 5 to 15 mm
distance from the transducer, a drastic improvement in the transducer with air backing
can be seen.
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Figure 3.8: The FEM results in COMSOL showing the intensity profile of a transducer with (a) 300 µm silicon
substrate, therefore no air backing layer. (b) 20 µm silicon membrane with air backing layer underneath. 1D
plots of the intensity taken along the propagation direction from the center of the transducer with (C) no air
backing layer and (d) with 20 µm silicon membrane and air backing layer.

Figure 3.9: A 1D plot showing the measured Ir ms of the transducer as a function of silicon thickness.
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To uncover the full effect of different silicon thicknesses on Ir ms , simulations were
repeated with silicon thickness between 10 to 300 µm with a step of 5 µm, while other
parameters were kept constant. During each iteration, the highest intensity within the
focal area was collected and composed into a plot seen in Figure 3.9. No significant im-
provement was observed at membrane thickness above 100 µm, which corresponds to
approximately 0.1λ of wavelength in the silicon. An inverse relation between intensity
and membrane thickness can be seen at membrane thickness lower than 100 µm. There
is a slope of -1.8/µm between 60 µm to 100 µm. Oscillation of performance can be seen
at membranes thinner than 60µm with positive peaks formed at 20µm and 60µm thick-
ness. Negative peaks were formed at 10 µm and 40 µm. These positive and negative
peaks can occur due to the interference with waves reflected from the membrane-air
interface on the back of the transducer. The distance traveled by this reflection scale
with the factor of two of the membrane thickness, which caused the oscillation to be
more pronounced at thinner membranes. Regardless of the oscillation, the intensity still
maintained an inverse relation with the membrane thickness. In agreement with the
preliminary simulation, the intensity generated by the transducer was inversely related
to the thickness of the membrane. The optimum intensity was obtained with a mem-
brane thickness of 20 µm. A factor of 19.7 improvement was seen when comparing the
transducer with a silicon substrate with a thickness of 300 µm and 20 µm.

3.3. EXPERIMENTAL VALIDATION

3.3.1. MICROFABRICATION TECHNIQUES

Test devices mimicking CMOS ICs were fabricated at a wafer scale using silicon-based
micromachining or microfabrication Figure 3.9. The test device featured aluminum con-
tact pads connected by interconnects which were used to drive piezoelectric transduc-
ers. Apart from the contact pads, aluminum layers were passivated using silicon dioxide
to prevent unwanted conduction and leakage in the circuit. Several key techniques used
in the fabrication are spin coating, photolithography, PECVD, sputtering, reactive ion
etching (RIE), and deep reactive ion etching (DRIE).

SPIN COATING

Spin coating is a technique used for uniformly depositing thin film onto flat surfaces.
The process started by depositing a polymeric solution onto a substrate, which, in this
case, is a silicon wafer. The substrate is then spun at high speed within a controlled time.
The centrifugal force from the spinning motion spreads the solution across the substrate.
The thickness of the coating can be controlled consistently based on the speed and du-
ration of the spinning. Typically, the spin coating process is followed by a heat treatment
to polymerize the solution to create a solid coating on the substrate. The viability of
the spin coating process is determined by the viscosity of the solution and the chemical
affinity between the substrate and the solution.

PHOTOLITHOGRAPHY

Photolithography is a technique used to accurately impart patterns onto a photosensi-
tive film using ultraviolet (UV) light. A cycle of the photolithography process starts with
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applying a photosensitive polymer called photoresist onto a wafer. Prior to the appli-
cation of the photoresist, the wafer is baked at 130◦C to remove the moisture on the
surface, while hexamethyldisilazane (HMDS) vapor is applied to improve the adhesion
of the photoresist to the substrate. The photoresist is spin-coated onto the treated wafer
and then followed with a baking step to harden the photoresist. UV light is selectively
applied onto the photoresist. The selectivity is achieved by using a photomask made
of patterned chromium on a quartz plate to block the incident light from reaching the
photoresist. The exposure is followed by a post-exposure baking step. Chemical reac-
tions occur in the exposed parts of the photoresist during the baking process, which
changes the solubility of the photoresist. The final step in photolithography is the devel-
opment of the photoresist. The photoresist is exposed to a chemical developer, which
will react differently to the exposed and non-exposed parts. The exposed parts in the
positive photoresist and the unexposed parts in the negative photoresist are dissolved in
the developer, thus transferring the pattern from the photomask to the photoresist. The
patterned photoresist can be used to protect the layer underneath during the following
etching process.

REACTIVE ION ETCHING

RIE is a technique used to anisotropically remove metal and dielectric films on a wafer.
The anisotropic nature of the etching allows for the etching of smaller features compared
to the use of wet chemical etching. During RIE, plasma is generated under a low-pressure
environment by ionizing gasses using a coil. A wafer is placed within the chamber with
mechanical or electrostatic clamping with helium cooling on the back of the wafer. A
separate bias voltage accelerates the charged ions towards the wafer, chemically react-
ing and physically removing the target materials on the wafer. In combination with pho-
tolithography, photoresists can block the incoming ions, which then protect the under-
lying layer, thus transferring the pattern from the photoresist to the layer underneath.

DEEP REACTIVE ION ETCHING

Deep reactive ion etching is a variation of RIE with the purpose of creating deep struc-
tures with a high aspect ratio. DRIE is performed in a cyclical manner with three primary
steps: passivation, breakthrough, and etching, as seen in Figure 3.10. During the passiva-
tion step, a thin layer of C4F8 is deposited on the wafer. The C4F8 also coats the sidewall
and the bottom of the trench made in the preceding cycles. In the breakthrough step, a
reactive ion etching is performed for a short duration to remove the C4F8 coating on the
bottom surface of the trenches. Due to the directionality of the RIE, the coating on the
surfaces perpendicular to the ion direction is etched faster than the sidewall. In the case
of silicon etching, SF6 gas is used to generate fluorine radicals that will etch the exposed
silicon on the bottom of the trench. The remaining coating on the sidewall serves as a
protection layer, which improves the anisotropic nature of the etching. The cycle is then
continued from the passivation step until the desired depth is achieved.

3.3.2. FABRICATION PROCESS OF THE SUBSTRATE THINNED DEVICES
The fabrication of the device started with a double-sided polished (DSP) (100) silicon
wafer with a thickness of 300 µm. Using PECVD (Figure 3.11(a)), one side of the wafer
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Figure 3.10: A schematic describing the cyclical process of DRIE starting with passivation, followed by a break-
through of the passivation layer and etching of the silicon.

was coated with 2 µm silicon oxide, which will be used as a landing layer, and the sup-
porting layer of the eventual membrane (Figure 3.11(b)). As the interconnects and pads,
a 400 nm-thick aluminum with 1% silicon was deposited on the wafer using sputtering
(Figure 3.11(c)). The inclusion of the 1% silicon was due to the availability of the mate-
rial and was not critical in the process due to the minimal diffusion of silicon dioxide into
aluminum. A layer of positive photoresist (SPR3012, MEGAPOSIT) with a thickness of 2.1
µm was spin-coated on the wafer using an automatic coater-developer (EVG120, EVG).
Exposure of the photoresist was performed using a mask aligner (MA/BA8, Suss Mic-
troTec). The photoresist was developed in the automatic coater-developer using a single
puddle developer (MF-322, Microposit). The underlying aluminum layer was etched us-
ing RIE (Omega 201, Trikon). Following the etching, the photoresist was stripped from
the wafer by using a plasma asher (PVA TePla 300, PVA TePla AG) and then cleaned in a
99% nitric acid bath. Another layer of 400 nm thick PECVD silicon dioxide was deposited
to encapsulate the aluminum layer (Figure 3.11(d)). Contact openings were made by
coating and patterning a layer of photoresist with a thickness of 2.1 µm, followed by
etching of silicon dioxide in a buffered hydrofluoric acid (BHF 7:1) (Figure 3.11(e)). After
photoresist stripping and wafer cleaning, the process was continued on the back side
of the wafer by spin-coating 8 µm-thick photoresist (AZ-12XT-20PL-10, MicroChemicals
GmbH). The photoresist was patterned to create the cavities for the air-backing layer un-
derneath the transducers(Figure 3.11(f)). A DRIE of silicon on the back of the wafer was
performed (Omega Rapier, SPTS Technologies). The depth and etch rate of the silicon
etching were carefully monitored by using an optical profilometer (VK-250X, Keyence)
(Figure 3.11(g)). Several membrane thicknesses of 0.8 µm, 20 µm, and 50 µm were made
to see the effect of the membrane thickness on the performance of the transducers. The
0.8 µm membranes were made by etching completely the silicon layer, thus having a
membrane consisting of 400 nm of silicon dioxide and 400 nm of aluminum. Afterward,
the wafer was diced into individual dies. To ensure the survival of the membrane during
the dicing process, the wafer was mounted with the membrane side facing the dicing foil.
A dicing foil with UV-sensitive adhesive was used to allow for the release of the dies from
the foil after UV exposure, thus minimizing the risk of membrane damage due to the ad-
hesive. A glass cover plate was mounted on the cavity side of the dies. Non-conductive
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Figure 3.11: Process flow of substrate-thinned air backing layer. (a) The starting DSP 300 µm-thick wafer. (b)
PECVD deposition of silicon oxide as substrate insulation. (c) Sputtering and patterning of the aluminum layer.
(d) PECVD deposition of silicon dioxide as a passivation layer. (e) Patterning of the silicon dioxide to make
contact openings with wet etching (f) spin-coating and photolithography of thick photoresist on the backside
of the wafer. (g) DRIE of the backside of the wafer was followed by a cleaning step to remove the photoresist.
(h) Post-processing of the wafer: dicing the wafer followed by attaching the glass cover and the PZT on the
diced dies. Tungsten wires were bonded onto the contact pads and on top of the PZT with conductive epoxy.

epoxy (EPO-TEK 301-2FL, Epoxy technology) was used to bond the glass to the silicon
and prevent liquid from entering the cavities. The epoxy was cured on a hotplate for 3
hours at 80◦C. As the transducer, a film of pre-polled 270 um-thick PZT-5H (Piezo.com)
was diced to 2.8 x 2.8 mm2 to match the size of the contact pads on the silicon. These
PZT pieces were mounted on the array and electrically connected to the pads by using
silver-filled epoxy (EPO-TEK H20E, Epoxy technology). Tungsten wire with a diameter
of 50 µm was attached on top of the PZT and the contact pads using the silver-filled
epoxy. The tungsten wires were used to interface the driving signal to the transducers
(Figure 3.11(h)). Tungsten wire was chosen due to its small footprint and excellent con-
ductivity to minimize the impact of the wire bond, electrically and acoustically. Finally,
encapsulation was needed to prevent electrical coupling and corrosion facilitated by the
liquid medium. The encapsulation layer has to be thin and uniform to minimize atten-
uation and refraction, respectively. The entire device was encapsulated with 5 µm-thick
CVD Parylene-C. Parylene-C was chosen due to its conformal and controllable deposi-
tion process at a few micrometer ranges. The finished devices can be seen in Figure 3.12.

3.3.3. CHARACTERIZATION OF THE INTEGRATED AIR BACKING LAYER

MEASUREMENT SETUP

The characterization of the transducer was performed using the setup sketched in Fig-
ure 3.13(a). The fabricated transducer was submerged in a 50 cm x 50 cm x 50 cm tank
half-filled with deionized water and fixed to one of the tank walls by using a 3D-printed
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Figure 3.12: Photograph of the fabricated device with the transducers and wires mounted on the integrated air
backing layer with 20 µm-thick membrane showing (a) the front side of the device and (b) the back side of the
device.

holder. The transducer was connected to a function generator (DG4202, RIGOL), which
provided the transducer with 10V driving signal. A needle hydrophone with a 1 mm tip
diameter (NH1000, Precision Acoustics) was used to convert the pressure generated by
the transducer at a given position into voltage. A photograph of the measurement setup
can be seen in Figure 3.13(b). The output of the hydrophone was then displayed in an os-
cilloscope (DSO-X 3032A, Agilent Technologies). The hydrophone was pre-calibrated for
the frequency range of 1-20 MHz. The needle hydrophone was mounted on a 3-axis mo-
torized stage (VK-62000, GAMPT mbH) controlled by a stage controller (SFS630, GAMPT
mbH). The motorized stage allows for precise positioning of the hydrophone to create
a pressure map generated by the transducer. The movement of the hydrophone, data
acquisition from the oscilloscope, and driving signal control in the function generator
were done in a custom MATLAB GUI, which allows for synchronization of movement,
driving bursts, and measurement in each location. A measurement protocol was then
established by first finding the focal spot of the transducer by measuring it in the YZ
plane with a large spacing that covers a large area. A low-resolution measurement in
the XZ plane was done to check the focal distance and orientation of the transducer. A
frequency sweep from 8 to 10 MHz was performed at the provisional focal spot to find
the resonance frequency of the transducer. The driving frequency of the transducer was
then set to its resonance frequency. After finding the focal spot coordinates and the res-
onance frequency, the acquisition of the YZ and XZ cross-sections with high resolution
can be performed. During this study, four configurations of transducers with silicon
thicknesses of 0.8, 20, 50, and 300 µm were fabricated. Within each configuration, four
transducers were characterized.

TIME DOMAIN MEASUREMENTS

An example of the hydrophone readout can be seen in Figure 3.14(a). Electrical cou-
pling between the transducer and hydrophone can generate electromagnetic interfer-
ence (EMI), which can be seen in the hydrophone readout. The EMI can be seen in the
oscilloscope instantaneously since it travels with the speed of light, while the ultrasound
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Figure 3.13: (a) Schematic of the measurement setup. (b) Photograph of the measurement setup with the 1
mm diameter hydrophone.

Table 3.3: Summary of the important parameters of the instruments used during the ultrasound characteriza-
tion.

Parameters values
Signal amplitude 10 VPP

Driving frequency 8-10 MHz
Pulse repetition frequency 1 kHz

Signal per pulse 40
Oscilloscope averaging 16

pulse will be seen after a certain delay due to the much slower speed of sound. The
distance between the hydrophone and the transducer can be calculated by dividing the
time delay between the start of the driving signal burst and the burst seen in the hy-
drophone by the speed of sound in water. The ultrasound waves can be recorded twice
due to reflection between the transducer and the hydrophone that propagate as follows:
(1) the wave generated by the transducer propagated to the hydrophone which then
recorded by for the first time, (2) the waves were partially reflected by the hydrophone
back to the transducer, (3) the reflected waves were once again reflected by the trans-
ducer back to the hydrophone and recorded for the second time. This reflection can
be identified by looking at the timing of the signal received to be approximately 3 times
longer than the delay between the transducer and the hydrophone as seen in Figure 3.14(a),
which corresponds to the 3 times longer pathway of the waves compared to the direct
distance between the transducer and the hydrophone. During the comparison of each
transducer, it is important to ensure that the EMI and the reflection do not overlap with
the primary signal readout. This was done by ensuring a sufficient distance between
the transducer and the hydrophone and also limiting the length of the bursts. The ul-
trasound pulse also has a transient period to reach a steady-state vibration as seen in
Figure 3.14(b).

SPATIAL PROFILE MEASUREMENTS

A 2D cross-section of the beam profile generated by the transducer can be constructed
by utilizing the motorized stage and the GUI to control the movement and data acqui-
sition to create a raster map. The movement of the hydrophone during the acquisition
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Figure 3.14: (a) A time domain measurement taken at the focal point of a transducer, showing the EMI, the
ultrasound pulse, and the reflection of the pulse. (b) close-up view of the ultrasound pulse.

Figure 3.15: Schematics showing the acquisition process of a 2D cross-section of the acoustic beam profile in
the (a) YZ plane and (b) XZ plane.

process in the YZ plane and XZ plane cross-sections can be seen in Figure 3.15(a) and
(b).

The pressure information within an area was sampled into a grid of pixels with a
determined spacing. In each pixel, time domain measurement was performed, and
peak-to-peak pressure was measured to represent the data within the pixel. An exam-
ple of the 2D cross-section in the YZ plane can be seen in Figure 3.16. The YZ cross-
section provides information regarding defects in the transducer due to materials pres-
ence (e.g., epoxy, wire, air bubbles) or material defects (e.g., broken membrane or PZT)
which would cause distortion in the generated acoustic field. It is vital to make sure
that comparisons are made on samples with minimum distortion. The 2D cross-section
in the XZ plane showed the focal distance of the transducer and also the orientation of
the transducer relative to the hydrophone (Figure 3.17). To maximize the accuracy of
the measurement, the transducer surface has to be parallel to the hydrophone tip, since
misalignment of the orientation would cause a slanted beam profile in the XZ plane.
Figure 3.18 shows the 2D cross-section in the YZ plane of the transducers with 0.8, 20,
50, and 300 µm membrane. In terms of pressure, the reference transducers with 300
µm-thick membrane showed the smallest output pressure in accordance with the FEM
results. The membrane thickness did not affect the cross-section of the beam, with each
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Figure 3.16: Example of a YZ plane cross-section, which was composed by taking the maximum peak-to-peak
in the time domain in a raster map. A spacing of 0.1 mm was used.

Figure 3.17: Example of an XZ plane cross-section with 0.2 mm resolution.
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Figure 3.18: YZ plane cross-section of the transducers with 0.8, 20, 50, and 300 µm membrane thickness at its
respective resonance frequency with scanning resolution of 0.1 mm.

transducer maintaining a similar shape and focal area in the YZ plane. The highest pres-
sure was achieved by the configuration with 20 µm membrane thickness with a peak-to-
peak pressure of 781 kPa.

FREQUENCY RESPONSE

At the volumetric focal spot, the frequency response of the transducer was measured by
changing the driving frequency of the transducer between 8 and 10 MHz with a step of
0.1 MHz. The frequency response of a transducer will typically have a peak that corre-
sponds with its resonance frequency. The sweep in frequency will affect the focal dis-
tance of the transducer in the order of 3 mm within the 2 MHz frequency range, as ex-
pected from equation Eq. 2.2. Since the transducers were unfocused, as seen in the XZ
plane cross-section in Figure 3.17, this change in focal distance will have a minimum
contribution to the change of the intensity. Figure 3.19 shows the frequency response of
each configuration of the transducers. Along with changes in the intensity, the resonance
frequency of the transducers was also influenced by the thickness of the membrane. The
transducers with 20 and 50 µm membranes had lower resonance frequency on aver-
age compared to the transducers with 300 µm-thick substrate. A resonance frequency
of 8.5 MHz was expected based on the thickness of the PZT film, which was shown by
transducers placed on membranes. The reference transducers with 300 µm-thick sili-
con showed a higher mean resonance frequency at 9.13 MHz. This observation aligned
with the study reported in metal-filled epoxy backing which the resonance frequency
of the transducer became higher at denser backing layers [17],[18]. The results of a 0.8
µm-thick membrane were more distributed compared to other configurations. This was
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Figure 3.19: A 1D graph showing the acoustic intensity of the transducers as a function of frequency measured
at the volumetric focal spot of the transducers with 0.8, 20, 50, and 300 µm membrane thickness, with four
transducers measured for each category.

likely due to the lack of mechanical stability of the membranes, which are prone to crack-
ing, especially during the operation of the transducer. Damage on the membrane during
the operation of the transducer was challenging to observe because the PZT film and the
adhesive applied supported the membrane.

3.3.4. DISCUSSION

The summary of the characterization of the integrated air-backing substrate can be seen
in Table 3.4. The acoustic intensity of the transducers was influenced by the thickness
of the silicon substrate underneath the piezoelectric element. The optimum membrane
thickness to yield the highest output intensity was achieved by configuration with 20
µm-thick membrane. Compared to the reference group with 300 µm-thick silicon sub-
strate, typically used in ASIC, the air-backed transducers consistently show an average
improvement with a factor of 2.65 times when comparing the peak intensity at its respec-
tive resonance frequency. Similar to the comparison made in the FEM result, a com-
parison of the output intensities as a function of membrane thickness was also made
assuming a fixed frequency which was the expected center frequency of 8.5 MHz. At a
fixed frequency, the transducers with an air-backing layer showed a higher average im-
provement factor of 5.11 when compared to the reference transducers. The comparison
between the simulated and measured output intensity as a function of substrate thick-
ness can be seen in Figure 3.20. The experimental results showed a significant improve-
ment in the output intensity by using the proposed integrated air-backing substrate. The
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Table 3.4: The mean output intensity measured at the resonance frequency and at a fixed frequency of 8.5 MHz
of transducer with different membrane thicknesses (n=4).

Membrane
thickness (µm)

intensity at
resonance -
mean±SD
(W /cm2)

intensity at 8.5
MHz- mean±SD

(W /cm2)

Resonance
frequency -
mean±SD

(M H z)
0.8 3.13±0.90 2.65±0.89 8.55±0.15
20 4.26±0.54 2.81±1.0 8.13±0.16
50 2.34±0.48 1.71±0.31 8.38±0.16

300 1.61±0.47 0.55±0.20 9.13±0.11

Figure 3.20: Comparison between the simulation and the experimental results at fixed frequency and adjusted
at respective resonance frequencies

discrepancy with the simulation result can be attributed to the simplification of the sim-
ulation model and the difference in material properties used in the model and the mea-
surement. The effect of the fabricated air-backing layer could also be suppressed due to
the inclusion of conductive epoxy, which was manually applied on the top and the back
of the transducers.

3.4. CONCLUSION
This chapter proposed an integrated air-backing layer in a silicon substrate that can be
applied to a piezoelectric ultrasound transducer on ASIC to improve its transmit effi-
ciency. Microfabrication techniques were used to thin the silicon substrate selectively
underneath the transducers, thus creating a suspended membrane in the air. The thick-
ness of the membrane presented a trade-off between improvement in output intensity
and mechanical stability. Four configurations of devices with different silicon thick-
nesses were fabricated and characterized. The characterization of these transducers
showed a consistent improvement when using the proposed integrated air-backing layer
when compared to a transducer on 300 µm-thick silicon substrate. Both simulation and
measurement showed the optimum membrane thickness of 20 µm, which, on average,



3.4. CONCLUSION

3

41

improved the output intensity of the transducers with a factor of 5.11 at 8.5 MHz driving
frequency. The improvement can partially be attributed to the shift in resonance fre-
quency of the transducer on a silicon substrate. However, regardless of the frequency
shift, the air-backed transducers demonstrated an improvement over the reference at its
respective resonance frequency with an improvement factor of 2.65. As a future work,
the concept of the integrated air-backing layer will be implemented on PUTs-on-ASIC
for ultrasound neuromodulation to improve its transmit efficiency.
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4
POLYMER METAL CONNECTION

This chapter introduces a novel polymer-metal connection (PMC) method to implement
top-level electrical connections on a piezoelectric ultrasound array. This approach utilizes
a microfabricated PDMS/Ti/Al membrane supported by a silicon frame, replacing tradi-
tional top connections that introduce significant acoustic losses. The key finding is the
significant improvement in preserved output intensity (80%) compared to an ideal refer-
ence, contrasting with the state-of-the-art aluminum foil connection, which only achieves
22.5%. The PMC was successfully implemented on a 2x2 transducer array and validated
through preliminary biological testing, demonstrating its ability to stimulate neuronal
and endothelial cells.

Parts of this chapter have been published in [1].
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Figure 4.1: The schematic of top metal connection implementation using (a) dice-and-fill [4] and (b) using
aluminum ground foil [2].

4.1. INTRODUCTION

TOP CONNECTION OF PIEZOELECTRIC ULTRASOUND TRANSDUCERS

The previous chapter discussed methods for improving the transmit efficiency of a piezo-
electric ultrasound transducer through silicon substrate engineering. However, the trans-
ducer implementation still relied on individual wires placed on top of each piezoelec-
tric element, which is impractical and not scalable. Therefore, implementing the top
connection in a piezoelectric ultrasound transducer is another crucial aspect. As pre-
viously discussed, driving a piezoelectric element as an ultrasound transducer requires
the application of an alternating electric field. In phased array ultrasound transducers,
piezoelectric elements are integrated into an IC, and the bottom side of the piezoelectric
element connects to the IC’s contact pads [2],[3],[4]. These contact pads supply each ele-
ment in the array with phase-varied alternating voltages to focus and steer the generated
ultrasound waves. To complete the electrical circuit, the top side of each piezoelectric
element connects to a common ground node, which is then connected back to the IC or
PCB [2],[3]. Therefore, a vertical connection as thick as the piezoelectric film is needed,
which, depending on the desired resonance frequency, can range from a few hundred
micrometers to a few millimeters. This thickness can be challenging to implement, es-
pecially when using thin film technology in microfabrication processes [4],[5].

4.1.1. STATE-OF-THE-ART TOP CONNECTION

Several works have implemented piezoelectric transducers on ASICs [2],[4],[3],[5],[6].
However, current top connection implementations are not optimized for transmit ef-
ficiency [2]. Generally, there are two main approaches. The first approach involves using
conductive aluminum foil (7–15 µm-thick) glued to the top of the array with conduc-
tive paste [2],[3], as seen in Figure 4.1(b). The foil can be directly interfaced with open
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Figure 4.2: The schematic of the PMC concept used in two scenarios: (a) the PMC on an array of transducers
which use phased-array to focus and (b) the PMC on a single element transducer which use an acoustic lens
to focus.

pads on the IC or PCB using a similar conductive paste (Figure 4.1(b)) [2], [3]. Despite
its thinness, the aluminum introduces an additional interface that can cause reflection
and propagation attenuation. This approach, used in an imaging array, showed a low
transmit efficiency of 6 kPa/V [2], far from the 80 kPa/V [7] efficiency demonstrated by a
piezoelectric transducer array with discrete components. The second approach is dice-
and-fill [4], [5], where the dicing kerfs (small gaps) between array elements are filled with
a non-conductive material, such as epoxy, to planarize the array surface. A thin metal
layer (<1 µm-thick) is then deposited onto the planarized surface to create a common
ground connection (Figure 4.1(a)). Although this approach minimizes losses from the
top metal layer, the epoxy within the kerfs could dampen piezoelectric vibrations, reduc-
ing transducer efficiency. This implementation exhibited a higher transmit efficiency of
20 kPa/V [4], though differences in the backing layer may also contribute to this differ-
ence. Therefore, the ideal top connection to maximize transmit efficiency should be a
combination of the two approaches where a thin layer of metal is placed on top of the
transducer to minimize without using kerf filler, which could dampen the vibration of
the piezoelectric element.

4.1.2. IDEAL TOP CONNECTION

We envision a platform enabling scalable top-level connections for piezoelectric trans-
ducers. This scalability allows for various piezoelectric film thicknesses, enabling oper-
ation at different ultrasound frequencies. The platform should be implementable for a
single or multiple elements Figure 4.2(a-b). This design builds upon the concepts of an
air-backing layer (Chapter 3) and a lossless top connection. The acoustically lossless top
connection also creates space on the transducer surface for an acoustic lens, offering a
cheaper and more accessible alternative to phased array focusing. Lens implementa-
tion will be discussed in the following chapter. This chapter focuses on the design and
proof-of-concept of acoustically lossless top connection, and validation of the concept
was mainly performed with single-element transducers. The validation of the concept
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Figure 4.3: Schematic of the simulation setup of the PMC used in COMSOL Multiphysics.

was later performed on a 2x2 array.
The acoustically lossless connection consists of a customizable frame with conductive
vias and a thin metal sheet serving as the common ground connection. A sub-micrometer
metal layer lacks the mechanical support to cover the typical mm² aperture size needed
for a focal distance of a few millimeters. Therefore, mechanical support is needed to pre-
vent breakage of the thin metal layer. This mechanical support must be flexible to avoid
dampening piezoelectric vibrations and acoustically-transparent to maximize transmit
efficiency. Combining a polymer supporting layer and the thin metal layer creates the
polymer-metal connection (PMC). This approach provides a scalable and efficient solu-
tion for top-level connection in piezoelectric transducers. Polydimethylsiloxane (PDMS)
is a widely used polymer in microfabricated biomedical devices, such as soft encapsu-
lation of implants [8] and organ-on-chip applications [9], due to its biocompatibility.
Its fabrication using thin-film technology allows for accurate deposition control of sub-
millimeter-thick layers. Additionally, its acoustic impedance is similar to that of water
and soft tissue, minimizing reflection when interfaced with liquid media. This combi-
nation of properties makes PDMS a suitable candidate for the supporting polymer layer
in the PMC. In combination with PDMS, aluminum is a suitable candidate for the metal
layer due to its high conductivity and compatibility with microfabrication processes.

4.2. DESIGN OF PMC
4.2.1. SIMULATION SETUP

A finite element model in COMSOL Multiphysics was used to design the PMC concept.
The transducer consists of three components: the air-backed substrate, the piezoelec-
tric element, and the PMC (Figure 4.3). An axisymmetric model utilizing three physics
modules (electrostatics, solid mechanics, and pressure acoustics) was used for the sim-
ulation. The electrostatics and solid mechanics modules simulated the piezoelectric
effect, which acted as the acoustic source in the model. The propagation of acoustic
waves in the field was then simulated by the pressure acoustic module while taking into
account the acoustic attenuation. The frequency-domain simulation analyzed the har-
monic steady-state of the model in a water propagation medium. A perfectly-matched
layer (PML) on the outer boundaries of the model prevented reflections due to the finite
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Table 4.1: key simulation parameters for the PMC simulation.

Parameter Value
Frequency 8.5 MHz

Maximum mesh size λmedi um/10
Mesh shape Quadrilateral

PZT thickness 0.27 mm
PZT radius 1.5 mm

Silicon substrate thickness 0.3 mm
Silicon membrane thickness 0.02mm

Attenuation in PDMS [10] 4.3 dB/cm/MHz
PDMS acoustic impedance 1.045 MRayl

Attenuation in Al [11] 0.07 dB/cm/MHz
Al acoustic impedance 8.37 MRayl

Figure 4.4: The acoustic intensity of the simulated transducer as a function of the PDMS thickness and the
Aluminum thickness normalized to the intensity at minimum thickness.

simulation space. The important parameters of the model are shown in Table 4.1.

4.2.2. EFFECT OF MEMBRANE THICKNESS

Integral to the PMC concept is the polymer-metal stack that serves as the top connec-
tion of the piezoelectric transducer. The relationship between the layer thickness of the
metal and polymer and the transducer output intensity was observed. The aluminum
and PDMS layers in the PMC were swept individually, and their effects on the output in-
tensity at the focal spot were observed. The PDMS thickness was varied between 100 µm
and 300 µm, while the aluminum layer thickness was varied between 1 µm and 16 µm.
PDMS has a much higher attenuation coefficient (4.3 dB/cm/MHz) than aluminum (0.07
dB/cm/MHz). As shown in Figure 4.4, the PDMS thickness has minimal effect within this
thickness range. A 10% drop in output intensity was observed when comparing 100 µm-
thick PDMS to 300 µm-thick PDMS. In contrast, the aluminum thickness significantly
affected the transducer’s output intensity. The normalized output intensity decreased
linearly with a rate of 0.1/µm up to 8 µm thickness and then plateaued at approximately
30% output intensity. The loss when using the aluminum layer was dominated by the
acoustic reflection due to the mismatch between PZT-Al-Water, which theoretically ex-
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Figure 4.5: The simulation result comparing an ideal transducer, transducer with PMC top connection and
transducer with 15 µm Aluminum top connection.

hibits a 0.32 intensity transmit coefficient (Eq. 2.3). These results demonstrate the im-
portance of minimizing aluminum thickness to improve the transducer’s output inten-
sity.

4.2.3. COMPARISON WITH STATE OF THE ART
The performance of PMC was compared to two reference simulations: an ideal condi-
tion and a ground foil top connection with 15 µm-thick aluminum. The reference simu-
lations used the same model as in Figure 4.3, replacing the PDMS and aluminum layers
with water for the ideal condition and with 15 µm-thick aluminum for the ground foil.
The comparison results, shown in Figure 4.5, indicate that the ground foil reduces the
output intensity by 61.2% compared to the ideal reference. For the PMC, a 100 µm-
thick PDMS and 1 µm-thick aluminum layer resulted in a 10% loss in output intensity
compared to the ideal reference. These simulations exemplify the need to reduce the
metal layer thickness, which significantly affects the transmit efficiency of piezoelectric
ultrasound transducers. Using PDMS as a mechanical support for the sub-micrometer
metal film is promising from an acoustic perspective. A free-standing 100 µm-thick
PDMS layer was mechanically stable enough for use as a soft implant [8]. Based on these
promising simulation results, it was decided to proceed with the experimental validation
of this concept using a 100 µm-thick PDMS layer and a thin metal layer.

4.3. FABRICATION OF PMC
4.3.1. FABRICATION FLOW
The PMC device fabrication process is illustrated in the flowchart in Figure 4.6. Fab-
rication began with double-sided polished (DSP) wafers matching the thickness of the
piezoelectric material (Figure 4.6(a)). Fine thickness control of the wafer can be achieved
using deep reactive ion etching (DRIE) or chemical-mechanical polishing (CMP). A 4
µm-thick silicon dioxide layer was deposited on the top side of the wafer using plasma-
enhanced chemical vapor deposition (PECVD) (Figure 4.6(b)). This silicon dioxide layer
served as a landing layer for the subsequent DRIE process and as temporary support



4.3. FABRICATION OF PMC

4

51

Figure 4.6: The schematic of the PMC fabrication flow: (a) Process start with a DSP wafer, (b) silicon oxide
deposition, (c) Al/Ti deposition, (d) DRIE on the backside of the wafer with thick photoresist masking layer, (e)
PDMS deposition, (f) silicon dioxide wet etching, (g) conductive paste application into the trenches to create
conductive vias,and (h) assembly of the PMC onto an air-backed substrate and PZT.

for the metal membrane before polymer support deposition. A 400 nm-thick aluminum
layer was deposited using sputtering, followed by a 50 nm-thick titanium layer, both
at 50 °C (Figure 4.6(c)). An 8 µm-thick layer of AZ12XT photoresist (MicroChemicals
GmbH) was spin-coated and patterned using photolithography on the backside of the
wafer. DRIE of the silicon was performed on the backside of the wafer using an Omega
Rapier (SPTS Technologies) with the previously deposited silicon dioxide as the landing
layer (Figure 4.6(d)). Due to the thickness of the silicon oxide, the silicon layer was over-
etched to ensure complete removal and prevent it from blocking access to the underly-
ing aluminum layer in the subsequent process. The etching depth was monitored us-
ing an optical profilometer (VK-250X, Keyence). The etching continued until the trench
depth remained constant, indicating that the silicon dioxide layer had been reached (Fig-
ure 4.7(b)). After DRIE, the photoresist was stripped using a PVA TePla 300 plasma asher
(PVA Tepla AG). To prevent damage to the fragile membrane during the pumping and
venting process, the wafer was placed horizontally. During DRIE, some lateral titanium
etching can occur due to fluorine gas leakage to the backside of the wafer (Figure 4.7(a)).
However, this effect was negligible, as it was confined to the wafer’s corners. The wafer
was cleaned in a 100% H NO3 bath and rinsed with deionized water. A 100 µm-thick
layer of PDMS (Sylgard 184, Dow) was spin-coated on the metal side of the wafer (Fig-
ure 4.6(e)). The PDMS, mixed with a 10:1 ratio of monomer and curing agent, was mixed
and degassed (ARE-250, Thinky). The PDMS was cured at 90 °C for 1 hour in a convec-
tion oven. After curing the PDMS, the silicon dioxide layer was removed using buffered
hydrofluoric acid (BHF). Due to the relatively thick silicon dioxide layer, the estimated
etch duration was 13 to 16 minutes, assuming an etch rate of 250-300 nm/minute for
PECVD silicon oxide (Figure 4.6(f)). The wafer was mounted membrane-side down on
dicing foil with a UV release mechanism (ELEGRIP, Denka) to enable release of the diced
PMC without damaging the membrane (Figure 4.7(c)). After dicing, the PMC was placed
membrane-side down on a Teflon plate, and the cavities on the sides were filled with
silver conductive paste (AA42469) to create conductive vias (Figure 4.7(d)). The conduc-
tive paste was applied to the cavities using a brush, planarized to the cavity openings
using a razor blade, and cured on a hotplate at 93 °C for 15 minutes (Figure 4.6(g)). Due
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Figure 4.7: Fabrication of the PMC at different stages of processing: (a) top side view of the PMC wafer after
DRIE, (b) back side view of the PMC wafer after DRIE. (c) the PMC after dicing, and (d) the PMC with the
conductive vias filled with conductive epoxy.

Figure 4.8: Assembly of a piezoelectric transducer with PMC and an air-backed substrate: (a) air-backed sub-
strate with PZT element, (b) pin mounting using a 3D-printed aligner, (c) top view of the assembled transducer
with PMC, and (d) back view showing the air-backed membrane and pin connections.

to shrinkage during curing, the conductive paste application and curing process were
repeated twice to ensure complete filling of the cavities. Membrane conductivity, mea-
sured between the two vias, ranged from 0.8 to 1.6Ω.

4.3.2. ASSEMBLY OF PMC ON AIR-BACKED SUSBTRATE
The PMC can be integrated with an air-backed substrate (Chapter 3). The design of the
interconnects on the substrate was altered to allow for compatibility with the PMC. The
new design included two ground pad connections that align with the PMC design, with
contact pads that can be interfaced with pin connections to allow for easier electrical in-
terfacing (Figure 4.8(a)). The integration of the PMC to the substrate started with an air-
backed substrate that housed PZT elements placed on top of a hot plate (Figure 4.6(h)).
To attach the PMC on top of the substrate, silver conductive paste (42469, Alfa Aesar)
was thinly spread on the PZT elements, and conductive epoxy (EPO-TEK H20e, Epoxy
technology) was applied onto both ground pads. Conductive epoxy was used due to its
higher mechanical strength compared to conductive paste. Curing was performed in
two stages: the first stage at 95 °C for 15 minutes to cure the conductive paste, followed
by 80 °C for 3 hours to bake the conductive epoxy. Conductive pins can be inserted into
the contact pads. A custom printed structure was used to assist in supporting and align-
ing the pins (Figure 4.8(b)). The pins were bonded using conductive epoxy and cured
for 2.5 hours at 120 °C on a hot plate while enclosed in a glass chamber, followed by an-
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Figure 4.9: Challenges encountered during PMC fabrication: (a) PMC wafer with an aluminum metal layer be-
fore dicing. (b) Close-up of the PMC wafer after dicing, showing cracks in the aluminum layer caused by stress
during the process. (c) Individual PMC after release from the dicing foil. (d) PDMS adhesion on aluminum, ti-
tanium, and titanium nitride substrates after BHF soak, demonstrating improved adhesion with titanium and
titanium nitride.

other hour of curing at 100 °C with the device placed upside down in a similar setup. The
higher temperature was used to compensate for the gap between the epoxy and the sur-
face of the hotplate. The resulting transducer can be seen in Figure 4.8(c & d). The final
step of the fabrication was to coat the device with 5 µm-thick of Parylene to waterproof
the device during characterization.

4.3.3. FABRICATION CHALLENGES

During the development of the PMC fabrication process, aluminum was initially used
as the metal layer. However, challenges arose due to PDMS delamination from the alu-
minum during the extended BHF soak required to etch the silicon dioxide layer (Fig-
ure 4.9(d)). An alternative fabrication process was explored, involving dicing the wafer
before exposing the backside of the chip to BHF. However, during dicing, the combi-
nation of vacuum from the substrate and dicing stress caused the silicon dioxide layer
to crack, with cracks propagating to the aluminum layer (Figure 4.9(a-c)). The use of
an alternative metal, either titanium or titanium nitride, was considered. Sheet resis-
tance was measured using a four-point probe (Resmap 178, CDE). Both titanium and ti-
tanium nitride exhibited significantly higher sheet resistance than aluminum (Table 4.2).
The high resistance can cause a voltage drop in the driving signal, potentially reducing
transducer transmit efficiency. However, stacking the metal on top of an aluminum layer
could leverage the conductivity of aluminum and the adhesion properties of the alterna-
tive metal to PDMS. PDMS adhesion in BHF was tested using three wafers: one without
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Figure 4.10: (a) Schematic of ultrasound characterization setup. (b) the fabricated transducer mounted on a
3D printed holder.

an adhesion layer, one with a 50 nm titanium adhesion layer, and one with a 50 nm ti-
tanium nitride adhesion layer. The PDMS on wafers with titanium and titanium nitride
adhesion layers remained adhered for over 20 minutes in BHF, while the PDMS on alu-
minum delaminated after only 14 minutes (Figure 4.9(d)). Based on these results, an
Al/Ti stack was selected as the metal layer in the PMC to ensure both conductivity and
adhesion during the fabrication process.

Table 4.2: Sheet resistance measurement of metal stacks.

Parameter Al Ti Al/Ti TiN Al/TiN
Thickness (nm) 400 400 400/50 400 400/50
Sheet resistance

(Ω/sq)
0.03 1.2 0.05 5.5 0.08

4.4. ULTRASOUND CHARACTERIZATION

4.4.1. CHARACTERIZATION SETUP

The schematic of the measurement setup can be seen in Figure 4.10(a). The fabricated
transducer was fixed in the tank half-filled with de-ionized water on a 3D-printed holder
as shown in Figure 4.10(b). The transducer was driven by a function generator (DG4202,
RIGOL) which was controlled by a custom MATLAB interface. A fiber optic hydrophone
(FOHS V2, Precision Acoustics) mounted on an XYZ motorized stage (VK62000, GAMPT
mbH) was used to measure the ultrasound waves generated by the transducer and char-
acterize the pressure field. The readout of the hydrophone was collected by an oscil-
loscope (DSO-X 3032A, Keysight), and the data was integrated into a custom MATLAB
interface. The voltage readout collected from the oscilloscope was compared to the cal-
ibration data of the hydrophone to convert it into acoustic pressure and intensity. The
signal used to characterize the transducers was bursts of 40 square waves with an am-
plitude of 10 Vpp and pulse repetition frequency (PRF) of 1 kHz; this PRF was chosen to
give sufficient delay to avoid interference from the previous burst.



4.4. ULTRASOUND CHARACTERIZATION

4

55

4.4.2. EFFECT OF EPOXY KERF FILLING

A measurement was conducted to assess the effect of kerf filling on the pressure gener-
ated by a transducer. This investigation is crucial for understanding the impact of differ-
ent fabrication techniques on transducer performance. Measurements were performed
on 2.8 x 2.8 mm² PZT transducers on a silicon substrate with a 50µm-thick tungsten wire
top connection. One group of transducers had their sides coated with non-conductive
epoxy (EPO-TEK 301-2fl, Epoxy technology) cured at 80 °C for 3 hours, while the other
group served as a reference. A clear drop in output pressure was observed at the trans-
ducer focal distance when comparing the two groups. The transducers with epoxy sur-
rounding the PZT element generated only 19.8% of the output pressure compared to the
reference group. This result aligns with the low output pressure obtained in [4], which
utilized a dice-and-fill approach using similar epoxy material. Therefore, the dice-and-
fill approach is not suitable for acoustically efficient transducer design. The reduced
pressure output likely stems from the epoxy mechanically damping the PZT vibrations
and hindering efficient energy transfer to the surrounding medium.

4.4.3. PERFORMANCE OF PMC
To evaluate the experimental performance of the PMC, its performance was compared
to that of an aluminum foil top connection. A 10 x 10 mm² PZT transducer was used for
the comparison. The cross-section of the intensity field parallel to the transducer surface
was taken at the focal distance. A transducer with 50 µm-thick tungsten wire connection
served as an ideal reference, mimicking the ideal condition (Figure 4.12(a)). The wire was
placed on the edge of the PZT with a minimal footprint to minimize interference with the
acoustic field. A 15µm-thick aluminum foil was used, consistent with the thickness used
in the simulation (Figure 4.5). The performance of the transducer with the aluminum
foil top connection can be seen in Figure 4.12(b). Figure 4.12(c) shows the performance

Figure 4.11: (a) The transducer used to observe the effect of kerf filling. Transducers indicated in blue were
coated on the side with epoxy, while transducers indicated in orange were used as reference. (b) The 1D plot
of the output pressure measured across the focal spot compares the transducer with and without epoxy.
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of the transducer with PMC top connection. A 1D plot of the intensity along the Y-axis
across the focal spot was extracted from the cross-sectional intensity field of each trans-
ducer, as shown in Figure 4.12(d). The measurement results reasonably matched the
simulation results in Figure 4.5. As expected, the reference generated the highest inten-
sity, followed by the transducer with PMC, which exhibited a 20% reduction. The use
of PMC significantly improved the performance compared to the transducer with a 15
µm-thick aluminum foil connection, which generated 77.5% less intensity than the ref-
erence. Comparing the intensity field profiles of the reference (Figure 4.12(a)) and the
PMC transducer (Figure 4.12(c)) shows that the PMC did not cause distortion to the in-
tensity field. These findings highlight the effectiveness of the PMC concept as a top metal
connection for ultrasound transducers.

4.4.4. PMC ON A TRANSDUCER ARRAY

To assess the feasibility of implementing the PMC concept on an array, a 2x2 array of 2.8
x 2.8 mm² PZT elements was fabricated with a PMC. The PMC was placed on top of the
PZT array after applying conductive paste to the membrane. To ensure bonding between
the PZT array and the PMC membrane, a circular acrylic mass (weighing approximately
0.1 gram) was placed on top of the array during curing. The characterized output in-
tensity of the transducer at a 12 mm distance is shown in Figure 4.13(c). The intensity
profile shows four distinct focal spots with relatively similar amplitudes. The top right
focal spot generated the highest intensity, while the bottom right focal spot generated
the lowest. Non-uniform contact between the array elements and the PMC may have
caused the intensity differences. Additionally, the uneven surface of the PMC, particu-
larly the imprint from the weight, could have caused refraction of the generated waves.
Despite these variations, this result demonstrates the feasibility of applying PMC to an
array of transducers. Future work could focus on improving the uniformity of the PMC
and optimizing the bonding process to minimize intensity variations across the array’s
elements. Optimization of the bonding process between the PMC and the PZT array can
be achieved by using a pick-and-place tool that allows for controllable and uniform force
across the PZT elements during the application. The pick-and-place is also instrumental
in scaling down the PMC to work on smaller transducer arrays, which require higher pre-
cision and capability to handle smaller PMC structures. This successful implementation
of the PMC on an array opens possibilities for developing more complex and efficient
ultrasound transducer arrays for various applications.

4.5. PRELIMINARY BIOLOGICAL VALIDATION

Preliminary biological validation of ultrasound neuromodulation using the transducer
with PMC was performed in collaboration with the Leiden University Medical Center.
Fluorescence calcium imaging was performed using a BZ-X800 (Keyence) on human
induced pluripotent stem cell (hiPSC)-derived neurons and human umbilical vein en-
dothelial cells (HUVECs). These cell types were chosen for their relevance in studying
neuronal and vascular responses to ultrasound stimulation, especially due to the pres-
ence of mechanosensitive Piezo-1 ion channels in both cell types. A Fluo-4 calcium
imaging kit (Thermo Fisher) was used to visualize cell activity. The Fluo-4 dye perme-
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Figure 4.12: Comparison of transducer performance with different top connection methods: (a) reference
transducer with wire connection, (b) transducer with 15 µm thick aluminum foil connection, and (c) trans-
ducer with polymer-metal connection (PMC). The cross-sectional beam profiles at the focal spot are shown
for each transducer. (d) Comparison of the intensity profiles, demonstrating the superior performance of the
PMC compared to the aluminum foil connection.
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Figure 4.13: Implementation of a polymer-metal connection (PMC) on a 2x2 transducer array: (a) transducer
array before PMC application, (b) transducer array after PMC application, and (c) intensity profile at a 12 mm
distance, showing four distinct focal spots corresponding to the individual elements.

ates into the cells. During an influx of C a2+ ions, such as during action potentials, the
dye exhibits increased fluorescence by binding with C a2+ ions, which is recorded by the
microscope. The ultrasound transducer was mounted on a 3D-printed adapter to in-
terface the device with a commercial 12-well plate platform. A custom user interface
set the transducer stimulation parameters based on hydrophone calibration measure-
ments. The experiments were based on the literature which consisted of the following
steps: 3 minutes of baseline cell activity recording, 3 minutes of cell stimulation, and 3
minutes of post-stimulation recording [12]. The stimulation parameters were 200 kPa
peak-to-peak pressure, 9 MHz center frequency, 1 ms pulse repetition duration, and
0.2% duty cycle. Preliminary results showed that both hiPSC-derived neurons and HU-
VECs responded to the ultrasound stimulus. Increased spiking activity, indicated by brief
increases in fluorescence, was observed and correlated with the ultrasound stimulus. For
neurons, spiking activity was accompanied by an increase in baseline fluorescence in-
tensity as seen in Figure 4.14. A similar increase, though less pronounced, was observed
in the HUVECs response (Figure 4.15). This change in fluorescence contrasts with the
typical decrease in intensity due to photobleaching and warrants further investigation.
While the study’s biological impact remains to be fully elucidated, the observed cellular
responses encourage further investigation using this setup.

4.6. CONLUSION

This chapter presented a novel approach for implementing a top metal connection in
an ultrasound transducer to optimize transmit efficiency. The proposed concept utilizes
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Figure 4.14: (left)The fluorescence imaging of the hIPSC-derived neurons before, during and after the ultra-
sound stimulation.(right) The fluorescence intensity of neurons over time within the blue and yellow areas,
respectively.

Figure 4.15: (left)The fluorescence imaging of the HUVECs before, during and after the ultrasound stimula-
tion.(right) The fluorescence intensity of HUVECs over time within the blue and yellow areas, respectively.

microfabrication technology to create a polymer-metal membrane supported by a sili-
con frame. The membrane consists of a PDMS/Ti/Al stack with a total metal thickness of
450 nm. The concept was designed and simulated in COMSOL Multiphysics to analyze
the effect of PDMS and metal thicknesses on transducer output intensity. Experimental
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validation showed that the PMC preserved 80% of the output intensity compared to an
ideal reference. This represents an improvement over the state-of-the-art using a 15µm-
thick aluminum film, which achieves only 22.5% of the ideal output intensity. The PMC
was validated on a 2x2 transducer array, demonstrating its ability to connect all elements
within the array. Preliminary biological validation using the PMC transducers was per-
formed with calcium fluorescence microscopy on hiPSC-derived neurons and HUVECs.
Both cell types responded to the ultrasound generated by the fabricated transducer, en-
couraging further study using this setup.
The use of PMC shows promising results and potential. Using microfabrication tech-
nology, the metal layer on the PMC can be patterned, enabling addressable top connec-
tions, which can be useful for implementing row-column array ultrasound. Future work
will focus on further optimization and implementation of the PMC on a phased array
transducer integrated on ICs. This research has the potential to significantly improve
the performance and reducing the power consumption of ultrasound transducers.
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5
FRESNEL PHASING ZONE PLATE

This chapter presents a Fresnel Phasing Zone Plate (FPZP) made of Polydimethylsiloxane
that was fabricated using a single photolithography step. The FPZP builds upon the PMC
structure demonstrated in the previous chapter. The FPZP offers a simpler alternative to
focus ultrasound waves compared to phased arrays and better efficiency and scalability
compared to conventional convex/concave lenses. The fabricated FPZP demonstrated a
focal gain of 19.95 dB at a 15 mm focal distance and a lateral resolution of 0.25 mm at 9.1
MHz.
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In the realm of biomedical ultrasound, focused ultrasound (FUS) offers a significant
enhancement in spatial resolution and energy efficiency compared to conventional un-
focused transducers [1],[2]. The ability to concentrate acoustic energy at a designated
target area has spurred extensive research into its diverse applications, encompassing
high-resolution ultrasound imaging [3],[4], wireless power transfer of implanted medi-
cal devices [5], targeted tissue ablation in deep brain regions [6], and neuromodulation
to treat neurological diseases [7],[8]. Within the specific domain of neuromodulation,
the spatial resolution of the ultrasound transducer directly impacts the precision of the
neurostimulation [9]; the enhanced resolution achieved through FUS translates to more
targeted modulation, potentially reducing unintended side effects associated with off-
target stimulation [9],[10].

5.1. CONCEPT OF FOCUSED ULTRASOUND
Leveraging the shared nature of waves, acoustic focusing exhibits parallels with tech-
niques employed in light [1],[11] and electromagnetic wave manipulation [12],[13]. All
three share the fundamental properties of wave propagation, allowing for the applica-
tion of similar principles for focusing. In essence, the core concept involves manip-
ulating wave propagation within a medium to achieve constructive interference at a
designated point of interest. Focusing techniques can be broadly categorized into two
primary approaches in achieving constructive interference at a specific location: spa-
tial manipulation using lenses to physically alter the outgoing wave path and temporal
manipulation by strategically controlling the phase difference of multiple wave sources.
However, the implementation of temporal manipulation requires complex and precise
individual control over elements within an array of acoustic sources. These control sig-
nals are typically generated by multiple bulky circuit boards or are expensive to develop
by using complementary metal-oxide semiconductor (CMOS) chips [14],[15], which are
not explored in this chapter.

5.1.1. CONVENTIONAL LENS

Similar to light, acoustic focusing can be obtained through convex (Figure 5.1(a))[16]
and concave lenses (Figure 5.1(b))[3]. The use of either lens depends on the ratio of the
speed of sound between the lens (cl ens ) and propagation medium (cmedi um), which is
called refractive index (n), as given by Eq. 5.1. At n < 1, a concave lens is used to focus
the outgoing wave, while at n >1, a convex lens is used.

n = cmedi um

clens
(5.1)

The focal distance (F D) of convex and concave lenses are determined by their radius
(Rl ens )[17]:

F Dconvex = Rlens

(n −1)
; cl ens < cmedi um (5.2)

F Dconcave = Rl ens

(1−n)
; clens > cmedi um (5.3)
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Figure 5.1: (a) The geometry of a plano-convex lens. (b) The geometry a plano-concave lens.

Therefore, as the focal distance of an acoustic lens increases, the required lens size
also grows. This larger size can negatively impact acoustic transmission efficiency due to
propagation loss along the lens. Transmission efficiency is also affected by the acoustic
impedance, a characteristic parameter of a material, which influences the reflection at
the lens interfaces as dictated by Fresnel’s equation (Eq.2.3). Polymers are generally the
preferred material group mainly due to their acoustic impedance similarity with water
and soft tissue [3],[16],[18]. Commonly used polymers include silicon rubber[18], typi-
cally used for convex lenses, and epoxy[3], which is better suited for concave lenses.

Table 5.1: Acoustic properties of lens materials.

Material Velocity (m/s) Density (kg /m3) Impedance (MRayls)
Water 1480 1000 1.48

Epoxy[3] 2640 1080 2.85
Silicone rubber[3] 950 1580 1.5

When assuming water as the propagation medium, the refractive index of epoxy and
silicone rubber are 0.56 and 1.56, respectively. Therefore, the radius of the lens with both
materials is approximately half of the intended focal distance, which leads to bulky lens
geometry. The focusing ability of an acoustic lens is also subject to Abbe’s diffraction
limit, which theoretically limits the smallest spatial resolution a lens can achieve [1].

5.1.2. FRESNEL LENS
The concept of the Fresnel lens was invented to reduce the size and weight of a lens while
retaining its functionality. The concept was first applied in optics to create large lenses
needed in lighthouses [19]. A lens focuses waves through refraction that occurs on the
interface of the medium and the lens. Therefore, the bulk of the lens does not contribute
to its focusing properties and causes unnecessary attenuation. A Fresnel lens utilizes
this concept by strategically removing non-essential material in focusing (Figure 5.2),
resulting in a lens with a thinner form and concentric pattern.
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Figure 5.2: Schematic showing the concept of a Fresnel lens: (top) a convex lens, (middle) a convex lens with
sections of the lens that don’t contribute to the focusing highlighted, (bottom) the geometry of the lens after
the highlighted parts are removed, thus making a Fresnel lens.

The Fresnel lens offers several advantages compared to conventional lenses: (1) less
material utilized, (2) lighter in weight, (3) higher transmission efficiency. However, Fres-
nel lenses are susceptible to aberrations due to diffraction that occurs on the edges of
the irregularly shaped concentric patterns, making the adoption of Fresnel lenses less
popular for imaging applications [20]. Additionally, due to the irregular shape of the lens
surface, the practicality of its fabrication is the main barrier to the adoption of the Fres-
nel lens, especially in a small form factor. One way to realize this complex structure is by
utilizing grayscale lithography, which is difficult to optimize due to the complexity of the
exposure and development steps [21].

5.1.3. FRESNEL ZONE PLATE
Fresnel zone plates (FZPs) emerged as a solution to the fabrication complexities associ-
ated with traditional Fresnel lenses [22]. Unlike previous lenses that rely on the refraction
of waves, FZPs utilize the principle of diffraction, where waves spread and bend around
obstacles[1]. An FZP consists of alternating ’opaque’ and ’transparent’ concentric rings,
which block and pass waves going through the lens. By carefully controlling the size of
each ring, the diffraction of waves through FZP can be manipulated to create construc-
tive interference at a predetermined focal point. The equation in Eq.5.4 describes the
nth radius of transition between ‘opaque’ and ‘transparent’ zones [23]:

rn =
√(

nλ

2

)2

+nλFD (5.4)

, where λ is the wavelength in the propagation medium and FD denotes the desired focal
distance of the lens. Figure 5.3(b) shows the cross-section of an FZP. The binary stepped
structures of an FZP are much easier to fabricate than a Fresnel lens due to the rectangu-
lar shape of each individual ring as opposed to the irregular triangular shape. The use of
FZP has been shown by using air as the ‘opaque’ zone to block the propagation of waves
completely [24],[25]. In this work, a Polydimethylsiloxane (PDMS) structure was used to
trap air pockets in front of a transducer. However, a reduction of transmission efficiency
in a diffracting system is unavoidable because some of the incoming waves will be re-
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Figure 5.3: Schematic showing the cross-section of an FZP.

flected by the ‘opaque’ zones. To avoid the loss due to the acoustically blocking zones,
other works attempted proposed the direct imprinting of the zone plate pattern on the
piezoelectric material through plasma etching [11],[26]. The etching process was done
in several steps to make zone plates with multiple levels, thus approximating the shape
of a Fresnel lens. However, alterations to the piezoelectric material can lead to changes
in the resonance mode that might negatively impact the vibration mode of the trans-
ducer. There is also a lack of definitive efficacy in focusing on using this method in the
literature. Another way to implement the FZP concept is by patterning the shape of the
electrode driving the transducer, therefore selectively driving parts of the transducer to
simulate the different zones in FZP [27]. This approach enables programmable focusing,
but it still suffers from low efficiency due to parts of the transducer not contributing to
the generation of the focal point.

5.1.4. FRESNEL PHASING ZONE PLATE
Fresnel phasing zone plates (FPZPs) offer a more efficient approach compared to tradi-
tional FZPs [28]. Unlike FZPs, which utilize opaque zones to block a portion of the sound
waves, FPZPs employ translucent zones with a different speed of sound, similar to ma-
terials used in conventional convex/concave lenses. These translucent zones introduce
a phase shift on the wavefront as the sound travels through the lens relative to the wave-
front passing through the transparent zones. Similar to FZPs, diffraction still occurs on
the edges of the translucent zones, and the focal distance of the lens can still be deter-
mined using the FZP formula. However, unlike in FZP, the thickness of the translucent
zones plays a crucial role as it affects the phase difference relative to the transparent
zones. Ideally, a complete constructive interference is desired to maximize the energy
in the focal area, which can be achieved by imposing a π phase difference between the
transparent and the translucent zone. In theory, a π phase difference is achieved when
the thickness of the translucent zone satisfies the following [11]:

h = 1

N f
(

1
cm

− 1
cl

) (5.5)

,where f , N , cm , and cl are the frequency of the ultrasound wave, the number of height
levels within the FPZP, the speed of sound in the medium and in the lens, respectively.
Several FPZPs have been implemented to focus ultrasound waves at 1 MHz [28],[29],



5

68 5. FRESNEL PHASING ZONE PLATE

which utilize a 3D-printed lens made of polylactic acid (PLA) placed a distance from the
transducer. These works showed that FPZP improved the output intensity by a factor
of 2 when compared to FZP. However, the implementation for higher frequency appli-
cations is limited by the resolution of 3D printing techniques and tolerable printing ar-
tifacts, such as shrinkage and surface roughness. The use of 3D-printed PLA to create
sub-millimeter structures is also prone to warping due to thermal stress that can affect
the focusing accuracy of the lens.

5.1.5. ACOUSTIC METAMATERIALS
The focusing strategies presented so far are implemented by geometrically shaping a
lens made of conventional materials. The spatial resolution that can be achieved by
these techniques is theoretically limited to Abbe’s diffraction limit (ADL)[1].

ADL = λ

2N A
(5.6)

N A = si n(θ) ≈ r

Fd
(5.7)

, Where N A is the numerical aperture. Artificial materials can be made to have prop-
erties that have atypical behavior of wave propagation, which are typically addressed
as acoustic metamaterials (AMMs). As an example, these materials can have a negative
refractive index, which can generate evanescent waves close to the lens [30],[31]. The
presence of evanescent waves allows for a focusing that is able to exceed the diffraction
limit. An engineered material can also have a gradient refractive index in a thin-film
form factor and, therefore, can naturally focus acoustic waves traveling through it [32].
However, most studies on AMM are still in a proof-of-concept stage conducted at low fre-
quencies at a few kHz [30],[33]. Although some experimental results have been shown, it
still requires a large supporting structure to manipulate the lens [34], thus making minia-
turization on the system level challenging.

5.1.6. HIGH TRANSMIT EFFICIENCY ACOUSTIC LENS
To summarize, there are several approaches to focusing ultrasound waves using lenses.
A convex/concave lens is the most conventional approach, however, it is bulky in terms
of size. Therefore, it is susceptible to propagation loss which can reduce its efficiency.
Fresnel lens mitigates this propagation loss by removing volume that is not essential in
the focusing, thus making the lens more efficient. However, Fresnel lens is not practical
to make due to its complex structure. FZP is an approximation of a fresnel lens, which
typically consists of alternating concentric rings that pass and block incoming waves.
Due to the partial blocking of the incoming waves, the efficiency of the FZP is lower than
that of a Fresnel lens. FPZP addresses the drawback of FZP by replacing the blocking
zones with phase-shift zones that alter the phase of the wave as it travels through the
lens and, therefore, improve the efficiency of the lens. Based on the literature, the FPZP is
the most promising approach to implementing a high transmit efficiency acoustic lens.
However, there is a lack of quantitative comparative study of the different acoustic lens
approaches in terms of their efficiency. Therefore, the next section discusses the use of
finite element modeling (FEM) to compare the performance of different acoustic lenses.
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5.2. FINITE ELEMENT MODELLING
Finite element modeling in COMSOL Multiphysics was used to simulate the acoustic
interaction of materials and structures in a 2D field. The goal of this FEM is to see how
the FPZP compares with FZP and conventional convex lenses and also to understand the
effect of each design parameter within FPZP and its effect on the eventual fabrication
variation. A MATLAB script was used to aid the calculation of a Fresnel structure and the
generation of the lens structures within the COMSOL environment.

5.2.1. SIMULATION SETUP

FRESNEL STRUCTURE FORMULA

The lens geometry of a Fresnel structure can be calculated by following the procedure de-
scribed in [23]. The inputs of these calculations are the focal distance FD , the frequency
of ultrasound f , and the angle of focusing α. Firstly, some intermediary equations have
to be solved.

k = 2π

λ
(5.8)

Xc = FD ∗ tan(α) (5.9)

Ymax = k ∗Xc ∗ sin(α)−k
√

Xc
2 +FD

2 −FD (5.10)

Cn = FD − Ymax −nπ

k
(5.11)

, where k is the wavenumber, Ymax is the phase that has to be generated by the lens
to achieve the desired focusing angle.

Xn = Cn ∗ sin(α)

cos2(α)
(5.12)

Mn =
√

Cn
2 −FD

2 +Xn
2 cos2(α)

cos(α)
(5.13)

rr i g ht ,n = Xn +Mn (5.14)

rle f t ,n = Xn −Mn (5.15)

, where Xn is the center point of the nth transition and Mn is the distance of the tran-
sition from the center point. When constructing the rings around a center axis perpen-
dicular to the rings, the variables rr i g ht and rle f t denote the position of the nth transition
to the left and the right relative to the center axis. Without any focusing angle, Xn will be
zero, and the rings in the zone plate will be axisymmetric. The steering angle will make
the rings form an oval shape with an off-center central point. Which causes the rings to
be denser on one side and sparser on the other side. For a given lens configuration to
be simulated, the radii and their central points are calculated and processed in Matlab,
such that they can be imported as coordinates into COMSOL to build a 2D geometry for
the simulation.
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COMSOL SIMULATION

The FEM in COMSOL Multiphysics was performed using a 2D simulation model in the
frequency domain. Three modules were used: Pressure acoustics, solid mechanics, and
electrostatics. The solid mechanics and electrostatics module were used to simulate the
piezoelectric effect. The piezoelectric effect will generate mechanical deformation in the
presence of an electric field. The deformation of a piezoelectric material causes displace-
ment of domain boundaries, which is used as a pressure source in the pressure acous-
tic module. The pressure acoustics module solves the propagation of acoustic waves
through materials within its domain. The propagation can be modeled as a linear elas-
tic or attenuating fluid model. A perfectly matched layer (PML) was implemented as the
boundary condition on the edges of the pressure acoustic domain to avoid reflection due
to the finite simulation space, which affects the accuracy of the simulation. The simu-
lation consists of two structures: a piezoelectric layer, made of lead zirconate titanate
(PZT), and a lens structure. The lens structure can be a conventional convex/concave
lens, FZP or FPZP. The mesh shape is chosen to be quadrilateral due to the greater sta-
bility of the simulation results. There is a trade-off between accuracy and computational
speed when deciding on the maximum mesh size. The maximum size of the mesh was
kept constant during the simulation as a factor of wavelength within the medium, with
ten data points within a single wavelength. The summary of the key parameters and the
material properties used during the simulation can be found in Table 5.2 and Table 5.3.

In the context of in vitro ultrasound neuromodulation, the transducers were intended
to stimulate cell cultures on a substrate such as well plates or microelectrode arrays
(MEAs). Ideally, the focused acoustic energy generated by the transducer should be
formed on the surface of the substrate at which the cells are positioned. In the case of a
well plate, the focal distance is dictated by the well’s height, which ranges between 16-17
mm. In practice, the focus will generate a volumetric region with high acoustic pressure
that covers a certain depth and lateral area as opposed to a point. The theoretical fo-
cal point can then be positioned slightly above the well substrate. This allows the focal
depth to encompass the remaining distance and compensate for the variation of the well
height. The focal spot was positioned at 15 mm during this simulation to allow compat-
ibility with available well plates. A PZT with a center frequency of 8.5 MHz was chosen
based on the material’s availability and prior experience with this frequency. However,
the model and concept presented here were not limited to this frequency. Acoustic in-
tensity and acoustic pressure were the metrics used to characterize the output of the
transducers and lenses.

Table 5.3: Material properties used in the acoustic lens simulation.

Material
Density
(kg /m3)

Speed of
sound (m/s)

Acoustic
impedance

(MRayl )

Attenuation
coefficient

(dB/cm/M H z)
Water [35] 1000 1480 1.48 0.0022
PDMS [36] 1077 970 1.04 4.3[16]

PZT-5H* 7500 4600 34.50 -
Air [35] 1.225 343 0.000042 7.5

*Taken from COMSOL material library
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Table 5.2: key parameters for the acoustic lens simulations.

Parameter Value
Frequency 8.5 MHz

Maximum mesh size λmedi um/10
Mesh shape Quadrilateral
PZT width 10 mm

PZT thickness 0.27 mm
Simulation space 20 mm x 30 mm

Intended FD 15 mm

5.2.2. SIMULATION OF CONVENTIONAL LENS

Figure 5.4: The geometrical structure of the conventional convex lens simulation in COMSOL.

A conventional convex lens made of silicone rubber was constructed with an intended
focal distance of 15 mm. Silicone rubber is widely used as a lens material in commercial
ultrasound transducers. In order to have a fair comparison with microfabricated FZPs
and FPZPs, polydimethylsiloxane (PDMS) was chosen as the lens material. PDMS is a
type of silicone rubber compatible with the microfabrication process and widely used
in biomedical devices [37]. Since sound waves travel slower in PDMS relative to the sur-
rounding propagation medium, waves can be focused with a convex lens. Following
Eq.5.2, a lens with a radius of 5.6 mm is required to achieve a 15 mm focal distance. The
simulation geometry for the convex lens can be seen in Figure 5.4. Three simulations
were performed: an unfocused simulation without any lens, a focused simulation using
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a convex lens, assuming elastic propagation, and a focused simulation with attenuation
in the model. The material properties used during the simulation can be found in Ta-
ble 5.3. Using these simulations, the focusing gain can be observed by comparing the
intensity at 15 mm between focused and unfocused simulations. To analyze the focus-
ing effects, a 1D plot was extracted from the intensity profile along the perpendicular
line drawn from the center of the transducer as shown as a dotted line in Figure 5.4. The
unfocused simulation can be seen in Figure 5.5(a), and the intensity normal to the center
of the transducer can be seen in Figure 5.6(a). Figure 5.5(b) shows the intensity profile of
the convex lens when the propagation was assumed to be linear elastic. A focusing gain
of 18.7 dB was achieved with this model when compared to the unfocused simulation.
Attenuation was then added to the lens and the medium with attenuation coefficients
of 3655 dB/m [16] and 1.87 dB/m [35], respectively. The addition of attenuation in the
model affected the intensity amplitude of the transducer.

Figure 5.5: 2D intensity profile: (a) unfocused ultrasound transducer as a reference, (b) Convex PDMS lens
assuming elastic propagation, and (c) convex PDMS lens assuming propagation attenuation.

Figure 5.6: 1D intensity profile: (a) unfocused ultrasound transducer, (b) convex PDMS lens without attenua-
tion (blue) and with attenuation (magenta).

However, the beam profile of the lens was preserved, as shown in Figure 5.5(c). The



5.2. FINITE ELEMENT MODELLING

5

73

output intensity of the lens was reduced by 90% due to the attenuation as shown in Fig-
ure 5.6(b), which reduced the focusing gain to 8.51 dB. These results showed that the
performance of a convex lens is heavily influenced by its thickness and material choice.

5.2.3. SIMULATION OF FZP
An implementation of FZP, as presented by Tang et al. utilized air as the opaque zones
[24],[25]. Air presents itself as an effective blocking layer due to its significant acoustic
impedance mismatch with water and PZT. This mismatch results in a near-zero acoustic
transmission factor, effectively blocking the acoustic wave. The lens was designed with
a focal distance of 15 mm and the dimensions of the lens were constructed according
to Eq.5.14 and Eq.5.15. The geometry of the model used in the simulation can be seen
in Figure 5.7. Two geometries were simulated, the first being an ideal scenario with air
as the opaque zones and the second being a practical scenario with air being trapped in
place by using PDMS structures as presented in the literature.

Figure 5.7: The geometrical structure of FZP simulation, (a) ideal air FZP, and (b) practical implementation of
air FZP with PDMS trap.

Figure 5.8 shows the comparison between the ideal air FZP with and without attenu-
ation. Although the air has a much higher attenuation coefficient (Table 5.3) compared
to PDMS and water, the effect of attenuation of the ideal air FZP lens was negligible,
as indicated by the mostly overlapping plot in Figure 5.8(a). Therefore, the attenuation
of the waves was dominated by the water, which is relatively small at a short distance.
When taking into account a more practical implementation of this technique by having
a structure that can hold the air in place (Figure 5.7(b)). Since the attenuation is directly
related to the thickness of the PDMS layer, a thickness of 250 µm on the transparent
zones was used, as presented in the literature [25]. The peak intensity generated by the
practical implementation was lower than the ideal, even when assuming elastic propa-
gation due to the reflection introduced by the additional PDMS interfaces. The effect of
attenuation due to the additional PDMS layer was apparent, as shown in Figure 5.8(b),
which reduced the focusing gain from 14 dB to 13.1 dB. From a closer look into the in-
tensity and pressure beam profile shown in Figure 5.9, the air-opaque zones were mostly
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blocking the transmission of waves through the opaque zone.

Figure 5.8: 1D intensity profile of ideal FZP without attenuation (blue) and with attenuation (magenta):(a)
ideal implementation, (b) practical implementation with PDMS structure as shown in [24].

Figure 5.9: 2D profile of practical FZP with PDMS trap: (a) entire intensity profile and (b) close-up of the
intensity profile. (c) close-up of the pressure profile.

5.2.4. SIMULATION OF FPZP
A simulation of FPZP was conducted following the geometrical setup as presented in
Figure 5.10. For practicality during the implementation, a handle layer was included
in the FPZP simulations. A layer of PDMS was incorporated between the PZT and the
Fresnel structure to facilitate the handling of the lens. The handle layer and the Fresnel
structure were planned to be made in the same process, which simplifies the fabrication
process and also reduces reflection due to the material interface.
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Figure 5.10: The geometrical structure of FPZP simulation.

In order to find the optimum thickness that maximizes the constructive interference,
the thickness of the fresnel structure was swept from 50 µm to 350 µm. This range of
thickness was chosen based on the calculation of Eq. 5.5. When assuming the number
of height levels to be binary, a frequency of 8.5 MHz, the speed of sound in the medium to
be 1480 m/s and the speed of sound in the PDMS to be 1077 m/s, the optimum thickness
was calculated to be 0.23 mm thick. Figure 5.11 shows the result of the sweep, which is in
agreement with the result of the calculation. It is also important to note that the effect of
the structure thickness exhibited a broad tolerance, with comparable performance seen
between 100 µm and 250 µm thickness. A closer look at the 2D pressure profile showed
the effect of phase difference influenced by the FPZP. A π phase difference, signified by
complete destructive interference can be observed in the near field. The phase differ-
ence in the near field will compensate for the difference in distance of different zones
across the FPZP. As the waves travel closer to the focal spot, the phase of the waves can
be observed to be more aligned, thus maximizing the constructive interference. The ef-
fect of attenuation was also observed on the FPZP. Unlike the FZP, attenuation will occur
in the translucent zone due to the passing of the waves. The attenuation introduced by
the 100 µm thick handle layer was also taken into consideration.

Figure 5.11: Effect of Fresnel structure thickness to the maximum output intensity.
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Figure 5.12: Comparison of the 1D intensity profile of FPZP perpendicular to the center of the transducer
without attenuation (blue) and with attenuation (magenta).

Table 5.4: Comparison of focusing gain of different lenses.

Convex
lens

FZP FPZP

Gain-elastic (dB) 18.7 14 16.98
Gain-attenuation (dB) 8.51 13.1 16.04

Figure 5.12 shows the influence of attenuation in FPZP. As expected, the influence
of material attenuation in FPZP is much larger than in FZP due to the wave traveling
through the translucent zones. A reduction of 19.5% in intensity was observed, which
was better than the case of convex lens. Although FPZP was more influenced by atten-
uation compared to FZP, the overall focusing gain was much larger. The comparison of
gain of each type of lens can be seen in Table 5.4. The improvement of focal gain around
3dB aligned with the result presented in [28].

Figure 5.13: The superposition principle on the peak-to-peak pressure from the transparent and translucent
zone of FPZP at optimum Fresnel structure thickness.
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Table 5.5: Pressure contribution of transparent and translucent zones.

Structure
thickness

Transparent
zones - pressure

Translucent
zones - pressure

Total - pressure

0.23 mm 1.02 MPa 0.54 MPa 1.56 MPa
0.10 mm 0.99 MPa 0.49 MPa 1.13 MPa

SUPERPOSITION OF PRESSURE IN FPZP

The overall improvement of the focusing efficiency of FPZP compared to FZP can be ex-
plained by the contribution of the translucent zones in the FPZP. The efficiency of the
phase alignment can be seen by observing the contribution of the translucent zones and
transparent zones in the pressure domain. When the Fresnel structure was on the op-
timal value (0.23 mm), the total pressure on the focal spot was the superposition of the
pressure on the focal spot by the transparent and translucent zones, signifying a good
alignment of phase on the focal spot. However, when the Fresnel structure was not op-
timum (0.1 mm), the total pressure didn’t follow the superposition characteristic due to
incomplete constructive interference due to the phase difference.

DESIGN PARAMETERS OF FPZP

Several design parameters were also tested using the simulation model, including the
aperture of the transducer, focal distance, and frequency mismatch. Table 5.6 shows
the effect of aperture on the performance of FPZP. The FPZP structure can be seen in
Figure 5.14, with the FPZP structure covering the extent of the full aperture in each con-
figuration. The FPZP was designed to have a focal distance of 15 mm. The comparison
between the three configurations can be seen in Figure 5.15 and Table 5.6. The aperture
size improved the output intensity and spatial resolution of the FPZP. However, when
observing the focal gain of each aperture, the performance of FPZP was worse at smaller
aperture. The focal gain was calculated as the ratio of intensity at the focal distance in
the presence and absence of FPZP. The deviation of the actual focal distance from the
intended focal distance was also worse in the configuration with 6 mm and 8 mm aper-
tures. On the other hand, the changes in the full width at half maximum (FWHM) fol-
lowed the changes in the diffraction limit (ADL), which is inversely proportional to the
aperture size. The full depth at half maximum (FDHM) measures the focusing resolu-
tion along the propagation axis. The FDHM was significantly improved with the aperture
size.

Figure 5.14: The geometrical setup of FPZP simulation with an aperture size of 6mm (left) and 8mm (right).
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Table 5.6: Performance of the FPZP with various transducer aperture.

Aperture 6 mm 8 mm 10 mm
Maximum intensity

(W /cm2)
4.66 8.27 12.04

Focal gain (dB) 11.91 14.40 16.04
Focal distance (mm) 16.377 16.269 15.970

FWHM (mm) 0.435 0.332 0.260
ADL (mm) 0.435 0.326 0.261

FDHM (mm) 10.453 5.672 3.320
A/FD 0.4 0.53 0.67

Figure 5.15: 1D intensity profile of FPZP perpendicular to the center of the transducer with the aperture of 6
mm (blue), 8 mm (magenta), and 10 mm (green).

Focal distance is also a factor that influences the diffraction limit. Three focal dis-
tances were simulated (10 mm, 15 mm, and 20 mm) at the aperture size of 10 mm. The
performance of each configuration can be seen in Table 5.7. Looking at the maximum
intensity achieved by each configuration, the configuration with a closer focal distance
achieved a higher intensity. However, when comparing with its respective references,
the focal gain of each configuration remained relatively constant, which indicates that
the difference in maximum intensity was mostly influenced by the difference in unfo-
cused intensity. The deviation of the focal depth from the expected depth was observed
to be worse at longer focal distances. This trend was also previously observed in configu-
rations with different apertures. When comparing the ratio of the aperture and intended
focal distance, configurations with a lower ratio of aperture and focal distance exhibit
higher deviation from the intended focal distance. A similar correlation between the
A/FD ratio and FDHM was also observed. Configurations with better A/FD ratio showed
a better FDHM. The comparison of the 1D intensity profile can be seen in Figure 5.16.



5.2. FINITE ELEMENT MODELLING

5

79

Table 5.7: Performance of the FPZP with various focal distances.

Focal distance 10 mm 15 mm 20 mm
Maximum intensity

(W /cm2)
16.79 12.04 8.29

Focal gain (dB) 17.48 16.04 14.41
Simulated depth

(mm)
10.783 15.970 21.846

FWHM (mm) 0.176 0.260 0.354
ADL (mm) 0.174 0.261 0.348

FDHM (mm) 1.41 3.32 5.91
A/FD 1 0.67 0.5

Figure 5.16: 1D intensity profile of FPZP perpendicular to the center of the transducer with the intended focal
distance of 10 mm (blue), 15 mm (magenta) and 20 mm (green).

To summarize, optimizing the focal gain can be achieved by maximizing the aper-
ture. The FWHM of the FPZP can be estimated using ADL in Eq.5.6. To maximize the
accuracy of the focal distance and the axial focusing resolution, maximizing the ratio
between aperture and focal distance has been seen to yield the best result.

EFFECT OF FREQUENCY VARIATION

During the implementation of the FPZP using a PZT piece, there can be a variation of
center frequency in PZT pieces sourced from a single sheet due to defects and poling
non-uniformity within the sheet. Since wavelength is a factor in the calculation of opti-
mum Fresnel structure thickness, simulations were performed to predict the sensitivity
of the FPZP performance against small variations in center frequency. The simulation
used an FPZP structure meant for 8.5 M H z center frequency and 15 mm focal distance.
The result of the simulations can be seen in Table 5.8. In general, the performance of
the FPZP was stable in the range of 8.3 MHz to 9 MHz. The focal gain remained stable
between 16.04 dB and 16.95 dB.
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Table 5.8: Performance of the FPZP in the case of frequency variation.

Frequency (M H z) 8.3 8.5 9
Focal gain (dB) 16.95 16.04 16.28
FWHM (mm) 0.264 0.260 0.258

ADL (mm) 0.268 0.261 0.247
FDHM (mm) 3.30 3.32 3.54

NON-ZERO FOCUSING ANGLE

A non-zero focusing angle can be achieved within this model. The resulting FPZP will
have structures that are no longer symmetrical. As presented in Eq.5.12, the center point
of each transition radius Xn will deviate away from the center of the transducer. Thus,
the focal angle that can be imposed on the FPZP is limited by the intended focal distance
and the aperture of the transducer. The shape of the FPZP geometry in a 2D plane can
be seen in Figure 5.17. At a steeper angle, the Fresnel structure on one side should ap-
pear outside of the transducer, as seen in the case of a 15-degree and 20-degree focusing
angle. Figure 5.18 shows the 2D intensity profile of each configuration.

Table 5.9: The effect of non-zero focusing angles.

Focusing angle
0-

degree
5-

degree
10-

degree
15-

degree
20-

degree
FD (mm) 15.97 15.42 14.4 13.91 13.25
∆x (mm) 0 1.30 2.45 3.68 4.78
Degree 0 4.82 9.655 14.82 19.84

Normalized intensity 1 0.985 0.936 1.111 0.604

Figure 5.17: The geometrical structure of FPZP with the focusing angle of 0-degree, 5-degree, 10-degree, and
20-degree on a 10 mm wide transducer with a 15 mm intended focal distance.

The focusing angle is then calculated as the ar ct an(∆x /FD ), with∆x as the deviation
of the focal spot from the center of the transducer measured in the lateral axis and FD

as the axial distance between the focal spot and the transducer. As the focusing angle
increases, the axial focal distance decreases. Up to a 15-degree focusing angle, the FPZP
was still able to form a single focal zone and maintain a comparable output intensity. A
higher intensity at the 15-degree angle was seen, which could be due to the constructive
interference with the stronger intensity zones emitted at the edges of the transducer.
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The focusing was compromised at the 20-degree focusing angle as three distinct focal
zones were formed. the maximum intensity was also reduced by 40% compared to the
0-degree focusing angle. The summary of the simulation results of the non-zero focusing
angle can be seen in the Table 5.9.

Figure 5.18: 2D intensity profiles of FPZP with 0-degree, 5-degree, 10-degree, 15-degree, and 20-degree focus-
ing angle.

5.2.5. DISCUSSION
To conclude the simulation results, FPZP outperformed the convex lens and FZP when
considering the attenuation during wave propagation. The FWHM of an FPZP is limited
by ADL. The ratio of A/FD is an important factor to consider in maximizing the focusing
resolution of an FPZP. The A/FD ratio affects both the FWHM and FDHM. Configurations
with similar A/FD ratio in Table 5.6 and Table 5.7 exhibit similar FWHM and FDHM.
The simulation algorithm can also generate a Non-zero focusing angle lens. The FPZP
was shown to be able to accurately generate a focal spot up to 15-degree angle without
losing much intensity. The FPZP exhibited minimal degradation in intensity across a
range of small frequency variations (from 8.3-9.0 M H Z ). This observation suggests that
the influence of PZT thickness variations on the FPZP’s performance may be negligible
within this range.

5.3. FABRICATION METHOD
Based on the simulation result in the previous subsection, a proof-of-concept for FPZP
was fabricated. The following design parameters will be pursued in order to fit the result-
ing focused ultrasound transducer in an existing in vitro setup. As previously described
in the simulation, the FPZP consists of concentric rings with distinct sizes placed on top
of a handling layer. The rings and the handling layer were made of a single material
of PDMS that has a slightly different speed of sound than the target medium but has a
similar acoustic impedance to minimize reflection from the interface. The approach
that was taken to manufacture this structure was through a molding process, which
utilizes silicon substrate as the molding material. Alternatives such as additive man-
ufacturing using fused deposition modeling (FDM) and digital light processing (DLP)
printing were considered in the making of the mold, as was done in the literature. How-
ever, FDM printing was limited in the printing resolution required to construct the lens.
DLP on resin substrate offers the required printing resolution, which could achieve tens-
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Figure 5.19: The fabrication process of the FPZP using a silicon mold.

of-micrometer in lateral resolution. However, it is sensitive to temperature change and
could deformed due to thermal stress during the curing process of the PDMS. A silicon
mold offers the advantage of high resolution, which allows for the fabrication of lenses
with high frequency or short focal distance and temperature stability.

5.3.1. FABRICATION FLOW

The fabrication process of the PDMS FPZP is described in Figure 5.19. The fabrica-
tion starts with a 4-inch 500 µm-thick single-side polished (SSP) silicon wafer. Plasma-
enhanced chemical vapor deposition (PECVD) silicon oxide was deposited on the wafer
as a hard mask for deep reactive ion etching (DRIE). The thickness of the silicon diox-
ide can be adjusted to the desired Fresnel structure height. A 2 µm-thick silicon dioxide
was used to provide flexibility in fabricating different structure height. Patterning on the
hard mask was performed using a 3.5 µm-thick negative photoresist (AZ nLOF2020, Mi-
croChemicals) and wet etching in buffered hydrofluoric acid (BHF 7:1). Afterward, DRIE
was performed to remove the silicon (Omega Rapier i2L, SPTS Technologies). This etch-
ing step will determine the height of the Fresnel structure. The depth of the trenches
was carefully measured during the process using the optical profilometer function of
a laser scanning microscope (VK-X250, Keyence). The deposited photoresist would be
consumed during the DRIE process, and any remaining photoresist layer was removed
using a plasma asher (Plasma 300, PVA TePla America).

The silicon dioxide hard mask was then removed using BHF. The wafer was then
cleaned with 100% nitric acid (H NO3) and rinsed in deionized water. An anti-adhesion
layer was then deposited on the wafer to ensure PDMS removal from the mold. Octaflu-
orocyclobutane (C4F8) was deposited in a vapor phase in the DRIE machine to create
a conformal and uniform anti-adhesive layer. An example of the resulting silicon mold
can be seen in Figure 5.20.
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Figure 5.20: (left) The wafer-level mold of FPZP with multiple designs. (right) Free-standing PDMS FPZP.

A layer of PDMS (Sylgard 184, Dow) was spin-coated on the mold. A 2-part PDMS was
used, and it was mixed with a 10:1 (monomer:curing agent) weight ratio. The solution
was mixed and degassed in a centrifugal mixer (ARE-250, Thinky). The target thickness
during spin-coating will determine the thickness of the handle layer of the lens. A thicker
handle layer provides additional mechanical support to ease the handling of the lens.
However, a thicker layer will reduce the focusing gain of the lens due to attenuation.
Assuming an attenuation coefficient of 0.43 dB/mmMHz, every 100 µm PDMS would
present 0.37 dB of attenuation at 8.5 M H z frequency. Sufficient mechanical support to
easily handle the lens was seen with a handle layer thickness ranging from 1oo to 200
µm.

Figure 5.21: Measurement of the PDMS FPZP lateral dimensions. (Top-left) The stitched image is of the full
PDMS FPZP. (top-right) The measurement of Zone 1. (bottom-left) The measurement of Zone 2. (bottom-right)
The measurement of Zone 3. The number in red and white represent the measured dimension and expected
dimension, respectively.

The wafer was degassed in a desiccator for approximately 20 minutes to remove air
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bubbles trapped within the structure. Next, the PDMS was cured at 90°C for 1 hour in
an oven. After curing, the PDMS was cut into individual lenses using a sharp knife on
the lines predefined by the mold. Due to the anti-adhesive layer, the lenses could be
removed with a tweezer and a drop of isopropyl alcohol (Figure 5.20). The lateral di-
mensions of the lens were optically compared with the expected dimensions as shown
in Figure 5.21.

5.3.2. CRITICAL STEPS

DEEP REACTIVE ION ETCHING UNIFORMITY

The fidelity of the mold structure is critical, as any deviations in the mold will be directly
transferred to the resulting FPZP. Assuming perfect filling of the PDMS into the mold
without trapped air bubbles, it is more accurate to measure the dimensions of the re-
sulting structure on the mold rather than directly measuring on the lens structure. The
soft and transparent nature of PDMS made it difficult to measure accurately with both
physical and optical profilemeter. There are two important points to consider in the
shape of the trench, the shape of the bottom of the trench and the depth uniformity of
the trenches. The desired shape, in this case is a trench with a rectangular cross-section,
namely with a flat bottom side, smooth sidewall with minimal scalloping and sharp cor-
ners. In order to do so, a deep reactive ion etching with a high concentration of SF6

and C4F6 was used during the etching and passivating cycle, respectively (details of the
recipe used in this process can be found in the appendix). However the recipe for the
DRIE still need to be optimized. One of the biggest challenges is the varying sizes of the
structure within the FPZP which experience different etch rate and sidewall profile. To
test the concept of FPZP, a 100 µm-deep mold was fabricated. The profile of this mold
can be seen in Figure 5.22. The difference in mean depth of the largest opening and the
smallest opening is around 0.3 µm, which indicates a similar etch rate within this range
of opening sizes. However, the average sidewall angle is 81.29 °, thus introducing an er-
ror to the structure size at the bottom of the trench, which scales with the depth. The
deviation caused by the sidewall angle affects more on the smaller structure as seen in
Figure 5.22.

5.3.3. ASSEMBLY OF FPZP ON PMC TRANSDUCER

Individual FPZP can be mounted on top of a transducer with a PMC structure. The ap-
plication of the FPZP to the PMC can be done by aligning the edges of the FPZP and
PMC as shown in Figure 5.23. During the placement of the FPZP to the PMC, it is criti-
cal to ensure that there are no air pockets trapped between the two PDMS surfaces. At
this step, the mechanical rigidity provided by the handle layer helps to ease the applica-
tion process. Various methods using adhesive between the two interfaces, such as un-
cured PDMS and epoxy were explored. However, the additional materials worked detri-
mentally in achieving a bubble-free bonding. The best result was achieved by directly
bonding the two interfaces without the use of adhesive on the interface. A thin layer of
uncured PDMS was applied on the sidewall of the PMC and FPZP using a small syringe
connected to a pneumatic dispenser. the device was then cured at 50 °C overnight. The
resulting device can be seen in Figure 5.24.
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Figure 5.22: Optical surface profiling of the silicon Mold.

Figure 5.23: The assembly process of FPZP onto PMC and air-backed substrate.

Figure 5.24: A photograph of the assembled FPZP on PMC and air-backed substrate:(left) top view, (right)
bottom view.



5

86 5. FRESNEL PHASING ZONE PLATE

Figure 5.25: Schematic describing the measurement setup of ultrasound characterization.

5.4. ULTRASOUND CHARACTERIZATION
Focused ultrasound transducers with the specifications detailed in Table 5.10 were fab-
ricated as a proof-of-concept for the implementation of the FPZP. In combination with
the PMC and the air-backed silicon substrate, ultrasound characterization of the device
was performed to experimentally validate the performance of the FPZP.

5.4.1. ULTRASOUND CHARACTERIZATION SETUP
The schematic of the measurement setup can be seen in Figure 5.25. The fabricated
transducer was fixed in the tank half-filled with de-ionized water on a 3D-printed holder.
The transducer was driven by a function generator (DG4202, RIGOL) which was con-
trolled by a custom MATLAB interface. A fiber optic hydrophone (FOHS V2, Precision
Acoustics) was used to measure the ultrasound waves generated by the transducer. The
transducer was mounted on an XYZ motorized stage (VK62000, GAMPT mbH) to allow
precise movements for capturing 2D ultrasound profiles. The readout of the hydrophone
was done by an oscilloscope (DSO-X 3032A, Keysight), and the data was integrated into
the MATLAB interface. The voltage readout collected from the oscilloscope was com-
pared to the calibration data of the hydrophone to convert it into acoustic pressure and
intensity. The signal used to characterize the transducers was bursts of 10 Vpp-square
waves with a pulse repetition frequency (PRF) of 1 kHz; this PRF was chosen to give suffi-
cient delay to avoid interference from the previous burst. Each burst contained 40 waves
to allow for the transducer to reach the optimum steady state. Each acoustic field scan
was preceded by finding the volumetric spatial intensity peak and resonance frequency
to minimize the effect of material variation from sample to sample.

Table 5.10: Specification of the focused ultrasound transducer using FPZP.

PZT size 10 mm
PZT thickness 0.27 mm

Center frequency 8.5 MHz
Focusing angle 0 degree
Focal distance 15 mm

Fresnel structure height 0.1 mm
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Figure 5.26: (a) The lateral cross-section of the intensity beam profile of unfocused ultrasound transducer at 15
mm distance. (b) The lateral cross-section of the intensity beam profile of the unfocused ultrasound transducer
measured at its natural focal distance (c) The lateral cross-section of the intensity beam profile of the focused
ultrasound with FPZP at 16.0 mm distance with 0.2 mm scanning resolution. (d) close-up of the focal spot of
the focused intensity beam profile with 0.05 mm scanning resolution.

5.4.2. MEASUREMENT RESULTS

The measurement was started by roughly finding the transducer’s focal spot. At the pro-
visional focal spot, the frequency response of the transducer was measured by sweeping
the driving frequency from 0.1 to 16 MHz with a resolution of 0.1 MHz. It is important to
note that a hydrophone has non-constant sensitivity across frequencies. Figure 5.28(a)
shows the frequency response of the transducer FPZP adjusted to the sensitivity vari-
ation in the frequency of the hydrophone. The transducer’s resonance frequency was
measured at 9.1 MHz, which was higher than the expected 8.5 MHz for which the lens
was designed. The -3 dB bandwidth of the transducer was 0.5228 MHz, which indicates a
quality factor of 17.4, calculated as the ratio of the center frequency and the -3 dB band-
width.

At the resonance frequency, a lateral cross-section of the intensity beam profile of the
FPZP at a distance of 16.0 mm away from the transducer can be seen in Figure 5.26(c-
d). The distance from the transducer was measured using the time of flight method by
assuming the speed of sound in the medium as 1480 m/s. As a reference, the beam
profile of the transducer at a 15 mm distance and at its natural focal distance at 150 mm
can be seen in Figure 5.26(a-b). The effect of focusing can clearly be seen by comparing
the two profiles. The FWHM of the device was measured as 0.25 mm, which aligns with
the calculated ADL of 0.244 mm at 9.1 MHz.

Figure 5.27: (a) The axial cross-section of the intensity beam profile of the FPZP from 5 mm to 25 mm distance
from the transducer. (b) Comparison between the simulation and the measurement of the axial intensity pro-
file across the focal spot.
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Figure 5.27(a) shows the axial cross-section of the beam profile measured from the
distance of 5 mm to 25 mm away from the transducer. The FDHM of the transducer
was measured at 3.2 mm. A 1D intensity plot was extracted from the axial cross-section
across the focal spot. The 1D intensity plot was then compared to the simulation result as
seen in Figure 5.1(b), indicating an agreement between the simulated and the measured
results. Focal gain was then calculated by comparing the maximum intensity achieved
by the FPZP to the unfocused beam profile Figure 5.28(b). The gain was calculated as
98.847 or 19.95 dB.

Figure 5.28: (a) The output intensity of the FPZP transducer as a function of frequency, adjusted to account for
the sensitivity variance of the hydrophone. (b) The comparison between the intensity of the unfocused and
focused ultrasound transducer measured between 5 mm and 25 mm.

5.5. DISCUSSION
Using COMSOL simulation and microfabrication techniques, an FPZP was simulated
and fabricated. Table 5.11 compares the results of the unfocused ultrasound transducer,
the measurement result of the FPZP and the simulated results. While good agreement
was observed between the measured and simulated spatial resolutions, a discrepancy
in the focal gain and intensity can be seen. This discrepancy can be attributed to the
material characteristics used in the simulation. The difference in focal gain was largely
affected by the material properties of the lens, more specifically, the attenuation coef-
ficient, which, unlike density and sound velocity, was under-reported in the literature.
The difference in the absolute value of the intensity can be attributed to the difference
in the piezoelectric characteristic of the PZT-5H. The simulation should be performed
using an extracted parameter of the actual PZT used during the fabrication to achieve a
better fit. Nevertheless, even without accurate piezoelectric characteristics, simulation
results can provide helpful insight into parameters not affected by the pressure ampli-
tude generated by the transducer, such as spatial resolution.

Compared to other works utilizing a similar principle [28], [34], the work presented
achieved the smallest spatial resolution with 0.25 mm and 3.2 mm of FWHM and FDHM,
respectively. This improvement in spatial resolution is partly due to the higher frequency
that can be achieved by our fabrication technique, which allows for a lower diffraction
limit. The difference in transducer size and focal distance could also play a role in the
FWHM as described in Eq.5.6 and Eq.5.7.

A few works have presented the focal gain of the lens since it is not as crucial in ap-
plications such as imaging [38] and NDT [34]. [28] presented a 3D-printed FPZP made
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Table 5.11: Performance of the fabricated FPZP compared to the FEM in COMSOL.

Parameter Unfocused Focused
focused-

simulation
Peak intensity

(W /cm2)
0.15 14.67 10.22

Focal gain (dB) - 19.95 15.33
FWHM (mm) ∼ 10 0.25 0.258
FDHM (mm) - 3.20 3.54

Distance (mm) 15 16 16.45
Scan resolution (mm) 0.2 0.05 -

Table 5.12: Performance comparison of the FPZP to other fabricated works.

Focal
gain
(dB)

Transmit
efficiency
(kPa/V)

FWHM
(mm)

FDHM
(mm)

Aperture
(mm)

Frequency
(M H z)

This work 19.95 66 0.25 3.2 10 9.1
Tang [24] - 11 0.7 3.74 36 2.32
Tarrazo-

Serrano [28]
21.90 - 1.91 8.81 12.7 1

Dolmatov
[34]

- - 1.475 11.127 25.4 5.55

Wang [38] - - 0.65 6.5 25 5

of PLA with a gain of 21.9 dB at 1 MHz frequency. Due to the lower frequency, smaller at-
tenuation was introduced by the lens, resulting in lower loss. The 3D printing approach
of the PLA FPZP allows for rapid lens prototyping. However, it is limited to low frequen-
cies due to the printing resolution (0.1 to 0.3 mm). Therefore, our FPZP could achieve
a much smaller focal area due to the possibility of utilizing a higher frequency. Another
drawback is the difficulty of integrating the 3D-printed FPZP as presented in [28] and [34]
in a setup with limited space, such as in an enclosed fluorescence microscope used in in
vitro studies. Therefore, it is still advantageous to have an FPZP that can be integrated
into a transducer in a small form factor.

The fabrication process still needs to be optimized to achieve the optimized thick-
ness of the Fresnel structure using the DRIE process to achieve a better sidewall and
bottom profile. The flatness of the bottom side can be improved by having a buried
stopping layer of silicon dioxide, which allows for over-etching to achieve a smooth and
flat bottom surface. The sidewall profile can be improved by adjusting the combina-
tions of etching parameters, such as pressure, power, and gas flow rate. Using higher
flow rate, coil power, and platten power have been shown to improve the sidewall angle
in the DRIE process at the cost of lateral accuracy [39],[40]. Further work is required to
find the balance between accuracy and sidewall angle and improve the uniformity across
different opening sizes.
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5.6. CONCLUSION
This chapter presented the simulation, fabrication, and measurement of an FPZP made
of PDMS. The PDMS FPZP can be fabricated using a molding process, which involves
making the mold using a single photolithography step. The process is suitable for cre-
ating FPZP lenses for high-frequency ultrasound by leveraging microfabrication tech-
nologies that can provide the required fabrication resolution. The FEM performed in
the COMSOL environment allows for the prediction of the performance of the FPZP. The
FEM shows the different dependencies of design parameters in influencing the perfor-
mance of the FPZP. The importance of the transducer’s aperture, focal distance, and Fres-
nel structure thickness was identified to maximize the focusing gain and resolution.

As a proof-of-concept, a focused ultrasound transducer with a frequency of 9.1 MHz
was fabricated by building upon the transducer utilizing an air-backed substrate and
PMC. The measurement result validated the proposed PDMS FPZP, which demonstrated
a FWHM of 0.25 mm and FDHM of 3.2 mm. The focal gain of 19.95 dB was also mea-
sured when comparing the intensity at a location with and without the presence of the
lens. The focal gain achieved was comparable to the state-of-the-art while providing
the advantage of a smaller form factor. The focusing resolution achieved in this work
showed the advantage of FPZP fabrication using a microfabrication process compared
to additive manufacturing. The work demonstrated in this chapter successfully achieved
better-focusing resolution compared to the state-of-the-art utilizing a similar focusing
approach.

For future work, optimization of the DRIE process in order to improve the unifor-
mity and sidewall angle of the etching across differently-sized openings can improve the
performance of the FPZP as suggested by the simulation results. The FEM of the FPZP
can accurately predict the focusing spatial characteristics. However, a more accurate
model of the materials used in the simulation can help improve the prediction accuracy
of the intensity and the focusing gain of the FPZP. Despite these challenges, this chapter
demonstrated a wafer-level approach to fabricating a miniaturized FPZP using a single-
photolithography step and a simulation environment that can aid the design of the FPZP
for other applications.
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6
ANTI-REFLECTIVE

MICROENGINEERED STRUCTURE

Poor stimulus-response correlation, caused by acoustic reflections from conventional cul-
ture substrates, poses a significant challenge in cellular mechanistic studies of ultrasound
neuromodulation. Existing specialized setups that mitigate this interference have limited
recording capabilities. This chapter proposes an anti-reflective microengineered substrate
(ARMS) that can be incorporated into a standard in vitro platform. The substrate’s dimen-
sions and material composition were optimized in simulation. The optimized simulated
platform exhibited an 86.3% reduction in reflection amplitude on the substrate surface
compared to the conventional glass substrate. Furthermore, the ARMS reduced stimula-
tion signal distortion to a 19.2% deviation from the expected amplitude, a substantial
improvement compared to the 76.4% deviation observed with glass.

Parts of this chapter have been published in [1].
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6.1. INTRODUCTION
In vitro models are invaluable tools for drug and treatment development, particularly for
high throughput screening, safety assessment, and mechanistic studies. Currently, the
scientific community has not yet agreed on the exact mechanisms of ultrasound neuro-
modulation and how different ultrasound parameters could affect the excitation or inhi-
bition of neurons. Efforts to understand the efficacy and mechanism of ultrasound neu-
romodulation were primarily conducted using in vitro and anesthetized small animal
models [2]. Ultrasound experiments on small animal models are considered more com-
plex due to the ethical limitation in handling the animals and the influence of the anes-
thesia on the stimulus-response [3]. In vitro models offer a simpler and more controlled
system to study the cellular mechanisms of ultrasound neuromodulation, which could
avoid the side effects introduced by anesthetization [4]. However, commercially avail-
able platforms are not compatible with acoustic stimuli [5]. A typical in vitro platform
consists of a small well with a plastic or glass substrate that contains the cells, tissues,
or slices in a culture medium. In the presence of an acoustic wave traveling within the
liquid medium, the enclosed nature of these platforms causes reflection, which echoes
within the well (Figure 6.1(a)). This condition is in contrast to the calibration setup of an
ultrasound transducer, which provides the stimuli that are typically characterized in a
relatively large open space with an echo-free condition. The reflection can interfere with
the acoustic stimuli, altering the amplitude and duration of the expected stimuli. The
altered stimuli can cause a poor stimulus-response correlation conducted in an in vitro
platform. For instance, studies conducted on hippocampal slices using an MEA plat-
form have reported varying minimum pressure thresholds ranging from 11.52 kPa to 2.5
MPa [5], [6], [7]. Furthermore, given that the transducer is parallel to the reflective well
plate base, this can lead to the occurrence of standing waves, if the distance between
the transducer and the well plate base is a multiple of half of the sound wavelength [8].
While this feature is typically explored in particle levitation and manipulation, it is highly
undesirable for ultrasound neuromodulation [8].

6.1.1. STATE-OF-THE-ART CELL CULTURE SUBSTRATE FOR in vitro ULTRA-
SOUND STUDIES

Studies that reported higher acoustic pressure addressed the issue of reflection by pre-
dicting its effect on the stimulus waveform in their reporting [4], [5]. The prediction of
the actual stimulus waveform was performed by using a Finite element model (FEM).
A pressure amplitude deviation of more than 100% higher than the expected amplitude
was seen on a focused ultrasound transducer placed on top of an MEA. The drawback
of this method is the difficulty in validating the simulation result. A wave visualization
technique such as the Schlieren imaging could be used to validate the wave propagation.
However, this required a specialized setup and expertise to interpret the resulting images
[4]. The prediction made in FEM also assumed an ideal placement of the transducer rel-
ative to the substrate, with the transducer placed perfectly parallel to the surface of the
substrate. Interference is sensitive towards the angle of incidence and distance of the
transducer due to the reflection and refraction of the waves. Another approach is to cre-
ate a custom substrate that minimizes ultrasound reflection. Yoo et al. demonstrated
a dedicated setup that used mylar film suspended on degassed water as a culture sub-
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Figure 6.1: Schematics of in vitro ultrasound neuromodulation: (a) Ultrasound transducer placed on
MEA/microplate platform [6],[4], (b) cell cultured on Mylar film with transducer submerged in degassed water
on the backside of the mylar film [9], (c) Ultrasound transducer placed on the bottom of the culture through
the substrate [10], [11].

strate (Figure 6.1(b)) [9]. This considerably reduced the reflection due to the acoustic
impedance of a mylar film, which is more similar to the culture medium compared to
glass. However, this approach limits the adoption of the setup due to its incompatibility
with typical in vitro instruments. The use of suspended mylar film reduces the options of
recording modality to microscopy-based characterization, such as calcium imaging [9].
Since the incorporation of electrodes was not possible on mylar film, this strategy can-
not implement electrophysiological characterizations. Another approach was to provide
stimulation from below the well plate. An ultrasound transducer was placed directly un-
derneath the culture substrate (Figure 6.1(c)) [10],[11]. Therefore, the culture substrate
can be considered part of the transducer, and in situ characterization of the transducer
can be done by placing a hydrophone on top of the well. Reflection can still occur in the
interface between air and medium above the well. However, this can be minimized by
having a sufficiently deep well or placing an acoustic absorber [10]. The main drawback
of this approach is the low transmit efficiency of the transducer since ultrasound waves
have to travel across a glass [10] or silicon [11] before reaching the cells. The result-
ing transmit efficiency of 1.5 kPa/V was presented [10]. Moreover, this approach cannot
utilize focusing techniques to improve its efficiency since the cell culture was placed di-
rectly above the transducer [10],[11]. The electrodes containing high voltage (100 Vpp ) to
drive the piezoelectric transducer had to be placed close to the cells, which could induce
a risk of cross-sensitivity to the electric field [10].

6.2. PROPOSED CONCEPT: ANTI-REFLECTIVE STRUCTURE

Mitigating acoustic reflections or echoes coming from a certain surface is a topic that has
been explored in applications such as sound engineering and sonar stealth [12]. Mini-
mization in reflection was achieved not only through material selection, but these ap-
plications also utilize surface structural design by implementing an array of pillars or
cavities to further reduce the amplitude of reflection [13]. Taking inspiration from these
applications, in this study, we proposed an integrated anti-reflective micro-engineered
structure (ARMS) implemented in the substrate of an in vitro platform. The ideal plat-
form that was envisioned should fulfill these criteria: (1) It should be able to minimize
ultrasound reflection and preserve the stimulation fidelity. (2) it should have a biocom-
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Figure 6.2: Concept of the ARMS compared to conventional in vitro platform. The ARMS comprises two layers
of polymers with distinct purposes. The first layer acts as a biocompatible interface with an electrode array,
and the second layer dissipates the acoustic reflection. The interface between the two polymers is shaped into
an array of pillars to distribute the energy across time.

patible interface to contain the biological sample. (3) it should allow for the implemen-
tation of electrodes for electrophysiological characterization. (4) the structure should be
able to be implemented into a typical in vitro platform, such as MEAs and microplates,
to offer compatibility with standard laboratory instruments. Polymers, as a family of ma-
terials, have an acoustic impedance that is close to water, making them suitable for min-
imizing reflection in a liquid medium [12]. It is also widely adopted in in vitro platform
that recapitulates biological physiology [14]. The concept of the proposed ARMS can be
seen in Figure 6.2. The concept consists of two polymers that can be placed underneath
culture wells. The first layer of polymer acts as a biocompatible interface on which elec-
trodes can be deposited and patterned, and on top of which cells can be cultured. While
the second layer of polymer acts as a wave absorber. The interface between the polymers
forms an array of pillars that serve as the anti-reflective structure. The structure works
by increasing the number of bounces a wave makes on an interface. On each bounce,
the wave is partially transmitted and reflected, thus distributing the wave’s energy over
time.

6.2.1. NUMERICAL SIMULATION

The design of ARMS was explored using numerical simulation in MATLAB using the k-
Wave toolbox. The numerical simulation was performed in the time domain to simulate
the propagation of waves across a 2D space. The focus of this study is to optimize the
dimensions and material composition of ARMS. The material selection in this study is
limited to non-composite polymers that don’t contain filler materials to limit the com-
plexity of the model.

6.2.2. SIMULATION SETUP OF ARMS
The simulation setup used in the k-Wave toolbox can be seen in Figure 6.3. The model of
ARMS consists of 3 main components: the ultrasound source, the first, and the second
layer of polymers. The ultrasound source was placed at a fixed distance from the sub-
strate, and a single ultrasound pulse was generated at a desired frequency. Due to the
computational burden, the optimization of the ARMS will primarily be focused on 1-2
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Figure 6.3: The schematic of the simulation setup of ARMS in k-Wave.

MHz. This is also aligned with the typically reported ultrasound frequency used in the
literature [2]. Validation of the efficacy of the optimized design was also performed in
the frequency band of 1-8 MHz. A perfectly matched boundary condition was applied
to the boundary of the simulation space to avoid the reflection of waves due to the fi-
nite simulation space. Therefore, reflection within the space can only occur due to the
components introduced in the simulation space. On the other side of the polymer lay-
ers, an air layer was applied to mimic the worst realistic scenario of the device. There
are 3 material interfaces within ARMS, which will be the source of reflection of the in-
coming waves. The 1st interface is between the propagating medium and the first layer
of polymer, Water is widely used as a model for soft tissue and culture medium due to
its similarity in acoustic properties. Since this interface was flat, the reflection is solely
dependent on the mismatch of the acoustic impedance between the medium and the
first polymer. The 2nd interface was between the first and second polymers. This in-
terface is fashioned into pillars as the anti-reflective structure. The 3r d interface was
between the second polymers and the air layer. This interface reflected entirely incident
waves. Two observation points recording the pressure along the duration of the simu-
lation were established, namely, Point A and Point B. Point A was used to observe the
echoes coming from the material interfaces within the substrate, and it was placed at a
halfway distance between the source and the reflecting surface. The distance between
the reflecting surface and the observation point allowed reflection from each interface
to arrive at different times. Therefore, the reflection amplitude of each interface can be
identified. Point B was used to observe the fidelity of the stimulation signal, and it was
placed on the surface of the substrate (1st interface) where the cells would be positioned.
Three dimensions of the ARMS were observed, namely the pillar height, pillar pitch, and
first layer thickness as indicated in Figure 6.3.
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Table 6.1: Acoustic properties of materials used in numerical simulation in k-Wave [15].

Material
Speed of sound

(m/s)
Density
(kg /m3)

Acoustic
impedance

(MRayl )
Water 1480 1000 1.48
glass 5900 2200 1.045

air [16] 331 1.225 0.0004
PDMS [17] 1077 970 1.045

Polyethylene 1950 930 1.814
Polystyrene 2320 1040 2.413

Polylactic acid 2220 1240 2.753
Epoxy [18] 2650 1150 3.05

PMMA 2757 1190 3.28
SU-8 [19] 2917 1200 3.5
Melopas 2900 1700 4.93

6.2.3. CHOICE OF MATERIALS

In choosing the material used as Polymer 1, there are several considerations that have to
be taken into account: (1) the acoustic impedance that is similar to water to minimize
reflection, (2) the biocompatibility of the material to host cell cultures, (3) the compat-
ibility of the polymer to microfabrication processes. Polydimethylsiloxane (PDMS) is
widely used in organ-on-chip and microfluidics applications [20],[21], [22]. Due to its
wide adoption, PDMS-based devices have demonstrated biocompatibility with various
types of cultures [14]. Compatibility with microfabrication processes allows for elec-
trodes to be deposited directly on the surface of PDMS [20]. Furthermore, the acoustic
impedance of the material for polymer 1 is also an important consideration. Since the
source-facing surface of the polymer is flat to accommodate cells and electrodes, reflec-
tion from this surface is inevitable, and therefore, it is important to minimize the reflec-
tion on this interface. In the case of PDMS, its acoustic impedance is similar to water
(Table 6.1), and hence has a reflection coefficient of only 0.172 (Eq.2.3), which is far less
than polystyrene and glass, with reflection coefficients of 0.24 and 0.795, respectively.
Due to these combinations of properties, PDMS was chosen as the first layer of polymer.
There are fewer constraints when choosing the material for the second layer of polymer.
Since the second layer will not be in contact with the cell culture, biocompatibility is no
longer a constraint. Therefore, several materials covering a range of acoustic properties
were considered as the second layer of polymer. Table 6.1 contains the properties of the
materials used in the simulation, including the polymers used as the second polymer
layer. Limitations due to the fabrication have not yet been considered since there is a
wide range of manufacturing techniques. Based on the result of the study, the fabrica-
tion process of the device can be adapted accordingly. Some polymers, such as poly-
methyl methacrylate (PMMA) and polylactic acid (PLA), can be deposited using additive
manufacturing, while others, such as polystyrene (PS), low-density polyethylene (LDPE),
and epoxy, can be shaped through the molding process. The efficacy of these polymers
paired with PDMS as the first polymer layer was assessed through the simulation.
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Figure 6.4: Schematic of the simulation setup in k-Wave: (a) echo-free simulation mimicking pressure field
characterization of an ultrasound transducer, (b) simulation of ultrasound pressure field with a conventional
substrate, and (c) simulation of ultrasound pressure field with a two-polymer stacked substrate.

6.2.4. SIMULATION SETUP OF REFERENCES

Assessment of the ARMS performance was compared to a set of references. The simula-
tion of the references follows the setup shown in Figure 6.4. The first setup was to observe
the propagation of waves generated by the transducer in a reflection-free environment
(Figure 6.4(a)). This simulation represents the typical characterization condition of an
ultrasound transducer. The second setup allowed the simulation of the propagation of
waves in the presence of a single-layer material (Figure 6.4(b)). The influence of several
materials commonly used as culture substrates on the propagation waves was assessed.
The final simulation performed was the effect of stacking two layers of polymers without
the use of ARMS to show the contribution of the structure (Figure 6.4(c)).

6.2.5. ASSESSMENT METRIC

Two assessment metrics were used, namely the deviation and the echo reduction. The
deviation (Eq. 6.1) was calculated based on the measurement of Point B, which com-
pares the difference in peak-to-peak amplitude of the stimulation signal to the expected
stimulation signal.

Devi ati on (%) =
( |si g nalP2P,w ater − si g nalP2P,measur ed |

si g nalP2P,w ater
x100%

)
(6.1)

where si g nalP2P,w ater is the peak-to-peak amplitude of the expected stimulation sig-
nal measured in a reflection-free environment and si g nalP2P,measur ed is the peak-to-
peak amplitude of the measured stimulation signal. Echo reduction (Eq. 6.2) shows the
changes in echo amplitude compared to the glass reference measured at Point A.

Echo r educti on (%) = 100%−
(

EchoP2P,measur ed

EchoP2P,g l ass
x100%

)
(6.2)

where EchoP2P,measur ed is the peak-to-peak reflection amplitude of the measured con-
figuration and EchoP2P,g l ass is the peak-to-peak reflection amplitude of the glass sub-
strate.
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6.3. SIMULATION RESULTS

6.3.1. REFERENCE SIMULATIONS

ECHO-FREE CONDITION

An echo-free simulation was performed following the simulation setup shown in Fig-
ure 6.4(a). As seen in Figure 6.5(a), a single burst of pressure was observed in both Point
A and B, which originated from the single pulse applied to the source. The absence of
reflected waves validated the effectiveness of the perfectly matched layer implemented
on the boundary of the simulation space. The amplitude of the pulse shown in Point
B indicates the stimulation signal amplitude that would be applied to the stimulation
target on the surface of the substrate.

CONVENTIONAL SUBSTRATES

Substrates were introduced into the simulation space. Several substrate materials were
used to see the effect of typical culture substrate material on the acoustic wave. Glass
substrate is widely used as the culture substrate in MEA. It is also used in several dedi-
cated ultrasound setups [11], [10]. The acoustic reflection coefficient of glass and water
is around 0.796, which indicates that a significant amplitude of acoustic pressure will be
reflected in this interface. This can be seen in Figure 6.5(a-b) which shows the pressure
across time in Point A and Point B. The amplitude ratio between the incoming wave and
the reflected wave in Point A followed the reflection coefficient of glass and water. On the
other hand, the large reflection coefficient in the first interface resulted in a small ampli-
tude of the wave being transmitted and reflected by the second interface. This resulted
in the worst-case scenario where the energy in the reflection was being concentrated in
the time domain. This effect also heavily impacted the stimulation signal on the surface
of the substrate which experienced a large deviation from 3.43 to 6.05 amplitude (76.4%
deviation).

Polystyrene is widely used in well plates, and it has a much lower reflection coeffi-
cient with water (0.240) compared to glass substrates. This results in the reflection am-
plitude being dominated by the second interface. As seen in Figure 6.5(c), the echo from
the second interface was approximately 2 times larger than the first echo.

PDMS and PMMA are widely used as culture substrates in Organ-on-chip applica-
tions. As seen in Figure 6.5(d), PDMS has very good acoustic impedance matching with
water, resulting in a small reflection amplitude from the first interface and minimum
deviation of the stimulation signal. However, this caused the reflection at the second
interface to be larger when compared to other substrates. Meanwhile, Figure 6.5(e)
showed that PMMA showed a similar reflection pattern as polystyrene. Initial reflection
was higher than polystyrene due to the slightly higher reflection coefficient followed by
a lower echo from the second interface due to the less amplitude transmitted from the
first interface.

STACKED SUBSTRATE

A two-layer polymer substrate represented a step closer to the proposed ARMS design
(Figure 6.4(c)). Due to its acoustic properties, biocompatibility, and cleanroom compat-
ibility, PDMS was selected as the top polymer layer in ARMS. As an example, Figure 6.5(f)
shows the time-domain measurement at Points A and B of a PDMS-PMMA stack with a
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Figure 6.5: Time-domain simulation results comparing echo reduction and deviation performance under var-
ious substrate conditions at Point A and Point B. (a) Echo-free condition mimicking typical ultrasound charac-
terization. Simulations with (b) glass, (c) polystyrene, (d) PDMS, and (e) PMMA substrates positioned in front
of the transducer. (f) Simulation with a PDMS-PMMA stacked substrate.
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Figure 6.6: Comparison of echo reduction at Point A and Point B of ARMS with various absorbing polymer
materials. The RC2 indicates the reflection coefficient at the interface with PDMS.

flat interface. The PDMS layer was 7 mm thick, followed by a 5 mm PMMA layer. Addi-
tional reflection peaks were observed at both observation points. At Point A, reflections
from each interface can be clearly distinguished. The reflection from the first interface
at around 28 µs was followed by reflections from the second and third interfaces with
a 13 µs delay, corresponding to the time needed for sound to travel 14 mm in PDMS.
The first echo (highlighted in green) on the stacked substrate is solely determined by the
reflection ratio of the first polymer layer. Compared to the single-layer PDMS substrate,
the first echo of the stacked substrate was identical. This is also evident at Point B, where
an identical deviation was seen with the PDMS substrate, as the stimulation signal at the
surface is determined by the amplitude of the incoming wave and the echo from the first
interface.

The increased number of interfaces facilitated a distribution of the reflection ampli-
tude. At Point B, the amplitude of the reflection with a stacked substrate was markedly
lower than with a single-layer substrate of PDMS and PMMA. Due to the high speed of
sound in PMMA, a slight overlap also occurred between the second and third interface
reflections in the stacked substrate. This overlap subsequently increased the amplitude
of the echo from the third interface. Overall, the stacked substrate design demonstrates
an improvement over the conventional single-layer substrate in terms of echo reduction.

6.3.2. OPTIMIZATION OF ARMS
MATERIAL SELECTION FOR THE SECOND LAYER OF POLYMER

The simulation of the ARMS was performed following the setup shown in Figure 6.3. Us-
ing this model, we compared the performance of ARMS with several material combina-
tions, maintaining a fixed pillar height of 2 mm, a pitch of 10 mm, and a PDMS thickness
of 5 mm. The materials tested as the absorbing layer are listed in Table 6.1. The list covers
a range of acoustic properties, from low acoustic impedance materials, such as Polyethy-
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lene, to high acoustic impedance materials, such as Melopas, which affect the reflection
coefficient of the PDMS-Poly 2 interface (RC2). The performance of ARMS utilizing var-
ious absorbing polymers is illustrated in Figure 6.6. The effect of material selection on
echo reduction performance appeared minimal, with the lowest reduction at 55.5% with
Melopas and the highest at 64.1% with PMMA when observing Point A. This observa-
tion was further corroborated by an analytical approach that considered the three flat
material interfaces, as seen in Figure 6.7(a). Considering the first-order reflection, the
optimal point for minimizing the reflection amplitude occurred at RC2 = 0.5 as shown in
Figure 6.7(b). The curve is relatively flat around this value, which is consistent with the
ARMS results that show minimal changes in performance between the RC2 value of 0.25
and 0.7. The combination of PDMS and PMMA exhibited the highest echo reduction at
both Point A and Point B, which serves as a starting point for further optimization in the
dimensions of the ARMS structure.

THE EFFECT PDMS THICKNESS

As shown in Figure 6.8(b), the PDMS thickness was varied from 0.5 mm to 6 mm. The
pillar height and pitch were fixed at 2 mm and 10 mm, respectively. Within the observed
range, the performance of ARMS was largely independent of PDMS thickness as seen in
Figure 6.8(a). The inclusion of propagation attenuation would affect the role of PDMS
thickness, however, the model assumed elastic wave propagation. Therefore, the thick-
ness of the PDMS can be kept to a minimum to maintain an overall thin substrate

THE EFFECT PITCH

The effect of the array pitch was optimized while keeping the PDMS thickness constant
at 2 mm and the pillar height at 5 mm. The pitch of the ARMS was swept from 0.5 mm
to 14 mm (Figure 6.9(b)), which corresponds to about 0.5λ to 14λ in PDMS at 1 MHz
frequency. Figure 6.9(a) demonstrates that the array pitch significantly influences the
performance of ARMS. At 1 MHz frequency, the optimum performance was achieved at
a pitch of 10 mm. When interpolated, the echo reduction reached a performance above
40% between 3.9 mm to 11.64 mm pitch. At 2 MHz, the optimum performance was also
achieved at a pitch of 10 mm. However, the echo reduction was less sensitive to the pitch,

Figure 6.7: (a) A schematic of the acoustic reflection and transmission of water-PDMS-Polymer-air material
stack. (b) A plot describing the sum and components of first-order reflection going back to the water medium
as a function of reflection coefficient RC2.
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Figure 6.8: (a) The echo reduction of ARMS as a function of PDMS thickness. (b) The simulation setup used
during the optimization of the PDMS thickness, the schematics indicate the material boundary by showing the
speed of sound.

Figure 6.9: (a) The echo reduction of ARMS as a function of array pitch. (b) The simulation setup used during
the optimization of the array pitch, the schematics indicate the material boundary by showing the speed of
sound.

with ARMS performance going above 40% at array pitches between 1.05 mm and 12.63
mm. Performance decreased sharply at pitches below 2 mm and above 10 mm. At very
small and large pitches, the interface between the two materials more closely resembles
a flat surface, potentially explaining the reduction in echo reduction performance.

THE EFFECT PILLAR HEIGHT

The pillar height was optimized while keeping the PDMS thickness constant at 2 mm
and the array pitch at 10 mm. The pillar height was swept from 0.5 mm to 6.5 mm (Fig-
ure 6.10(b)). Within the observed range, echo reduction and pillar height exhibited a
positive correlation as seen in Figure 6.10(a). The echo reduction ranged from 52.8% to
65.8% between the shortest and tallest pillar heights. This positive correlation is likely
due to the increased number of reflections caused by taller pillars. The correlation was
more pronounced at 1 MHz than at 2 MHz ultrasound frequency. Within the observed
range, the optimal pillar thickness was 4 mm and 6 mm at 1 MHz and 2 MHz frequen-
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Figure 6.10: (a) The echo reduction of ARMS as a function of pillar height. (b) The simulation setup used during
the optimization of the pillar height, the schematics indicate the material boundary by showing the speed of
sound.

cies, respectively. Thus, increasing pillar height generally improves echo reduction, with
the optimal height depending on the ultrasound frequency.

Figure 6.11: (a) The time domain simulation result at Point A and Point B of the optimized ARMS. (b) compar-
ison of the simulation result of PDMS-PMMA stack with optimized ARMS and a flat interface.

6.3.3. OPTIMIZED ARMS
To evaluate the performance of the optimized ARMS design, a simulation was conducted
with a PDMS and PMMA stack, 2 mm pillar thickness, 5 mm PDMS thickness, and 10 mm
array pitch. The resulting time-domain simulation results at Point A and B are shown
in Figure 6.11(a). The performance of the optimized ARMS was compared to that of
conventional substrates, including glass, PS, PDMS, and PMMA. As seen in Figure 6.12,
the ARMS significantly reduced reflection amplitude in both Point A and B compared
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to these substrates. Compared to a glass substrate, the optimized ARMs demonstrated
echo reductions of 67.2% and 86.3% at Point A and Point B, respectively. The deviation of
stimulation signal on the surface of the substrate was substantially improved, decreasing
from 76.4% in glass to 19.2% with ARMS. Compared to a stacked substrate of PDMS and
PMMA with flat interface of the same thickness, the effect of ARMS structure can clearly
be seen in Figure 6.11(b), where the configuration with a flat interface only exhibited an
echo reduction of 13.6% at Point A and 44.1% at Point B. The ARMS optimized for 1 MHz
ultrasound frequency was also tested with incident waves up to 8 MHz. ARMS main-
tained an echo reduction above 50% and a deviation below 23% across this frequency
range, demonstrating its potential effectiveness for a variety of ultrasound neuromodu-
lation applications.

Figure 6.12: Comparison of echo amplitudes at Point A and Point B for conventional substrates (glass,
polystyrene, PDMS, PMMA) and an optimized ARMS (PDMS-PMMA) demonstrating significant echo reduc-
tion achieved with the optimized ARMS.

Figure 6.13: The performance of ARMS optimized at 1 MHZ in terms of Echo reduction at Point A and the
stimulation amplitude deviation on the substrate surface at different incident frequencies.
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6.4. CONCLUSION
This study demonstrated through simulation the potential of ARMS to reduce the re-
flection in an in vitro ultrasound neuromodulation study, which can help to improve
the preservation of stimulation fidelity. The concept can be applied to typical in vitro
platforms such as microplates and MEAs, therefore offering more versatility than the
state-of-the-art concept [9]. The ARMS design was optimized for 1 MHz and 2 MHz ul-
trasound frequencies, which found that the combination of PDMS and PMMA yielded
the best performance in terms of echo reduction and stimulation signal preservation.
Optimization was also performed on the dimensions of the array of pillars, especially
in terms of pillar height and pitch. The optimized ARMS was shown to reduce the am-
plitude of the echo on the surface of the substrate by 86.3% compared to a glass sub-
strate and preserved stimulation signal fidelity with a deviation of 19.2%, a significant
improvement from the 76.4% deviation observed on a glass substrate. Incorporating
material attenuation into the simulation setup can improve accuracy and is expected to
further enhance ARMS performance by attenuating the echo within the polymer. Given
the promising simulation results, experimental validation is necessary to confirm the
concept’s viability. Experimental measurements would also allow for the exploration of
composite polymers, which could further enhance ARMS performance but are difficult
to simulate.
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If you eventually end up as a dust,
you may as well live like a stardust;

bearing someone else’s dream.

Momiyama Kenji
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7.1. CONCLUSION
The work presented in this thesis aims to address technological challenges in design, in-
terconnection and interfacing for piezoelectric ultrasound transducer, specifically for in
vitro neuromodulation studies. The following section summarizes the key contributions
of this work.

INTEGRATED AIR BACKING LAYER ON SILICON SUBSTRATE

A novel approach to improve the transmit efficiency of piezoelectric ultrasound trans-
ducers (PUTs) integrated on silicon by incorporating an air-backing layer within the sil-
icon substrate was demonstrated. This integrated air-backing is achieved through mi-
crofabrication techniques, selectively thinning the silicon substrate beneath the trans-
ducers to create a suspended membrane. Key to this achievement is the trade-off be-
tween improved output intensity and mechanical stability, optimized at a membrane
thickness of 20 µm. This optimized design demonstrated a significant improvement in
output intensity (average factor of 5.11 at 8.5 MHz) compared to transducers on a stan-
dard 300 µm silicon substrate. Even when accounting for shifts in resonance frequency,
the air-backed transducers showed a notable enhancement (average factor of 2.65) at
their respective resonance frequencies. The integrated air-backing layer shows promise
for enhancing the efficiency of PUTs-on-ASIC for ultrasound neuromodulation.

POLYMER METAL CONNECTION

A novel polymer-metal connection (PMC) method for ultrasound transducers to opti-
mize transmit efficiency was developed. This approach utilizes a microfabricated PDMS
/Ti/Al membrane supported by a silicon frame, replacing traditional top connections
like thick aluminum foil. The key finding is the significant improvement in preserved
output intensity (80%) compared to an ideal reference, contrasting with the state-of-the-
art aluminum foil connection, which only achieves 22.5%. The PMC was successfully
implemented on a 2x2 transducer array and validated through preliminary biological
testing, demonstrating its ability to stimulate neuronal and endothelial cells.

FRESNEL PHASING ZONE PLATE

An acoustic lens with high focal gain by utilizing FPZP made from PDMS was realized.
The PDMS-FPZP is advantageous over other lens type due to the thin form-factor which
minimize attenuation.The lens was fabricated using single photolithography step which
offer cost-effective and reliable way to focus ultrasound wave with different parameters
such as frequency and focal distance. A COMSOL Multiphysics model was developed to
aid the design of the lens, which was shown to successfully predict the performance of
the fabricated lens.Notably, the focusing achieved by the PDMS-FPZP demonstrated a
focal gain of 19.95 dB and a high focusing resolution with FWHM of 0.25 mm and FDHM
of 3.2 mm.

ANTI-REFLECTIVE MICROENGINEERED STRUCTURE

The potential of ARMS to preserve the fidelity of stimulation signal in an in vitro ultra-
sound neuromodulation studies by reducing the reflection coming from the substrate
was demonstrated through simulation. The study shows the optimization of ARMS de-
sign in the choice of material and structure dimensions. ARMS significantly reduced
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echo coming from the substrate compared to the conventional glass substrate. The
ARMS demonstrated 86.3% echo reduction compared to a glass substrate and preserved
the stimulation signal on the surface with 19.2% deviation.

7.2. FUTURE WORK
INTEGRATED AIR BACKING LAYER ON SILICON SUBSTRATE

• While CMOS IC thinning without compromising electronics performance has been
demonstrated, further investigation is needed to assess the compatibility of ultra-
sound transducer integration with thinned substrates. The integration process can
involve high-stress processes, such as dicing and the use of pressure-sensitive ad-
hesives, which may pose challenges for thinned substrates.

POLYMER METAL CONNECTION

• The use of PMC presents a novel concept for implementing top metal connec-
tions using microfabricated structures. While many CMOS implementations uti-
lize a common ground to simplify top-side connections, microfabrication enables
patterning of the PMC metal layer. Instead of a single ground connection, mul-
tiple vias can create addressable top elements, facilitating row-column array im-
plementation, which can reduce connection routing complexity and increase the
number of elements within an array.

• The scalability of the PMC design, particularly for miniaturization, should be in-
vestigated to assess its applicability across different size constraints.

• Incorporating a matching layer beneath the PDMS could further enhance perfor-
mance. However, careful consideration must be given to material selection and
deposition techniques to ensure compatibility with the fabrication process and to
avoid compromising the mechanical integrity of the membrane.

FRESNEL PHASING ZONE PLATE

• The use of PDMS for FPZP fabrication shows promising results in terms of effi-
ciency and ease of fabrication. The size of the structure used in this study is still
far from the limit of the photolithography process. Therefore, a lens for higher fre-
quency ultrasound can still be achieved, which can push the spatial resolution of
the focusing even further.

• The same fabrication approach can be applied with 3D-printed molds to create
FPZPs for lower frequencies, potentially benefiting from rapid prototyping and
lower production costs.

• Given the demonstrated capability of non-zero focusing angles in simulation, ex-
perimental validation of this approach would be valuable. This could provide an
alternative method for steerable ultrasound focusing by actuating the lens struc-
ture, potentially circumventing the need for expensive IC development associated
with phased array transducers. Such steerable focusing could be valuable in ap-
plications like ultrasound imaging and therapy, where precise control of the focal
point is crucial.
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ANTI-REFLECTIVE MICROENGINEERED STRUCTURE

• ARMS addresses a primary challenge in in vitro ultrasound studies, including but
not limited to ultrasound neuromodulation. While simulations have shown promis-
ing results, experimental validation of the ARMS concept is still needed. This
validation may present fabrication challenges but also allows for the exploration
of micro-/nanoparticle fillers and porous materials that are difficult to simulate,
similar to the non-homogeneous materials used in anechoic tiles. These materi-
als could further enhance the echo reduction capabilities of ARMS by increasing
acoustic absorption and scattering.

• In addition to reducing substrate echo, incorporating in the same substrate an
acoustic sensing element could enable better prediction of actual stimulation pa-
rameters or even a close-loop control of the stimulation, improving the quality of
stimulus-response in ultrasound neuromodulation studies.
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APPENDIX A: FABRICATION

FLOWCHARTS

A.1. AIR-BACKED SUBSTRATE FABRICATION FLOWCHART

ALIGNMENT MARKERS

• Starting material: 4-inch double-sided-polished p-type silicon wafer <100> with
thickness of 300 µm.

• Lithography for alignment markers

– Spin coating: EVG120; HMDS; SPR3012; 1.4-µm thick.

– Exposure: ASML PAS 5500/80; COMURK Mask; 140 m J/cm2.

– Development: EVG120; PEB 90 secs at 115◦C ; 60 secs MF322 developer; HB
90 secs at 100◦C.

• Etching of alignment markers: Trikon Omega 201; silicon etching; URK_NPD; 120
nm deep.

• Cleaning procedure - silicon line:

– Plasma ashing: TePla; 1000 W; end-point detection.

– Organic cleaning: 10 minutes of H NO3 100% at ambient temperature.

– Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

– Metal Cleaning: 10 minutes of H NO3 65% at 110◦C.

– Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

– Drying: Avenger Ultra Pure Rinser Dryer.
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INTERCONNECTS FABRICATION

• PECVD silicon oxide deposition; Novellus PECVD reactor; 2µm thickness at 400◦C.

• Aluminum deposition; Trikon Sigma Sputter Coater; AlSi 400 nm at room temper-
ature.

• Lithography for aluminum interconnects:

– Spin coating: EVG120; HMDS; SPR3012; 2.1-µm thick.

– Exposure: SUSS Microtec MA/BA8 Mask Aligner; 155 m J/cm2.

– Development: EVG120; PEB 90 secs at 115◦C ; 60 secs MF322 developer; HB
90 secs at 100◦C.

• Plasma etching of aluminum; Trikon Omega 201; aluminum etching; Al04_350;
400 nm deep.

• Cleaning procedure - green metal line:

– Plasma ashing: TePla; 1000 W; end-point detection.

– Organic cleaning: 10 minutes of H NO3 100% at ambient temperature.

– Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

– Drying: Avenger Ultra Pure Rinser Dryer.

PASSIVATION AND CONTACT OPENINGS

• PECVD silicon oxide deposition; Novellus PECVD reactor; 400 nm thickness at
400◦C.

• Lithography for contact openings:

– Spin coating: EVG120; HMDS; SPR3012; 2.1-µm thick.

– Exposure: SUSS Microtec MA/BA8 Mask Aligner; 155 m J/cm2.

– Development: EVG120; PEB 90 secs at 115◦C ; 60 secs MF322 developer; HB
90 secs at 100◦C.

• wet etching of silicon oxide: 1 min of Triton x-100 surfactant; BHF (7:1); 3 minutes
etch time.

• Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

• Cleaning procedure - green metal line:

– Plasma ashing: TePla; 1000 W; end-point detection.

– Organic cleaning: 10 minutes of H NO3 100% at ambient temperature.

– Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

– Drying: Avenger Ultra Pure Rinser Dryer.
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SILICON CAVITY FABRICATION

• Lithography for silicon etching on the backside of the wafer:

– Spin coating: Manual; HMDS; AZ-12XT-20PL-10; 8 µm thick.

– Exposure: SUSS Microtec MA/BA8 Mask Aligner; 50 seconds exposure time.

– Development: EVG120; PEB 90 secs at 115◦C ; 2x60 secs MF322 developer;
HB 90 secs at 100◦C.

• Silicon etching: SPTS Omega Rapier; 0EKLs mooth20Cx x;etchr atei s0.9µm/ loop;
depth can be adjusted.

• Cleaning procedure - green metal line:

– Plasma ashing: TePla; 1000 W; end-point detection.

– Organic cleaning: 10 minutes of H NO3 100% at ambient temperature.

– Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

– Drying: Avenger Ultra Pure Rinser Dryer.

PZT MOUNTING AND PASSIVATION

• Dicing: wafer is diced into 3x3 cm2 dies.

• Cavity seal: glass cover slip is placed on top of the silicon cavity on the back of the
wafer; EPO-TEK 301-2FL is used to bond the two surface; Epoxy is dispensed using
pneumatic dispenser; curing for 3 hours at 80◦C.

• PZT placement: PZT is placed on top of contact pads; EPO-TEK H20e is used to
electrically connect the PZT to the pads; curing for 3 hours at 80◦C.

• Wire bonding; 50-µm diameter Tungsten wire placed on the contact pads and the
top of the PZT; EPO-TEK H20e is used to create electrical connection; curing for 3
hours at 80◦C.

• Passivation using Parylene-C: SCS Labcoater 3; 5 µm target thickness.
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A.2. POLYMER METAL CONNECTION FABRICATION FLOWCHART
WAFER THINNING

• Starting material: 4-inch double-sided-polished p-type silicon wafer <100>; wafer
thickness is adjusted to the thickness of the PZT; for 8 MHz PZT (270 µm) a 300-
µm-thick wafer is used.

• Thinning of silicon wafer: SPTS Omega Rapier; 0EKLs mooth20Cx x;etchr atei s0.9µm/
loop; target etch depth is 50 mum.

• Cleaning procedure - silicon line:

– Plasma ashing: TePla; 1000 W; end-point detection.

– Organic cleaning: 10 minutes of H NO3 100% at ambient temperature.

– Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

– Metal Cleaning: 10 minutes of H NO3 65% at 110◦C.

– Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

– Drying: Avenger Ultra Pure Rinser Dryer.

DEPOSITION OF LAYERS

• PECVD silicon oxide deposition as landing layer: Novellus PECVD reactor; 4000
nm thickness at 400◦C.

• AlSi deposition (400 nm) followed by Ti deposition (50 nm): Trikon Sigma Sputter
Coater; AlSi_400nm_Ti_50nm_50C; deposition temperature of 50◦C.

• Cleaning procedure - green metal line:

– Plasma ashing: TePla; 1000 W; end-point detection.

– Organic cleaning: 10 minutes of H NO3 100% at ambient temperature.

– Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

– Drying: Avenger Ultra Pure Rinser Dryer.

SILICON REMOVAL

• Lithography for silicon etching on the backside of the wafer:

– Spin coating: Manual; HMDS; AZ-12XT-20PL-10; 8-µm thick.

– Exposure: SUSS Microtec MA/BA8 Mask Aligner; 50 seconds exposure time.

– Development: EVG120; PEB 90 secs at 115◦C ; 2x60 secs MF322 developer;
HB 90 secs at 100◦C.

• Silicon etching: SPTS Omega Rapier; 1EKL_flat_bottom_20C; etch rate is 1.8 µm/
loop; etch until lands on silicon oxide with overetching (170 loops).
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• Cleaning procedure - green metal line:

– Plasma ashing: TePla; 1000 W; end-point detection; wafer is placed horizon-
tally to prevent rupture of membrane.

– Organic cleaning: 10 minutes of H NO3 100% at ambient temperature.

– Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

– Drying: Avenger Ultra Pure Rinser Dryer.

• PDMS deposition:

– PDMS mixing and degassing; THinky ARE 250; Sylgard 184 10:1 weight ratio

– Spin coating: Manual; Sylgard 184; 100-µm thick.

– Baking: Memmert Oven; 1 hour at 90◦C.

TEMPORARY SUPPORT REMOVAL

• Wet etching of silicon oxide: 1 min of Triton x-100 surfactant; BHF (7:1); 16 minutes
etch time; perform electrical testing to confirm silicon oxide removal.

• Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

• Dicing: wafer is diced into 22x22 mm2 dies; membrane side is placed on the UV
dicing foil to prevent rupture during dicing.
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A.3. FRESNEL PHASING ZONE PLATE FABRICATION FLOWCHART

SILICON MOLD ETCHING

• Starting material: 4-inch single-sided-polished p-type silicon wafer <100> with
thickness of 500 µm.

• PECVD silicon oxide deposition; Novellus PECVD reactor; 2µm thickness at 400◦C.

• Lithography for silicon etching:

– Spin coating: EVG120; HMDS; AZ nLOF2020; 3.5-µm thick.

– Exposure: SUSS Microtec MA/BA8 Mask Aligner; 155 m J/cm2.

– Development: EVG120; x-link bake 60 secs at 110◦C ; 120 secs MF322 devel-
oper; HB 90 secs at 100◦C.

• Wet etching of silicon oxide: 1 min of Triton x-100 surfactant; BHF (7:1); 8 minutes
etch time.

• Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

• Silicon etching: SPTS Omega Rapier; 1EKL_flat_bottom_20C; etch rate is 1.8 µm/
loop; target depth is 100 µm.

• Plasma ashing: TePla; 1000 W; end-point detection.

• wet etching of silicon oxide: 1 min of Triton x-100 surfactant; BHF (7:1); 8 minutes
etch time.

• Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

• Cleaning procedure - silicon line:

– Plasma ashing: TePla; 1000 W; end-point detection.

– Organic cleaning: 10 minutes of H NO3 100% at ambient temperature.

– Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

– Metal Cleaning: 10 minutes of H NO3 65% at 110◦C.

– Rinsing: Quick Dump Rinser; until water resistivity is 5 MΩ.

– Drying: Avenger Ultra Pure Rinser Dryer.

PDMS MOLDING

• C4F8 deposition: SPTS Omega Rapier; EKL_FC_depo_xx.

• PDMS deposition:

– PDMS mixing and degassing; THinky ARE 250; Sylgard 184 10:1 weight ratio

– Spin coating: Manual; Sylgard 184; 100-µm thick.
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– Degassing: Vaccuum desiccator; 20 minutes.

– Baking: Memmert Oven; 1 hour at 90◦C.

• Lens Peeling: cut the edges of the lens with a sharp blade and peel using a tweezer
while dispensing Isopropyl alcohol.
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