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ABSTRACT

The need for new minute and compact ultrasound systems for non-invasive appli-
cations in limited area (such as wearables or intravascular ultrasound systems) has
recently inspired the scientific community to develop novel ultrasound devices based
on thin-film piezoelectrical materials following a MEMS technology process. Ro-
bustness of the MEMS technology along with low power needs for transduction on
the piezoelectrical material (in comparison with capacitive ultrasound transducers),
provides high yield fabrication towards a large number of equal devices in an arrayed
form. Additionally, the possibility of the integration with CMOS will further allow
edge processing directly at the chip level, providing smartness in a very compact sys-
tem. In this context, the research presented in this dissertation focuses on improving
the performance of piezoelectric micromachined ultrasonic transducers (PMUTs) en-
suring the capability to be integrated monolithically on CMOS substrates. The goal
is to provide a compact device with improved performance and reliability as an ultra-
sound system compared to the state-of-the-art. The technology provided by Silterra
ensures the possibility of integrating with the CMOS circuitry with minimal parasitic

capacities and a high fill factor in array systems.

In particular, this research deals, firstly, with the optimization of single PMUTs
devices towards the improvement of their acoustic performance following three main
approaches: (1) innovative modifications of the design structure, (2) variations in the
piezoelectric materials, and (3) layers thicknesses scaling. Several designs of PMUTs
(single and in array configurations), AIN, and AIScN as piezoelectric materials, and
thicknesses ranging from 1 pum to 1.5 pum for the passive layer and from 0.6 um to
1.3 pm for the active layer are analyzed, modeled, and characterized throughout this
thesis. Finally, the application of these PMUT-on-CMOS devices in imaging systems
and as a fluid sensor to extract the hydrodynamic properties of liquids, demonstrate

the versatility achieved by the developed systems.
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RESUMEN

La necesidad de nuevos sistemas de ultrasonido compactos y de tamafio reducido
para aplicaciones no invasivas de drea limitada (como dispositivos portatiles o sis-
temas de ultrasonido intravascular) ha inspirado recientemente a la comunidad cienti-
fica a desarrollar nuevos dispositivos de ultrasonido basados en materiales piezoeléc-
tricos de pelicula delgada siguiendo un proceso basado en tecnologia MEMS. La ro-
bustez de la tecnologia MEMS junto con las necesidades de baja potencia para la
transduccion en el material piezoeléctrico (en comparacién con los transductores de
ultrasonido capacitivos), proporciona una fabricacién de alto rendimiento para una
gran cantidad de dispositivos iguales en forma de matrices. Ademds, la posibilidad
de integracién con CMOS permitird atin mds el procesamiento directamente a nivel
de chip, proporcionando inteligencia en un sistema muy compacto. En este contexto,
la investigacion presentada en esta tesis se centra en mejorar el rendimiento de los
transductores ultrasénicos micromecanizados piezoeléctricos (PMUT), asegurando la
capacidad de integrarse monoliticamente en sustratos CMOS. El objetivo es propor-
cionar un dispositivo compacto con un rendimiento y una fiabilidad mejorados como
sistema de ultrasonido en comparacién con el estado del arte. La tecnologia propor-
cionada por Silterra asegura la posibilidad de integracién con el circuito CMOS con

minimas capacidades parésitas y con un alto factor de relleno en sistemas de matriz.

En particular, esta investigacion trata, en primer lugar, de la optimizacion de dis-
positivos PMUT individuales para mejorar su rendimiento actstico siguiendo tres en-
foques principales: (1) modificaciones innovadoras de la estructura de disefio, (2)
variaciones en los materiales piezoeléctricos y (3) variaciones de los espesores de
las capas. Varios disefios de PMUT (configuraciones simples y en matrices), AIN y
AIScN como materiales piezoeléctricos, y espesores que van desde 1 um hasta 1,5
pm para la capa pasiva y desde 0,6 um hasta 1.3 pm para la capa activa se analizan,

modelan y caracterizan a lo largo de esta tesis.
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Resumen

Finalmente, la aplicacién de estos dispositivos PMUT-on-CMOS en sistemas de
imagen y como sensor de fluidos para extraer las propiedades hidrodindmicas de los

liquidos, demuestran la versatilidad lograda por los sistemas desarrollados.
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PREFACE

Miniaturization, low power consumption, and low manufacturing cost are becom-
ing progressively imperative requirements in an increasing number of fields in the
sensor market, including ultrasound as a characterization technique. In this sense,
ultrasound MEMS/NEMS technologies show fast growth in huge companies such
as Samsung, Philips, or TDK InvenSense to implement devices that include sensors
for positioning, gesture recognition, imaging, health care, biometrics, etc. In recent
years, Piezoelectric Micromachined Ultrasonic Transducers (PMUTs) are becoming
a powerful, straightforward, and economical alternative in these sectors, since a small
device, at the same time, can achieve high sensitivities as a transmitter and receiver
with low power consumption and, also, is capable of integration on CMOS circuitry.
For this, many efforts have been carried out by the scientific community to optimize
their layouts, materials, and layers in order to achieve PMUT-CMOS-based systems
with improved capabilities, and under our knowledge, only heterogeneous solutions
have been demonstrated. In this context, this thesis focuses on developing ultrasound
systems with high performance based on PMUT on CMOS. To accomplish this, two

main tasks were developed at each stage.

* Design and Model: In this step, a deep analysis of the PMUT’s theory was
carried out. Dimensions, thickness, and piezoelectric materials were studied
to obtain and optimize different shapes and configurations of PMUTs devices

compatibles with the CMOS process.

* Characterize and Validate: This task consists of the electrical and acoustic
characterization of the fabricated PMUTs-on-CMOS and subsequent validation
as ultrasound systems for several applications.
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These contributions are organized in the thesis as follows:

Chapter 1 consists of the introductory chapter which provides a general overview
of ultrasound devices and their market evolution, focusing the attention on Microma-
chined Ultrasonic Transducers (MUTs). In addition, topics regarding the integration
approaches with the CMOS circuitry have been dissected in order to understand the
benefits of monolithic integration. Following the same idea, Chapter 2 covers the
working principle of the PMUTs devices in the air and immersed in a fluid (resonance
frequencies, displacement, transmitted and sensed pressure, etc.). In addition, it in-
cludes an overview of the properties of the piezoelectricity and thin-film piezoelectric
materials. Chapter 3, in contrast, shows a general description of the simulation tools,
PMUT fabrication process based on MEMS-on-CMOS Silterra technology, as well as

the experimental tools and procedures with emphasis on their limitations, used during
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this PhD Thesis. Chapter 4 and Chapter 5 provide main results achieved and which
are published in the journals. Chapter 4 deals with the individual PMUT optimization
while Chapter 5 deals with the arrayed configuration.

Geometric optimization in the layouts of single PMUT devices is the first aspect
discussed in Chapter 4. In this context, a tent-plate PMUT is modeled, simulated,
and characterized to demonstrate the benefits of modifying the clamping boundaries
of a square PMUT to achieve a softer flexural resonator in its first mode and con-
sequently produce higher output acoustic pressure as an acoustic source and higher
electrical signal as sensor. The analysis, the simulations and the experimental char-
acterization is fully explained in Jourl, while in Chapter 4 some complementary
information is given. The second undertaken approach to achieve improved PMUTs
was the analysis and proposal of the optimum layer thicknesses, i.e. piezoelectric
layer and passive layer. In this case, after analysis through FEM simulations, several
proposals to Silterra foundry were made, and finally, some of them were successfully
fabricated and conveniently characterized. Again the analysis and main experimen-
tal characterization can be found in the paper Jour3, and some additional aspects are
included in the chapter. The third but not least improvement is related to the piezoelec-
tric material, where AIN with a 9.5 % Scandium concentration ensures better results
as an ultrasound transceiver. Once the best single PMUT is determined, we apply the
PMUT-on-CMOS system for developing a single-cell fluid monitoring capable to de-
termine the density, viscosity, compressibility, and sound velocity of the fluid media.
This study is explained in the paper Jour4. In this Chapter 4 a final comparison of
the different implemented PMUTs and its comparison with other approaches from the
literature is also provided. It is important to highlight that in this Chapter, is reported,
under our knowledge, for the first time a PMUT integrated monolithically on CMOS

substrate.

On the other hand, Chapter 5 deals with PMUT arrays where the aims of this
chapter will be to demonstrate their potential of them as suitable ultrasound systems
with imaging capabilities as can be focus depth tuning for 3D imaging. First, a PMUT-
on-CMOS linear array is analyzed, and an ultrasound image is achieved as a final
result demonstrating the performance in a pitch-matched pulse-echo system with an
area of 0.5 mm? (these results will be presented at the TUS 2022 conference). Second,
a multi-element ring array is in-deep studied due to their ability for tunable depth
focus. The paper Jour2 contains the analysis, simulations and experimental results
for this multi-element ring array with PMUTs without integrated CMOS. In the last
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part of Chapter 5, some experiments using a CMOS-integrated multi-element ring
array are shown to further validate the liquid sensing capabilities of the system, even

when using some sort of container is used over the PMUT surface.
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CHAPTER

ONE

INTRODUCTION

Ultrasound is defined by the American National Standards Institute as "sound at
frequencies greater than 20 kHz". From an historic perspective, ultrasound waves is
a very old technology. It was back in 1793 when Lazzaro Spallanzani discovered that
bats uses ultrasound waves for navigate and hunt, using echolocation [1]. Echoloca-
tion occurs when an ultrasound wave is transmitted, and the echo produced when the
ultrasound wave is reflected by an object is received back by a receiver situated at
the same position or near-by the transmitter. From the time elapsed between trans-
mission and reception (time-of-flight) and knowing the sound velocity in the media,
it is possible to establish the distance from the transmitter to the target (object) (see

Fig. 1.1). Ultrasound waves can be transmitted in air, in liquid or in solid materials.

Distance )
Tx
—_—
J -
Ultrasonic sensor Object

Figure 1.1: Ultrasonic device used in a pulse-echo configuration.



Chapter 1. Introduction

The first technological application of ultrasound was developed by Paul Langevin,
for the echolocation of submarines in the sea (known as sonar) in early 1918, using
piezoelectrical materials to develop the transducer for generating and detecting the ul-
trasonic wave in water [2]. In 1947 the first medical imaging system for diagnosis was
invented by Karl Theodore Dussik [3], being nowadays one of the most important di-
agnosis tools not only in the medical field but also for materials characterization due to
the non-destructive character [4], [5]. Figure 1.2 from Yole Development group, give
an overview of the main applications with details on the used ultrasound frequency
[6]. The production and sensing of the ultrasound waves require proper transducers to
convert electrical energy into acoustic energy and vice versa, where piezoelectricity is
one of the most used transduction techniques. The piezoelectric effect dates back to
1880 when the Curie brothers discovered that crystals of quartz were able to generate
an electric charge by applying pressure, and on the contrary, if they applied an electric

potential then the quartz vibrated [7].
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Figure 1.2: Ultrasound Applications by Frequencies [6]

Nowadays the big demand on new sensory systems for wearable and hand-held de-
vices, is pushing the development of new compact and versatile ultrasonic transducers
which should be reliably manufactured for a wide range of different applications. Yole
Développement group has recently published a market forecast that considers several

applications, see Figure 1.3, in which a CAGR (Compound Average Growth Rate)
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for 2025 of 5.1 % is forecast despite the impact of COVID-19. Based on Fig. 1.3
the most prominent applications are automotive-ADAS (Advanced Driver-Assistance
Systems), consumer fingerprint, and industrial automation, however, it has a lot of
potential in other scientific branches, but it does not show a rapid increase yet. Specif-
ically, the current state-of-the-art exposes ultrasound as a reliable method for medi-
cal applications: intravascular and endoscopy imaging[8]—[10], brain stimulation [5],
[11], portable devices [12]-[14], and treatments based on high intensity focused ul-
trasound (HIFU) [15]. Furthermore, it is used in range-finding applications [16], [17],
gesture recognition [18], and consumer devices such as smartphones or laptops with
biometric fingerprint sensors [19], [20]. In addition, it is an excellent alternative in
biomedical and industrial processes to characterize the mechanical properties of lig-
uids [21]-[23].
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Figure 1.3: Ultrasound sensing modules market forecasts from 2019 to 2025 by applications
(24]

Conventional ultrasonic transducers are based on piezoelectric materials operating
in their thickness vibration modes, such as bulk piezoelectric or piezocomposite de-
vices. Piezoelectric materials enable electromechanical transduction, which converts
mechanical energy to electrical energy or vice versa. In this mode of operation, the
longitudinal vibration utilizes the ds3 coefficient, where an electrical field (E¢) causes

a longitudinal displacement, see Fig. 1.4a. Figure 1.4b shows a general configuration
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of a conventional single-element ultrasonic transducer [25]. Two electrodes placed
on each side of the piezoelectric material allow an electrical signal to be applied at a
specific frequency, which will result in a flexural motion and thus generate a pressure
wave. In contrast, in the sensing mode, an incoming ultrasound wave causes a voltage
on the electrodes that will be acquired and processed. Furthermore, two additional
materials are used for the matching and backing layers at the front and back of the
device. The first one is used to improve the match between the ultrasonic transducer
and the medium (i.e., water, tissue), while the backing material avoids the generation
of unwanted signals from the backside and allows for a wider bandwidth. However,
there are a lot of geometry and frequency limitations when it comes to implementing
2D ultrasonic transducer arrays. The diced process to achieve 2D arrays with high fre-
quencies (around 10 MHz) and the interconnection of every single element increases

their complexity, timing, and cost in manufacturing [25], [26].

Acoustic lens and protective palymer

Impedance matching layer #1, #2

Top electrode
Piezoelectric material
Bottom electrode

Backing material

+——Housing

(a) (b)

Figure 1.4: Schematic representation of the ds; coefficient. Extracted and edited image from
[27]. Configuration of packaged single-element ultrasonic transducer [25].

1.1 Micromachined Ultrasonic Transducers (MUTS)

The development of Micro-Electro-Mechanical Systems (MEMS) technology has
allowed getting ultrasonic transducers of minute size, lower manufacturing cost, im-
proved bandwidth, and lower power consumption than conventional ultrasonic trans-
ducers [28], [29]. In addition MEMS processing provides a very robust technology
allowing parallel fabrication of multiple equal ultrasound transducers, as single ele-
ments or in an arrayed system, which constitutes a winning advantage compared with
other piezomaterials based on crystals or polymers. Furthermore, these new ultra-

sonic devices can be directly interconnected with the CMOS (complementary metal
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oxide semiconductor) circuitry achieving a compact ultrasound system, opening the
way towards a real Ultrasound-on-chip system. Micromachined Ultrasonic Transduc-
ers (MUTs) as they are known, work in the flexural mode and they can be classi-
fied depending on the principle of operation in capacitive (CMUT) and piezoelectric
(PMUT), Fig. 1.5a and b, respectively.

Top electrode v Top electrode \4 AC
Membrane AC Piezoelectric
I Bottom electrode

Alr g‘]p Deﬂeetlon + V
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Substrate//
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= (b) =

Figure 1.5: Schematic illustrations of a generic (a) Capacitive Micromachined Ultrasonic
Transducer (CMUT), and (b) Piezoelectric Micromachined Ultrasonic Transducer PMUT.
(Layers not to scale.)Extracted and edited from [26].

Passive layer

1.1.1 Capacitive Micromachined Ultrasonic Transducers (CMUTs)

A Capacitive Micromachined Ultrasonic Transducer (CMUT) is a tiny device fab-
ricated using MEMS technology. A typical CMUT is composed of a thin membrane
above a vacuum gap with two electrodes (top and bottom) which are separated by an
isolation layer in order to avoid an electrical shortcut between them [10]. As it can
be seen in Figure 1.5a, the bottom electrode is commonly made using a conductive
silicon wafer while the top electrode could be, for example, aluminum (Al). However,
in some designs, conductive silicon material is used in the membrane avoiding to use

of a top electrode [30].

The working principle of CMUTs is based on the electrostatic effect and it can be
used to generate and receive ultrasound waves. Figure 1.5a shows a schematic repre-
sentation of a generic CMUT when it works as an actuator. In order to guarantee its
proper operation a direct current (Vp¢) and an alternating current (V4¢) voltages are
required. The electrostatic force depends quadratically with the applied voltage, and
consequently both voltages allows the membrane to vibrate at the same AC driving
frequency, achieving its maximum displacement if the AC frequency is the CMUT
natural frequency [30]. Likewise, on the sensing mode, a DC voltage is also essential
and the incoming ultrasound wave is detected by a capacitive detection. The incident

wave causes the vibration of the membrane and therefore, takes place a modulation
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of the gap height [10]. This fact modifies the overall capacitance of the device and
consequently, the generated output current. Finally, this is converted into a voltage
that can be detected and processed by read-out circuitry (RX).

In general, CMUTs offer great potential as ultrasonic transducers due to their high
electromechanical coupling coefficient, wide bandwidth, and capability of on-chip
integration with CMOS circuitry such as amplifiers, and analog-to-digital converters
[31]. Meanwhile, well-controlled MEMS technology in each process enables small-
volume array implementation [32]. Despite this, the high DC bias voltage (higher
than 100V) required for the correct operation increases the power consumption. Also,
CMUTs need different air gaps in order to generate a high acoustic pressure (large air
gap), and optimize the receive sensitivity (small air gap), which coupled with some
technical limitations on the gap height imposed by the foundry manufacturing rules,

increase the complexity and cost of fabrication [33], [34].
1.1.2 Piezoelectric Micromachined Ultrasonic Transducers (PMUTSs)

A Piezoelectric Micromachined Ultrasonic Transducer (PMUT) is a multilayered
minute device with a piezoelectrical layer and, like a CMUT, is capable of transmitting
and receiving acoustic pressure waves. Basically, it consists of a membrane over a
cavity composed of a thin piezoelectric film sandwiched between two electrodes as
well as an elastic layer at the top or bottom of the membrane [26]. A generic schematic
of a PMUT is shown in Figure 1.5b.

Unlike conventional ultrasonic devices, PMUTs use the d3; coefficient to create a
mechanical deformation via bending. This coefficient appears, as shown in Fig. 1.6
when an electric field is applied in the transverse direction creating a displacement
perpendicular. Based on this, if an electric field is applied to a PMUT, the effect
of the ds; coefficient causes a deformation in the adjacent materials generating an

acoustic wave [27], see Fig. 1.6. Summarizing, the operation of PMUTsS is based

Top Electrode
: —— i /—| |—|\
! ! | Piezoelectric Material |~
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Figure 1.6: (left): Schematic representation of the dz; coefficient. (center-right): Cross-
section of a PMUT device.Extracted and edited images from [27].
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on the inverse and direct piezoelectric effect. As a transmitter (inverse piezoelectric
effect) if an AC signal (V4¢) is applied to the membrane at the resonance frequency,
an ultrasound wave will be generated due to the membrane deflection, see Figure 1.5c.
On the sensing mode (direct piezoelectric effect), when an ultrasound wave hits on the
PMUT surface it causes a vibration of the membrane which can be detected measuring
the electric output between both electrodes and therefore amplified and processed by

a read-out circuitry (RX).
PMUTs vs CMUTs

In the new digital era, where low power consumption and small sizes are required,
PMUTs are suited for many applications. They are power-efficient devices because
they don’t require a DC bias voltage, and they aren’t limited regarding the cavities
height for actuation and sensing, reducing cost and complexity of the fabrication pro-
cess [26]. Furthermore, PMUTSs are less sensitive to parasitic capacitance as a con-
sequence of their low electrical impedance, which also allows a better matching with
the electronic circuitry [28], and also, they don’t need a matching layer to the acoustic
media. However, their main limitation is imposed by the low electromechanical cou-
pling coefficient that ranges between 1 % and 6 % in comparison to an 18 % and 70
% for CMUTs devices [25]. Based on the benefits offered by PMUTs devices, in the
last years, they have become an excellent candidate in the ultrasound market devices,

showing a high level of integration and miniaturization, see Fig. 1.7.

CMUT 2™ inflaxion
CMUT [ inflexion l

! 5 Ve

€0 -

~

.t‘.l'.'.".‘.?'..f.'.- /< KoLD

fr ‘ KoloHedical CHUT
Hitachi CMUT Mappid probe ra probe

Qualcows, g

IR

Butterfly CMUT probe
HITaRCHI

g b Mt
Hitachi 4G CMUT probe

W cruT PMUT

Figure 1.7: Ultrasound sensing: product introduction & technology roadmap [6].
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1.2 Integration approaches

CMOS ASICs (Application Specific Integrated Circuits) are used to generate the
driving signals, amplify and filter the incoming ultrasound wave, and in the 2D arrays,
for example, focus and steer the ultrasound beam. The integration of ultrasound trans-
ducers and electronics provides compact systems, offering a single chip that includes
the MEMS device and the CMOS circuitry, and therefore reducing the cost of the fi-
nal commercialized device. Based on this, there are two technologies for integrating
MUTs and CMOS-ASICs circuitry: Hybrid multi-chip solution and System-on-Chip
(SoC) [35].

1.2.1 Hybrid multi-chip Integration

Hybrid multi-chip integration is a strategy where MEMS devices (MUTs) and
CMOS-ASICs circuitry are designed, manufactured, and tested on separate substrates
and, eventually, hybridized into a common package. This characteristic gives flexibil-
ity to the manufacturing process, allowing to optimize the performance of MUTs and
CMOS-ASICs.

Wire bonding side-by-side (or 2D interconnection) is the easiest method to con-
nect multi-chip modules (MUTs and CMOS-ASICs), however, it is quite affected by
the wire length, which degrades device performance as a consequence of the large
parasitic capacitances. Also, they are limited in applications where the occupancy
area needs to be smaller. In order to overcome these issues, System-in-Package, SiP,
known as vertical or stacked multi-chip modules, guarantees more compactness, de-
creases the interconnection length, and achieves a higher integration density. The
electric contact between them can be made using different methods such as flip-chip
and wire bonding, or even, a combination of the aforementioned, and the interconnec-

tion can be made directly or through additional layers [35].

Figure 1.8 shows different ultrasound systems where the interconnection between
MUTs devices and CMOS-ASICs circuitry was done through hybrid multi-chip inte-
gration. In 2013, the presented ultrasound imaging system in [36] uses two flip-chip
approaches to interconnect a 32x32 CMUT array with the CMOS-ASICs circuitry:
(a) using an interposer substrate, and (b) using direct flip-chip bonding, see Fig. 1.8a
and b respectively. Nowadays, the flip-chip bonding through PCB interposers have
continued to be used [37], [38], Fig. 1.8c shows an example using a flex PCB. On the
other hand, wire bonding has been widely used in many researches as a first prototype
[39], [40]. Figure 1.8d indicates a CMUT array interfaced with a CMOS-ASICs to
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Figure 1.8: Hybrid multi-chip integration using CMUT arrays: (a) Flip-chip interconnec-
tion where, Left: Top and bottom view of a integrated CMUT array with the ICs (Integrated
circuits) using Interposer substrate, and Right: cross-section view [36], (b) Direct flip-chip
bonding [36], (c) Flip-chip interconnection using an interposer flex PCB [38], and (d) Wire
bonding interconnection presented in [39].

improve the performance of an Intravascular Ultrasound (IVUS) system [39]. Despite
the final goal is implementing a CMUT-on-CMOS system, all tests and the presented

packaged device were made using wire bonding.

A hybrid multi-chip integration solution is an approach where flexibility during
manufacturing allows for a time-saving and cost-effective process ensuring the best
performance of both dies (MUTs and CMOS-ASICs), which could be essential in the
high performance of the final ultrasound system. Another advantage of this method is
that there are no restrictions on the dimensions of the dies, which do not necessarily
have to be the same size [35]. This characteristic isn’t applicable when direct flip-chip
bonding is used because in this case MUTs and CMOS-ASICs circuitry must have
the same pitch to ensure a correct alignment and later flip-chip bonding [36]. Multi-
chip integration is a solution limited in small-size applications where high-density
integration is needed, and it is quite affected by the large parasitic capacitances as
a consequence of the large interconnection path. Further, every die requires a lot of

testing packaging steps.
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1.2.2 System-on-Chip Integration (SoC)

The main characteristic of the system-on-chip integration is the capability to inte-
grate MEMS (MUTs) devices and CMOS circuitry in the same substrate. This ap-
proach can be classified into (a) monolithic, and (b) heterogeneous. In the first one,
MUTs devices and CMOS-ASICs circuitry are entirely fabricated on the same sub-
strate, while in the other one, they are separately prefabricated and merged through 3D
interconnection techniques. The benefits of this solution lie in the compactness and
small size of the chips, also, the cost for packaging and testing (only at the end of the
process) is lower than hybrid solutions [35]. In addition, the interconnection length
is reduced, decreasing the parasitic capacitances, which improves the performance of
the ultrasound system. Unlike hybrid integration, SoC is a complex approach where
there is less flexibility during manufacturing, and more time is required for the devel-

opment of the final device.
Monolithic

In the last decade, monolithic SoC solutions with MUTs devices and CMOS-ASICs
circuitry have been carried out with CMUTSs based on two approaches. The first one,
CMUTs-in-CMOS, consists of taking advantage of the manufacturing process of the
CMOS circuitry to fabricate CMUTs devices. This integration method does not re-
quire any MEMS-related steps in the CMOS process, only sacrificial etching and di-
electric deposition are needed as additional post-CMOS actions [41], [42]. The final
CMUTs-in-CMOS SoC is a side-by-side (CMUT alongside CMOS-ASICs) system
that is not suitable for applications where dense arrays and small size are required.
The second approach, CMUTs-on-CMOS, is a monolithic solution where CMUTSs
devices are fabricated on top of the CMOS-ASICs circuitry once the CMOS pro-
cess has completely finished [43]. This SoC solution allows reducing the parasitic
capacitances as a consequence of large interconnection lines in previous integration
approaches. Besides, the final device has a small area (CMUT is built on top of
the CMOS) which guarantees that it can be used in applications that require a high
integration density. Further, unlike CMUT-in-CMOS, the ultrasonic transducer can
be optimized (gap height, materials properties, etc.) because is not subject to the
CMOS processing steps [44]. However, to ensure the correct CMUT-on-CMOS im-
plementation, a low-temperature fabrication process is also required for the CMUT

manufacturing in order to avoid damage to the CMOS-ASICs circuitry [40], [44].

The literature offers several examples regarding the aforementioned monolithic ap-
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Figure 1.9: Monolithic SoC integration. (a) CMUT-in-CMOS approach reported in [42], and
(b) CMUT-0on-CMOS approach presented in [44].In both; top: schematic cross-section, and
bottom: photograph

proaches [41], [42], [44]-[48]. Figure 1.9a shows a section of a 32x32 CMUTs array
interfaced with the CMOS-ASICs circuitry using the CMUT-in-CMOS method [42].
Here, it can seen how the array density is quite affected by the placement of the cir-
cuitry. On the other hand, Fig. 1.9b shows the CMUT-on-CMOS system presented in
[44] where a dual ring CMUT array is fabricated on top of the CMOS demonstrating
the ability to obtain more compact chips.

Heterogeneous

Heterogeneous integration is a technique that leverages the benefits of multi-chip
and monolithic approaches. It allows to optimize the performance of the MUTs de-
vices by combining high-performance materials without any compromise with the
CMOS manufacturing process (there are no temperature limitations), in addition, this
strategy ensures compact devices with high integration densities [49]. The intercon-
nection can be carried out using through wafer vias such as Through Silicon Vias
(TSVs) or Through Glass Vias (TGVs), flip-chip bonding with solder bump, eutectic
bonding [49], [50], etc.

Ultrasound systems based on CMUTs devices integrated with CMOS-ASICs cir-
cuitry through heterogeneous technology have been described in many research [51]-
[54]. In 2021, a 32x32 CMUT array used for neurostimulation is interfaced with the
CMOS-ASICs through TGVs and flip-chip solder bumps [53], see Fig. 1.10. Despite

11
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achieving compact systems as in the monolithic approach (MUT is on CMOS), it is
more complex, time-consuming, and costly, highlighting, for example, the numerous
processes involve during vias manufacturing (TSV or TGV) [55], and the need for
special equipment for aligning and bonding [56]. Also, there are some limitations
regarding the size of the solder ball, which could be a drawback when MUT arrays

with a high resolution are needed [19].

Solder Bump /!
Passivation

e 8 pm —

@ ) ©

Figure 1.10: Heterogeneous SoC integration using a 32x32 CMUT array [53]. (a) Schematic
cross-section after integration, (b) Schematic 3D view of the integration process, and (c) Pho-
tograph of the final ultrasound system.

On the other hand, this integration approach is the most used in ultrasound systems
based on PMUTs. In 2015, a fabrication platform from InvenSense demonstrated the
capability to achieve piezoelectric SoC through eutectic bonding (AlGe) [57]. Sys-
tems such as fingerprint sensors [19], [58], [59], microphones [60], and rangefinders
[61] are some examples of systems carried out with this technology. Figure 1.11
shows the top-view (a) and cross-section (b-c) of the fingerprint sensor based on
110x56 rectangular PMUT array [19]. PMUTs devices interfaced with CMOS-ASICs
silllan Bvo  sio, Al e

1.6 pm Si

€~ Anchors =¥
L

Bottom ’ T<:|p4
electrode electrode
(GND/RX)  (TX/GND)

(b)

Active aréa

Figure 1.11: Heterogeneous SoC integration using a 110x56 PMUT array [19]. (a) Top view
of the rectangular PMUT array, (b) Schematic cross-section of the PMUT interfaced with the
CMOS using eutectic bonding process, and (c) Scanning electron microscope (SEM) image
of the cross-section of the PMUT.

circuitry using eutectic bonding like any heterogeneous approach has a low fill-factor

in the array system (degrading its performance in terms of area and output pressure),
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increases the parasitic capacitances, and is a more expensive, and time-consuming

process.

Since 2018, SilTerra Malaysia Sdn. Bhd. offers a process platform where the
PMUTs are fabricated on the top of the CMOS, achieving a single-chip truly mono-
lithic solution [62], [63]. Currently, as reported by Yole Développement, our research
group (ECAS group) is a recognized part of the "R&D" players [24], which in col-
laboration with Silterra is involved in designing PMUTs systems for the validation of
their PMUTs-on-CMOS platform.
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CHAPTER

TWO

ANALYTICAL APPROACH FOR PMUTS DEVICES

Chapter 2 focuses on the analytical approach for PMUTs devices in order to provide
the necessary knowledge to design and model them. Beginning with the theory of
piezoelectricity, it is intended to give an overview of the principal equations which
determine the performance of the PMUTs devices depending on their piezoelectric
material. Furthermore, it will present the working principle of the PMUTs devices
based on the mathematical analysis, the expressions that describe the frequency, the
movement, the transmitted and sensed acoustic pressure, and their behavior when
being immersed in a fluid. This chapter will lay the groundwork for understanding
analytical models, finite element simulations (FEAs), and experimental results that

will be presented later.

2.1 Piezoelectricity

Piezoelectricity is based on materials that lack an inversion center of symmetry and
allow internal polarization as a result of an external electric field or mechanical stress
[64], [65]. The discovery of piezoelectricity dates back to 1880 when the Curie broth-
ers appreciated this phenomenon in quartz crystals, however, it was not until World
War I that this concept found a practical application in an underwater ultrasonic detec-
tor. The success of this piezoelectricity-based sonar increased interest in this property
and its future applications [66], [67]. There are two mathematical representations to

describe it, (a) strain-charge form, and (b) stress-charge form, where either of them
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Chapter 2. Analytical approach for PMUTs devices

can be converted into the other through a transformation relationship.

In the strain-charge form, an electric field (£ [V//m]) and stress (o [Pa]) can pro-
duce a strain (¢), and electric polarization (D [C'/m?]), see Eq. 2.1 and 2.2 where
SE [Pa~1] is the compliance matrix coefficient measured at a constant electric field,
d [C/N] is the piezoelectric coupling coefficients in the strain-charge form, and

€% [F/m)] is the relative permittivity with a constant stress [64].

e =Y Stos+ > Ejdr (2.1)
7 j

D; = ZJ: dijoy + Z e, E; (2.2)
J

Considering a small piezoelectric volume with dimensions Az, Ay, and Az, see Fig.
2.1, the subscripts ¢, j take values of 1,2, or 3 and they correspond to the normal
vector (X,y, or z) of the surface of interest, while, the uppercase subscripts I, J can
take values of 1, 2, 3, 4, 5, or 6 where the last three represent the shear directions (i.e.

zx = liyy =222z = 3;yz = 4; 2z = 5;xy = 6).

Figure 2.1: Directions on a small differential volume with dimensions Az, Ay, and Az.

On the other hand, stress-charge form can be described by Eq. 2.3 and 2.4 being
CF [Pal] the stiffness coefficient matrix with a constant electric field, £ [F'/m] is the
relative permittivity measured at a constant strain, and e [C'/m?] is piezoelectric cou-
pling coefficients in the stress-charge form. The transformation relationship between
the piezoelectric coefficients, d, and e, is given by the compliance coefficient matrix
(S = C~!) measured at a constant electric field through d = S - e [64].

or=>Y Cfies—> Ejej (2.3)
J i
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2.1. Piezoelectricity

Di=) eijes+ > e5E, (2.4)
J J

2.1.1 Thin-film piezoelectric materials

Requirements related to miniaturization and high integration density have led to
advances in thin film technologies and in particular in obtaining high quality piezo-
electric materials. Thin-film piezoelectric deposition techniques are based on Mi-
cromachined manufacturing technologies, and nowadays their use and interest in the

MEMS industry are growing remarkably.

Based on thin-film piezoelectric materials and considering the extreme case of an
infinitely rigid substrate on which the piezoelectric capacitor stack is fixed, when a
voltage is applied in the z-direction (F3), the inverse piezoelectric effect, the in-plane
piezoelectric strains are zero, thus there are stresses acting in the in-plane directions
(o1 = 02), and out-of-plane motion is possible (o3 = 0). From the piezoelectricity
equations (Eq. 2.1 - Eq. 2.4), the effective thin-film piezoelectric coefficients, (e31,
and d33 ) can be obtained, giving Eq. 2.5 and Eq. 2.6, respectively [65], [68], [69].
Once these coefficients are determined, in the actuation mode, the out-off plane strain

when an electric field is applied can be described as €3 = d33 ¢ E3, while the in-plane

stresses can be found as 012 = —e3; ¢ E3.
d31 cE
€31, = o5 op =631 — ~5€33  |es s> les] (2.5)
SE + Sk cE
€33 25
dss.f= 7 =dss — g —apds1  <ds3 (2.6)
o SE + 5%

In contrast, with the direct piezoelectric effect, an external force causes deflection of
the structure, creating in-plain strains (e, €2) that allow piezoelectric charges to ap-
pear on the electrodes. Equation 2.7 describes the displacement field in the z-direction
2
_ f33 €
where £33 r = oo+ e53 [29], [68].

D3 = epes3 pE3 + e31,7(€1 + €2) + das f03 (2.7)

In flexural structures based on thin-film piezoelectric materials between two elec-
trodes, it can be defined Figures of Merit (FoM) to characterize the material per-
formance. During the actuation, the FoM is defined by e3; ¢ coefficient due to the

membrane vibration depends on the in-plane stresses (01,2 o €31 ¢). In the sensing
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mode, the measured voltage when the membrane is deflected can be obtained depends
on ezy, f /€3, 7 [68], [69]. Another parameter to evaluate the efficiency between piezo-
electric materials regarding their capability to transform electrical energy in mechan-
ics and vice versa is the piezoelectric coupling factor, K 2. For thin film piezoelectric
materials K2 = %?éf
rations are considered [29], [70].

and as it can be seen no losses, shapes or electrode configu-

Table 2.1 shows some published properties of thin AIN, AlScN, and PZT materi-
als [69]. Note how PZT exhibits the best performance as an actuator (highest e3; )
achieving about a 14x factor improvement during transmission over AIN (lower e31 7).
However, in terms of sensing voltage, PZT shows the worst behavior with measured
voltage that degrades by about 8x times. Finally, the electromechanical coupling coef-
ficient of PZT only shows a 50 % improvement compared to AIN. In addition, AIScN
achieves twice the e3q s coefficient of AIN, the receiving performance is about the
same, and the K2 is 2.5x times higher than AIN, making it a promising piezoelectric

material.

Table 2.1: Figure of merit for thin film piezoelectric materials [69]

FoM AIN AlScN! PZT?
es1,£(C/m?) 1.05 2.25 15-20
631’f/8337f(GV/m) 10.8 12.7 1.4-2.1
€31, 7/€33,5(GJ/m?) 113 28.6 21-41

! Sc and Al contents around 30% and 70%, respectively.
2 Zr/Ti compositional ratio is 53/47.

2.2 Mechanics of PMUTSs

PMUTs are two-dimensional piezoelectric resonators that can be modeled as multi-
layer laminated structures based on thin-film piezoelectric materials [26]. The size of
the membrane is defined by the cavity length, and the total thickness depends on the
layers involved. Figure 2.2a shows only the membrane corresponding to the schematic
four-layers PMUT presented in Fig. 1.5b. The thickness of each layer is given by %,
where n ranges from 1 to 4 and represents the passive layer, the bottom electrode,
the piezoelectric layer, and the top electrode, respectively. Furthermore, the materials
in each layer are considered isotropic and they are described through the density,

pnlkg/m3], Young’s modulus, Y;,[Pa), and Poisson’s ratio, v/,.

Considering this, the distance from the bottom to the top-plane, h,, and to the
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Figure 2.2: (a) Schematic cross-section of a laminate uni-morph PMUT membrane, and (b)
Neutral axis of a bent membrane loaded from the topside. Layers and deformation not to
scale.

mid-plane, z,, are obtained using Eq. 2.8.

n—1 n—1 1
h,, = Z ti+tn 2, = th +5tn (2.8)
j=1 j=1
and, the mass per unit area is defined as:
N
p= tupn (2.9)
n=1

According to Fig. 2.2b, when a force is applied at the top, the membrane bends,
causing tensile stress at the bottom while the top side is subjected to compressive
stress. However, there is a line, known as neutral axis Zy 4[m], defined by Eq. 2.10,

where the bending stress is zero.

’

N
E:nzltnzny%

INA = ~ - (2.10)
E:n=1t”y%
being the coefficient Y,/L the plate modulus which is given by:
/ Y,
Y, = 2.11
e @11

The resistance to bending is another important parameter in the mechanics of a
PMUT structure called flexural rigidity (D [Pa - m3]), see Eq. 2.12. It defines the
force required to bend the membrane and produce a curvature, which depends on the

plate modulus (YT;), and the distance between the top-side of each layer and the neutral
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axis (hy, = hy, — Zna, with hg = 0).
1 -3 =3
D= 3 nE:l Y, (h, —h, 1) (2.12)

For homogeneous plates this expression can be simplified taking into account the total

’
thickness of the membrane ¢t as D = Ylf

2.2.1 Natural frequency

The natural frequency of an elastic system is that at which it will vibrate once it has
been set in motion and the driving force is removed. Depending on the mode shape of
the vibration, the value of the natural frequency (f) changes, where the lowest value
corresponds to the fundamental resonance frequency. A general expression for a two-
dimensional multi-layered structure is defined according to Eq. 2.13 where /\?j is a
dimensionless parameter which depends on the vibration mode, the geometry, and the
boundary conditions, and a is associated with the membrane size (a is the radius in

circular and annular, side in square, etc.) [71].

XD
fii=L|—  i=1,23,..,j=123, .., (2.13)
2ma I

Figure 2.3 shows the simulated mode shapes and )\?j values for a clamped square
plate. The coefficient ¢ consists in the number of flexural half-wave along the hori-

zontal direction (x-axis), while j represents the vertical direction (y-axis) [71]

Figure 2.3: Mode shapes for a clamped square plate.
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Boundary conditions

The geometric constraints at the edge of each device define its boundary conditions
and are not time dependent. Based on this, the principal boundaries definitions can be
identified as follows [71]:

* Free: This boundary allows the free vibration of the structure, there are no

restrictions on the edges.
* Clamped: Along this boundary, displacements and rotations are not allowed.

¢ Pinned: Under this condition, the rotation of the structure is allowed, but, is
not possible any displacement along this boundary. Following the same idea, in

two-dimensional structures this concept is known as simply supported edge.

 Sliding: This boundary condition enables the displacement in a specific direc-

tion along the edge, however, a rotation is not possible.

Considering the above mentioned along with the geometry of the structure and the
desired mode shape, allows choosing the value of )\?j that has been tabulated [71],
[72]. Table 2.2 summarizes the corresponding coefficient associated with circular,
square, and annular plates for the first flexural mode when all boundaries are clamped
(conventional devices). Note that a clamped multi-layered structure where \/% is
constant, square and circular plates with the same dimensions (diameter = side) ensure
almost the same frequency (feircutar = 1.14 - fsquare) While an annular geometry can

achieve an 8.9x frequency larger than circular.

Table 2.2: Coefficient )\fj considering different clamped plates geometries [71].

Geometry Top View Values (Modes)
Circular 10.22 21.26 34.38
. ©0)  (10)  (20)
Square a 35.99 7341 108.3
q an (12 @

J— @ 802 902 933
©0)  (10)  (20)

— L

2a
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2.3 Quality factor and electromechanical coupling factor

The quality-factor (Q)) and the electromechanical coupling factor (k:?) are two im-
portant parameters that describe the performance of a PMUT device. The first one is
represented by the ratio between the stored energy in the vibrating membrane to the
total energy lost per cycle regarding different sources. While, the second one, mea-
sures the energy conversion efficiency between electrical and mechanical domains
[29].

PMUTs devices, as any resonator, can be affected by different dissipation mech-
anisms which are related to different Q-factors such as: (a) support or anchor loss,
which describes the acoustic radiation energy through the PMUT’ support (Qanchors)s
(b) piezoelectric loss, which are associated with losses in the piezoelectric materials
(@piez0), (c) bulk losses, which includes, among others, internal friction and ther-
moelastic dissipation (Qpyx), and (d) medium losses, which consists in the energy
loss into a surrounding medium (Q.nedium) [29], [73]. Equation 2.14 describes the

general expression to evaluate the total Q-factor (Q).

L SIS NS SRR
Q Qmedium Qanchors Qpiezo Qbulk

(2.14)

In addition, Q-factor can be written using the frequency response of the PMUT
as it’s shown in the following equation, where fy and BW_34p are the resonance
frequency and the bandwidth at -3 dB respectively. Note that lower energy loss causes
higher values of () and consequently narrow frequency response.

Jo

=20 2.15
Q BW 218 (2.15)

In section 2.1.1, the piezoelectric coupling factor K2 was defined to describe the
transduction efficiency in mutually converting electrical energy to mechanical energy
based only on the piezoelectric material’s capabilities. In the literature, there is an-
other coefficient regarding this transduction efficiency denoted as k? (electromechan-
ical coupling factor) which was defined initially for thickness mode resonators and it
can be written as is shown in Eq. 2.16 [70], [74].

2
SR LY b (2.16)

4 fp Jp
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However, to evaluate the influence of PMUT as a resonator (flexural membrane
considering overall geometry and piezoelectrical losses), it has been introduced the
effective coupling factor, kgf > see Eq. 2.17a where fs is the frequency at which
the impedance is minimum (series resonance), and f, is the frequency where the
impedance is maximum (parallel resonance) [75]. This coefficient is also related to

the piezoelectric coupling factor, K2, through the expression 2.17b [70], [76].

fy = £2

2 _Jp 8

keff = fp2 (2173)
k2

K= 2 ! (2.17b)
~ Ners

Based on the equivalent circuit (see next section) the kgf ¥ and k’tz can be obtained

considering the ratio between motional and physical capacitances such as %—’g and

2 .
%%—TO” respectively, as long as C,,, << C.

Finally, for small values of kgf £ has been defined a figure of merit, M where M =
Qk‘g 7> t0 evaluate the capability of a resonator in terms of transduction efficiency and

energy losses [29], [75].
2.4 Equivalent circuit model

Figure 2.4 shows the equivalent circuit model for a PMUT device that includes
electrical (red), mechanical (blue), and acoustical (green) domains[28], [77]. This al-
ternative representation allows a theoretical evaluation of important parameters such
as resonance frequency, quality factor (Q-factor), displacement, and output acous-
tic pressure [17], [78]. The capacitance C represents the PMUT device and it de-
pends on its physical characteristics (Cy = eoe33.5/d where S is the area, d is the
piezoelectric thickness, and £, £33 are the vacuum and relative material permittivity
respectively). The motional branch conformed by C,,, R,,, and L,, represents the
stiffness, damping, and effective mass, respectively and depend on the physical and
geometry characteristic of the PMUT devices and they will be defined ahead, while
Za. (MRayl/m?) is the acoustic impedance.

In the mechanical domain, the force (Fj,) and membrane velocity (v,,) are related
to the voltage (V;;,) and current (¢,,) in the electrical domain through the electrome-
chanical coupling constant () giving F;,, = nV;, and v,,, = i,,/n. Likewise, in the

acoustic domain the volume velocity (1), and the output pressure (FP,,;) are associ-
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Figure 2.4: General diagram of PMUT equivalent circuit model.

ated with the mechanical domain considering the effective area of the PMUT (A.sy)
where V,, = v Aepp and Py = Foui/Acrs. Based on this, when the PMUT is
driven with an amplitude V', at its resonance frequency, L, and C,, are canceled,
and the maximum output pressure follows the Eq. 2.18

V;nn

Py =— 2.18
out Aeff ( )

In this context, when a pressure P, is the input, the equivalent circuit model can be
simplified to an electrical model where all components can be converted into equiv-
alent electric impedances through the electromechanical coupling constant () giving
Cy = Coun?, Ry = Rpn/n?, and Ly = Ly, /n?. At resonance, Ly and Cyy
are canceled, and the received pressure by the PMUT, F;,, is translated to a voltage
across Cp. The value of Vj is obtained by a voltage divider and the maximum value is
achieved as long as the impedance of the PMUT ((27 fCp) ') is much larger than the
equivalent between the resistivity terms (from mechanical and acoustical domains),

giving in this case:
_ Pindess

n

Vo (2.19)

Referring to Fig. 2.2, another important parameter that can be extracted is the static
displacement created by the PMUT when a input voltage Vj,, is applied. When a
piezoelectric force is the only acting over the PMUT, the work done by the piezoelec-
tric force (Wpiezo0) is equal to the stored strain energy (Eejqstic), see Eq. 2.20 where

wy is the static displacement, and k,, is the stiffness (C}, = /-cfnl).

Wpiezo = Eelastic
. (2.20)

(Vinm)wo = 5kmw§
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Under these conditions, U = Wyjc.o — Eejastic = 0 and the static displacement at
which this function is minimized can be found as dU/dwy = 0, see Eq. 2.21. To
obtain the maximum displacement at the resonance frequency in a specific acoustic

medium, it is only necessary to consider the Q-factor, giving wg(f) = @ * wy.

The electromechanical coupling constant, 7 for two dimensional plates can be de-
fined according to Eq. 2.22 where I,c., (see Eq. 2.28) defines how-well coupled
the electrodes design on a specific mode shape and 7z, is the distance between the
mid-plane of the piezoelectric layer and the neutral axis (Zn ).

1
n= 5631,f%1piez0 (2.22)

2.4.1 Lumped parameters estimation for square PMUTSs
Moving forward with the evaluation of the motional branch parameters, C),, Ly,
and R,,, the following considerations are taken into account for square PMUTs [79]:
* The boundary conditions for all sides are clamped.
* Every point in x and y coordinates is normalized with the total length a giving
T=x/aandy = y/a.
* The vibration mode shape for the first flexural mode is approximated to
e11(@,7) = ¢1(@)p1(H) = (1 - 47%)°(1 — 47%)?
These assumptions allow evaluating the stiffness, k,,, as is shown in Eq. 2.23 where

D is the flexural rigidity, a is the side, and I, describes the effect of the mode

shape on the stiffness (see Eq. 2.24), being v the poisson ratio:

km = 2QIelastic (2.23)
a
1/2 1/2 9 2
Lo d*¢(T,7) d*¢ (T, 7)
elastic — dz2 + dyQ
“12-1)2 (2.24)

R N
Ly, Le@Y)d @(fc,y)] .

dz? dy?
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Substituting Eq. 2.24 into Eq. 2.23, the stiffness and consequently the motional

capacitance C,,[m/N] = k! can be obtained considering Eq. 2.25

D
b = 166.4 44760 (2.25)

Following the same idea, the motional inductance, L,,[kg], is denoted as Eq. 2.26

where the product a2/ define the total mass.

1/2 1/2

Ly =ad’n / / o(,7) dzdy
—1/2-1/2 (2.26)

= 0.165a°u

Finally, R,, which models the damping is obtained considering the Q-factor, see
Eq. 2.27, and as it can be seen, in PMUTSs where the losses are negligible (@) — o),
the resistor can be omitted. In addition, the resonance frequency can be obtained
taking into account the motional capacitance and inductance from the model as is
shown in Eq. 2.27 right.

R, — VEm/Cn fo 2.27)
Q 27/ Ly, Con,

On the other hand, the piezoelectric coupling integral for square plates is given
by the following expression where ~ represents the ratio between electrode side and
cavity. Figure 2.5 shows how the maximum value of I;.., is reached when the top
electrode covers almost 65 % of the cavity. Taking as a threshold of the normalized
amplitude a value of 0.9, the top electrode could cover from 53 % to 77 % of the cavity

size in order to maximize Ip;.., and consequently the electromechanical coupling

factor ().
V/2 /2 o0 Pl
d“o(z,y) | dp(T,y _
Ipiezo = / / P 7 dzdy (2.28)
/2 =7/2
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Figure 2.5: Normalized piezoelectric coupling integral as a function of the electrode covering
percent (7y), where Ip;c., o 7. In gray is highlighted the region where 0.9 of its maximum is
guaranteeing.

2.5 Immersing PMUTs in a fluid

The resonance frequency for a PMUT in the air has been defined by equation 2.13,
however, when the PMUT is immersed in a fluid, an extra mass is added causing a
drop in frequency, see Eq. 2.29, where (3 is defined as the added virtual mass [73],
[80]. This parameter, described by Eq. 2.30, was introduced for the first time by Lamb
where for the same PMUT device only the fluid density (pjiquiq) causes an increase
of 3 and consequently a decrease in the frequency [81]. The coefficient I" depends on
the PMUT geometry and boundary conditions, being, for example, 0.342 for clamped

square devices [82].

Friquid = \/{‘:ﬁ (2.29)
g = pPliguid "4 ”“Zd 4 (2.30)

This analysis allows to obtain the resonance frequency for no-viscous liquids, how-
ever, the dynamic viscosity (7,4) is an important parameter to take into account when
a PMUT is in contact with a fluid where 714 is much greater than 10 cP. Kozlovsky’s
model is an extension of Lamb’s model which redefines the added virtual mass as is
shown in Eq. 2.31 based on a dimensionless parameter, £, that depends on the ki-
netic viscosity v = 74/ pliquid> the angular frequency w in the liquid environment, and
the dimension of the PMUT (a is the side for square devices) [83]. Note that lower
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Chapter 2. Analytical approach for PMUTs devices

frequencies will be reached if the viscosity in the liquid increases.
g=rlieid T 1057¢+ 0(€%)  where  £=,/—s (23D
I wa

Considering the definition of Q-factor presented in Eq. 2.14 for a PMUT, when
the surrounding medium is other than vacuum, the predominant losses are due to the

propagation medium and then Qyora; = Qmedia Where Qunedia can be written as [80]:

L1,
Qmedi(z Qar Qvisc

(2.32)

Qar and @Qq;sc consider the effect of the acoustic radiation and viscosity when the
device is in contact with a fluid. Equations 2.33 and 2.34 define both parameters
where p,, is the PMUT mass density, h is the total PMUT thickness, and c¢;;4yq is the
sound velocity in the liquid [73], [80].

L 2 5. 2 42
Qur = Wflzquzd where o = o Pliquid flzquzd (2.33)
«a 9 Pp (1 + B)h * Cliquid
0.95 1
Qvisc =—(5+1 (234)
e Gy

2.6 Acoustic Output Pressure

The pressure generated in the far field region at a distance r by the motion of a
single PMUT can be described by Eq. 2.35 where F, is the surface pressure, Ry is
the Rayleigh distance, D(0) is the directivity, w is the angular frequency and k is the
wavenumber (k = 27 /A; A = ¢/ f is the wavelength) [84].

PyRy
r

D(§)e? @t =kr) (2.35)

The directivity function, D(#), defines the directional characteristics of a source,
see Eq. 2.36, giving an idea of how well it can direct the energy in a particular di-
rection. The index n depends on the boundary conditions of the device being, for
example, n = 1 for a simply supported. Plotting this function for a clamped de-
vice (n = 2), see Fig. 2.6, it can be seen that an omnidirectional pattern is achieved
if k- a << 1 being the dimensions of the device much less than the wavelength.

However, if k - a product increases until it is much larger than 1, the beam becomes
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2.6. Acoustic Output Pressure

directional [84].
Do) = 2 (n + 1) Ty (kasin(6))
B (kasin(6))n+1

(2.36)
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Figure 2.6: Directivity function for a single clamped device considering different k - a values,
which can be translated to a/)\ is 0.01, 0.1, 0.5, 1, and 2 respectively.

On the other hand, as mentioned above, P represents the surface pressure, but it is
important to know that this value is not a real value, it is the pressure that would exist
at its face if the dimensions were infinity. Fy can be computed according to Eq. 2.37
where pg and cg are the density and sound velocity of the propagation medium, and
ug is the average velocity amplitude, which depends on the dynamic displacement
of the membrane (ug = 27 fwgy). The term "average velocity (ug)" appears because
the velocity varies in magnitude over the PMUT surface, i.e., they cannot vibrate
uniformly like a piston, being for a clamped PMUT 1/3 of its maximum value [84].
Furthermore, in Eq. 2.37 is shown the Rayleigh distance Ry where S the area of the

source, whatever its shape [85].

PO = PoCoUo Ro = (2.37)

S
A

The sound field produced by an oscillating membrane as the ones explained pre-
viously (PMUTs), follows the fundamental wave equation [84]. The produced sound
field can be divided into two regions, see Fig. 2.7. The first is the near-field, which
represents the zone where there are alternating maximum and minimum and there is
no fixed relationship between pressure and distance. The far-field is defined as the re-
gion where the sound pressure and acoustic particle velocity are in phase, and where

the sound pressure level decreases by 6 dB for each doubling of the distance from the
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Chapter 2. Analytical approach for PMUTs devices

source. In the far field, the source is far enough away to essentially appear as a point
in the distance, with no discernable dimension or size. At this distance, the spherical
shape of the sound waves has grown to a large enough radius that one can reasonably
approximate the wavefront as a plane wave, with no curvature. In this region, the
wave will be completely divided in a compression half-wave period and in rarefaction
within the other half period. Rayleigh distance is considered as the point where the

far-field begins, meanwhile near field, N can be approximated to R /4 [86].

NEAR FIELD FAR FIELD
0 PROPAGATING ONLY
CIRCULATING |CIRCULATING & PROPAGATING TRANSITION

e alSD))))
source OQQ > k

Figure 2.7: Representation of the sound field of an ultrasonic transducer [87].

Based on this, to obtain the pressure on the axis (D(6) = 1) at a far-field distance

z with z >> Ry, Eq. 2.35 can be rewritten as:

PyRy
p =
z

(2.38)

Up to now, only the separation between the source and the point of interest z has
been analyzed as the only influence on the pressure drop. However, in acoustic media
where the viscosity is high enough, it is necessary to consider the attenuation of the
acoustic pressure traveling in the fluid, represented by an exponential decay due to
viscous losses, e~ “r-vise’® where the ;s represents the damping viscosity coeffi-
cient and can be obtained as follows where 7,4 is the dynamic viscosity.

2w fl2iquid " Td

Qp visc = (2.39)
Pliquid * Cliquid
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2.7. PMUTs array configuration

2.7 PMUTs array configuration

High-quality ultrasound imaging systems have become a challenge for the PMUT-
based MEMS industry. To achieve a resolution higher than 300 DPI the PMUT size
should be less than 85 pm. However, as has been shown in Fig. 2.6, a single small
PMUT device has an omnidirectional radiation pattern and, moreover, is expected
to generate low acoustic pressure [28], [88]. Array configurations based on small
PMUTs allow for an increase in the output pressure with high operation frequencies,
and focusing capabilities (generation of a highly directional ultrasound beam). Many
researches propose a lot of different array configuration such as linear [89], [90], two

dimensional [16], [59], annular [28], hexagonal distribution [91].

The dimensional parameters of an array are shown in Fig. 2.8 considering different
array configurations. The pitch and gap indicated as a p, and g; (where ¢ depends on
the direction of the axis, x or y), give the center-to-center distance and the spacing
between two adjacent elements, respectively. Considering the element side, a, the
total width (17) can be obtainedas W = N -a+ (N — 1) - g, where N is the number
of single elements in x-direction, while the total length (L) uses the same expression

but using g, instead of g... On the other side, as can be seen in Fig. 2.8 when PMUTs

&y
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Figure 2.8: Dimensional parameters of different array configurations (a)1-D linear array, (b)
2-D array based on square single PMUTS, and (c)2-D array based on circular single PMUTs.

are configured in an array, there are unused spaces with dimensions g, and g,, which
decreases the active area capable to generate and sense acoustic pressure. To quantify
the effective area of different array designs and compare them, the fill factor (F'F’)
shown in the Eq. 2.40 is defined, where S4 represents the area considering only the
active elements and St the total area [28]. If the total area is the same, an array made

up of circular elements achieves a fill factor 7/4 less than if the elements were square
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(see how the empty spaces in Fig. 2.8 c are larger than Fig. 2.8 b).

FF(%) = 22 %100 (2.40)

The output pressure generated by an array system with Nx M elements at a specific
point r can be considered as the superposition of the pressure emitted by each ele-
ment, however, the pressure distribution is affected by the element directivity pattern
which includes the individual directivity, D;,, (6) (see Eq.2.36) and the array directiv-
ity (Dgrx and Dg,y) [2], [84]. This output pressure is given in Eq. 2.41. Note that
in this expression is assumed that every element generates the same pressure, which

sometimes is far from reality due to variations in the fabrication process.

_ NMPRyRy

r

p Din(0a¢)DarX(97¢)DarY(9; Qb) (2-41)

When the array is symmetric, (N = M), it means that D,,.x and D,y are equal
and written as Eq. 2.42, being ¢ the angle to indicate the plane of interest. Taking
as an example an 8x8 array of square-clamped PMUTs with a single element of size
a = 0.1 and a gap between them of g, = 0.1la, the element directivity (Deje, =
Diy, - Dgrx) in the x-z plane (¢=0) is plotted in Fig. 2.9 (dotted black line), which
shows the positive influence of array implementation in terms of more directional

beams.
B sin(%Nkp sin(6) cos(¢))

a Nsin(%kp sin(6) cos(¢))

(2.42)
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——D.(6,0)

DarX(e’O)
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Figure 2.9: Directivity function for an 8x8 array of square-clamped PMUTs with a single
element of size @ = 0.1\ and a gap between them of g, = 0.1a.
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2.7. PMUTs array configuration

In the array context, another important aspect is the spatial resolution which de-
scribes the possibility offered by the system to solve two o more objects along the
axial and lateral directions, respectively. The first one, known as axial resolution,
refers to the minimum separation between two targets distributed along the axial di-
rection which allows the echoes coming from them to be differentiated. This distance,
A,, can be written as Eq. 2.43 where SPL is the "Spatial Pulse Length" [92] (see Fig.
2.10) and considers the number of excitation cycles (n), the wavelength (\), and the

Q-factor (@)). The minimal axial resolution occurs when n is 1 and Q is 0, giving A\/2.

_SPL X Q

Figure 2.10 shows three objects placed along the axial direction where d; and d,
represent the distance with respect to the first one. If d; is less than the A,, the
reflecting echoes are overlapping, and the envelope can not distinguish both targets
separately. On the other side, if dy is higher than the A_, the objects can be identi-
fied successfully. Since the SPL is proportional to the wavelength, if the frequency

increases the wavelength decreases, and therefore, the axial resolution is improved.

. SPL | d

Ny

Figure 2.10: Schematic representation of a poor and excellent axial resolution.

The lateral resolution, in contrast, is directly related to the beam width or the beam
diameter (BW _g4p) and it defines the ability to detect two objects next to each other at
the same axial distance. The lateral resolution is better if the beam is narrower which
can be achieved with an array system at high frequencies [92], [93]. Equation 2.44
shows an approximation to estimate this value based on circular apertures, however,
it can give an idea of how good a system is given its lateral resolution. The element
diameter is D), z is the specific axial position, f is the frequency, and ¢g the sound

velocity.
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zZ-co
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Figure 2.11 shows in red two objects which can not be spatially solved because they
are closer than the beam width, however, in green, as the targets are further separated

than the beam width, the information about both can be obtained.
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Figure 2.11: Schematic representation of a poor and excellent lateral resolution.
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CHAPTER

THREE

EXPERIMENTAL AND SIMULATION TOOLS

In this chapter the main simulation tool, experimental equipment and techniques
used in this thesis will be explained. The main goal here is to structure and show
the path followed throughout this period. First, the Finite Element Method (FEM)
simulator, COMSOL Multiphysics, used to perform PMUTs modeling, is explained.
In addition, Field II as a complementary simulation tool is introduced. Then, a gen-
eral description about the fabrication process and the studied devices during this the-
sis are introduced. Finally, the general procedure as well as the required equipment
to evaluate the PMUT performance from the electrical measurement to the acoustic

characterization after PDMS (Polydimethylsiloxane) deposition is described.

3.1 Simulation Tools

3.1.1 COMSOL Multiphysics

COMSOL Multiphysics is a general-purpose simulation software based on a Finite
Element Method (FEM), which allows segmenting a general structure into smaller el-
ements where numerical analysis will be applied [94]. The mesh, as the segmentation
process is called, ensures a result closer to the real behavior while the element is finer
but more processing time is required. In addition, this software has add-on modules
with specialized functionalities that allow the possibility of studying the interaction
between multiple physics modules, for instance, structural mechanics, fluid flows, and

acoustics. In this sense, to model PMUTs, the modules corresponding to piezoelectric
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devices (mechanics and electrostatics) and the acoustic domain were used. Further-

more, regarding the analyzes carried out during this thesis, it can be found mainly:

1. Eigenfrequency Study: allows determining the natural frequencies at which the
PMUT can vibrate. This study provides the shape and the frequencies values
for different modes.

2. Stationary Study: focuses on the static displacement under a steady-state con-

dition, a constant applied voltage, or constant pressure.

3. Frequency domain Study: gives the behavior of a PMUT when it is immersed
in a fluid. The peak frequency, the maximum displacement, and membrane
velocity can be obtained, as well as the propagation of a pressure wave for a

given frequency.

4. Time domain Study: as the name implies, the time dependence of acoustic wave

propagation through a fluid can be modeled.
3.1.2 Field II Simulation Program

Field II was used as a complementary simulation tool, a software that has been re-
leased for use on Matlab [95], [96]. This program allows simulating ultrasound trans-
ducer fields and ultrasound imaging. It is an excellent choice to obtain the behavior
of array systems taking advantage of the fact that the simulation is fast. Furthermore,
for array systems, the focusing and steering of the beam can be implemented and the

results are easy to obtain.

3.2 MEMS-on-CMOS Silterra Technology

As a result of a collaboration between our research group and the semiconductor
foundry Silterra Malaysia Sdn. Bhd, the PMUTsS presented in this Ph.D. thesis have
been developed with the Silterra MEMS-on-CMOS platform [62]. This process al-
lows piezoelectric devices to grow on the top of the CMOS circuitry (130 nm High
Voltage CMOS technology), which has been already used for SAW [97] and circular
PMUT [98] devices. During these years different fabrication lots of PMUT devices
have been used. Silterra’s technology has been improved through changes in the man-
ufacturing process as well as changes in the PMUTs parameters (i.e. piezoelectric
material and layer thicknesses). The objective was to obtain better and more competi-
tive devices, which in the future could be implemented in a commercial device. Table

3.1 shows the principal differences between each type of fabricated lots. Note that
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Type I and Type II have the same layer thicknesses, however, in the second one the

AIN properties were improved, as well as the layouts of the PMUTs.

Table 3.1: Classification of the discussed PMUTSs

Layers Typel Typell Typelll TypelV TypeV
Piezoelectric material AIN! AIN AlScN AIN AlIScN
Piezoelectric thick. (um) 1.3 1.3 1.2 0.6 0.6
Passive thick. (um) 1.5 1.5 1.5 1/1.25/1.5 1

' The AIN properties and layouts are different to type II and type IV.

3.2.1 Fabrication details

Figure 3.1 shows a general schematic cross-section of the PMUT devices that will
present throughout this thesis where the piezoelectric and passive layer thicknesses
depend on the Type of PMUT (see Table 3.1). As shown, a single PMUT consists
of a unimorph structure in which a piezoelectric layer is deposited by Physical Vapor
Deposition (PVD) [99] and it is sandwiched between at least two Al electrodes (0.35
pm thickness top electrode and 0.4 pm thickness bottom electrode). The piezoelectric
material could be AIN or AIN with a 9.5 % Sc concentration (Scg 5¢,Algg 54 IN) where
the last one improves the piezoelectric properties of the pure AIN, which causes bet-
ter transduction efficiency keeping the compatibility with the CMOS process [100].
The cavity size is defined by an etching step which allows to release and define a
cavity with a height of 600 nm. Finally, the PMUT device is covered by a SizN,
layer deposited using a low-temperature Plasma Enhanced Chemical Vapor Deposi-
tion (PECVD) process. This one acts as an elastic layer and seals the cavity allowing
it to work in a liquid environment [98], where any other layer as PDMS deposition like
in [101] or additional processes [102] are required. The interconnection between the
electrodes with the last metal of the CMOS Back-end-of-line (BEOL) is performed
by metal via contacts, avoiding any bonding technique and decreasing the parasitic

capacitances [63], [103]. Table 3.2 summarizes all material properties.

3.3 Experimental characterization

Figure 3.2 depicts a general procedure performed in our laboratory in order to ob-
tain a full characterization of the PMUTs. This includes all steps, although the PMUT
devices are not always subject to all of them. The electrical characterizations are car-
ried out in two moments: (a) at the beginning using the probe table to choose working
devices, and (b) once the PMUT is bonded to a PCB (Printed Circuit Board) to verify
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Active layer Passive layer

Bottom Top
electrode electrode

PMUT

CMOS

WS10:MS1 AIMSNsAIN//AIScN

Figure 3.1: Schematic cross-section of a PMUT device using the MEMS-on-CMOS fabrica-
tion process from Silterra. (Layers are not to scale)

Table 3.2: Material properties of the PMUT device.

. Young’s Modulus Density Poisson’s
Layer Material (GPa) (kg/m®) ratio
PMUT Si0, 70 2200 0.17
Substrate
Bottom
Electrode Al 70 2700 0.35
AIN! 3452 33302 0.322
Piezoelectric 2793 3230° 0.33
AlScN* 250 3520 0.31
Top Al 70 2700 0.35
electrode
Passive SigNy 250 3100 0.23

I' Piezoelectric coefficient e3; = -0.6 C/m? and e33 = 1.55 C/m?. Relative permittiv-
ity of 9.5.

2 Extracted from COMSOL and corresponds to PMUTs devices Type I.

3 Corresponds to PMUTs devices Type II and Type IV.

4 Piezoelectric coefficient e3; = -1.25 C/m? and e33 = 1.75 C/m?. Relative permit-
tivity of 10.5.

that the bonding process did not damage the device. Following the same idea, the
acoustic measurements are performed twice: (a) without PDMS to obtain the gener-
ated and sensed pressure in a liquid environment, and (b) once the PMUT is covered
with PDMS to protect the bondings.
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Figure 3.2: General schematic procedure to characterize PMUTs devices

3.3.1 Electrical measurements in the air

Figure 3.3 shows a photo of the complete electrical set-up, whose purpose is to
measure the coefficient between the signal coming out of port 2 relative to injected
stimulus through port 1, or what is the same, the scattering parameter S,;. This simple
technique allows obtaining the resonance frequency in the air and then, based on the

equivalent circuit model, extracting the motional parameters of the PMUT.

For the first experiment, a direct measurement on chip is carried out using a man-
ual probe station with an optical camera (PM8, SUSS MicroTec, Germany) and GSG
(Ground-Signal-Ground) probe tips with a pitch of 100 pm (Z040-K3N-GSG-100,
FormFactor, USA) connected to a network analyzer (E5100A or E5071B, Agilent
Technologies, USA). The arrangement of the probe tips allows measurements be-
tween the top and bottom electrodes only when the PMUT has a single top electrode.
Meanwhile, for two-port devices, the bottom electrode is always grounded and the
measure is performed using one top electrode as input and the other as output (see
top inset). In the second electrical measurement, the PMUT (previously wire bonding
to a PCB) is connected to a network analyzer, and here, for two-port PMUTsS, the

magnitude between the top (inner or outer) and bottom electrodes can be obtained.
3.3.2 Bonding equipment

The wire bonding process was performed with a manual wire bonder machine
(4700, Kulicke&Soffa, Singapure) in wedge-wedge mode, see the set-up in Fig. 3.4.
The chip was glued to a PCB with silver conductive paint, and the electrical connec-

tion between the PMUT pads and the PCB was made using 25 ym Al wire. This pro-
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S M1 Manual Probe Table !

Network Analyzer I*

/-,,, .

GSG Probe Tips ‘

Figure 3.3: Photograph of the electrical measurement set-up in the air. Inset: (Top) optical
image of a two-port PMUT with the tips, and (bottom) Zoom of the GSG probe tips.

cess allows each electrode (or CMOS circuitry input/output) to be accessed through
an SMA connector, and then be able to characterize the PMUT performance in a sur-

rounding medium different from air.
3.3.3 Acoustic measurements in fluids

The acoustic characterization allows evaluating the ability to use the PMUT de-
vices presented here in an ultrasound system either for medical applications, imaging,
etc. or simply to improve the performance of those reported in the state of the art.
In this sense, vacuum pump O-ring with 30 mm diameter is used to confine the lig-
uid over PMUT surface, and as a fluid we regularly use Fluorinert (FC70) due to its
non-conductive electronic property (c=685 m/s and p=1940 kg/m?) and an acoustic
impedance (1.3 MRayl) close to the tissue [58], [104]. A general acoustic set-up is
shown in Fig. 3.5, where the performance of the PMUT as an actuator (determin-
ing the capacity to generate acoustic pressure, i.e. Pa/V), as a sensor (determining
the capacity to transduce the acoustic pressure to a voltage, i.e. V/Pa) and also in a
pulse echo system, (using two PMUTs, one PMUT with two electrodes or one PMUT
conveniently driven using a time-switched electrode) can be studied. A manual micro-
positioner system [105] is used to modify the location of the PMUT in space (x-y-z

coordinates) with respect to a target (hydrophone, emitting source, or reflecting sur-
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25 um Al wire spool

Figure 3.4: Photograph of the wire bonding set-up.

face). The signal generator (81150A, Keysight, USA) is configured to provide the
driving signal, and the oscilloscope (DSO-X 3054A, Keysight, USA) allows for the
acquisition of the final signal to post-process it. In addition, when the CMOS circuitry
(High Voltage (HV) Pulser and Low Noise Amplifier (LNA)) are used, the DC Power
Supplies are configured with 32 V, 5V, and 1.5 V respectively [103], [106]. Acoustic
pressure was measured using two commercial hydrophones from ONDA (HNC-0200
and HNC-1500) which, based on their sensitive-frequency dependence (V/Pa), the
acoustic pressure generated by the PMUT can be obtained. In contrast, producing
an acoustic pressure and validating the sensing capability of the PMUT was carried
out by placing over the PMUT a commercial transducer from OPTEL, which was

previously calibrated. More details about them will be given below.
Influence of Effective Sensitive Element Size in the acoustic distances

Hydrophones are commonly used to characterize the acoustic pressure emitted by
ultrasound transducers converting it to a voltage output and displaying them on an
oscilloscope. Hydrophones can distort the incident pressure due to the spatial aver-
aging effect [107]. The maximum effective radius of a hydrophone must be chosen

following Eq. 3.1 in order to avoid overestimated beam-widths and underestimated
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Figure 3.5: Photograph of the acoustic set-up.

spatial peaks [108]:

a = (\/52 n a2) 3.1)

8-a
where ay, is the hydrophone effective radius, a is one half of the maximum transducer
dimension, [ is the distance between the hydrophone and the transducer, and A is the
wavelength. Considering the two commercial hydrophones from ONDA available in
our lab, HNC-0200 and HNC-1500 (ONDA, USA) with radii of 100 ym and 750
pm respectively [109], and re-written Eq. 3.1, the normalized distance , [/2a, can
be found as a function of the wavelength. Taking a value of A of 100 ym as a refer-
ence, the minimum measurable distance when using HNC-1500 hydrophone should
be almost 30 times larger than the side of the transducer, which could be a limitation
to characterize big arrays transducers in short-range distances. This challenge can be
solved using hydrophones with small diameters such as HNC-200 where this ratio

decreases until four but, in return, the reception sensitivity is smaller.

Another characteristic that must be taken into account when using a hydrophone
is its directivity. As in PMUTs the emitted pressure along the lateral axis is affected
by its directivity, in hydrophones the sensed pressure is also affected by its response.
This fact causes a convolution between both of them (PMUT+hydrophone), and then,
the resulting pattern could be affected if the hydrophone is more directional than the

PMUT device. Equation 3.2 describes the directivity function when an incoming wave
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Figure 3.6: (a) Maximum hydrophone size as a function of wavelength (\), and normalized
distance (1/2a), and (b) Theoretical directivity response in FC-70 at 3 MHz using HNC-0200
and HNC-1500 Hydrophones from ONDA.

is normal to the hydrophone’s tip [110]

14 COS(Q)} . [QJl(kah sin(@))}

2 (kap sin(6)) (3-2)

D@, f) = |
where k is the wave-number (277/)), ay, is the radius of the hydrophone, J; is the
Bessel function of the first kind, and @ is the angle relative to the normal. Substituting
the dimensions and considering the same wavelength in Fluorinert (A = 685/3M =
228um), the kay, product is 7x times higher when the hydrophone HNC-1500 is cho-
sen, giving a more directional response, see Fig. 3.6b. The expression proposed in
Eq. 3.2 could be used in order to deconvolve the result and obtain the real pattern for
the PMUT.

Calibration of an external ultrasound pressure source

The acoustic characterization as a sensor was done using a commercial transducer
from OPTEL (Poland) [111]. It consists of a 5 mm diameter element with 10 mm
steel housing and a length of 30 mm, see Fig. 3.7a inset. To calibrate the probe
in a liquid environment, in our case specifically in Fluorinert. This experiment was
performed by modifying the frequency of the excitation signal in a range of 2 MHz
to 5.5 MHz and the emitted pressure was obtained by placing the hydrophone (HNC-
1500) at 2 mm, 3 mm, and 4 mm respectively. As it is shown in Fig. 3.7a, a linear
fit was performed where the slope corresponds to the OPTEL transmitting sensitivity

at a specific distance and frequency. Finally, according to the HNC-1500 calibration,
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these values were translated into a pressure that gives the experimental transmission
sensitivity (kPa/V) shown in Fig. 3.7b, which will allow estimating the incoming
pressure wave in the PMUT if the OPTEL is placed at these specific distances.
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Figure 3.7: (a) Received signal by the HNC-1500 vs OPTEL input voltage at 2 mm. Inset:
Photo of the OPTEL, and (b) Measured sensitivity of a commercial transducer from OPTEL
at different axial positions in Fluorinert.

3.3.4 PDMS deposition process

Polydimethylsiloxane (PDMS) is a material that offers long durability and whose
manufacturing process is simple. Many researchers take advantage of its acoustic
impedance (close to 1 MRayl) which makes it suitable for coupling PMUT transduc-
ers with the human tissue [34], [112], to model phantoms such as a fingerprint [20]
or finger vessel [113], as well as subcutaneous fat and muscle [114]. Furthermore, in
applications where the device is immersed in a fluid, it ensures waterproof protection

through the total isolation of the wire bonding and an airtight seal of the cavity.

Based on this, some of our PMUT-on-CMOS devices are coated with a layer of
PDMS (Sylgard 184, Dow Chemical, Midland, USA) with a thickness around 200
pm. Considering a mix ratio of 10 to 1, a density close to 980 kg/m? and a sound
velocity of 1000 m/s is achieved, giving an acoustic impedance around 0.98 MRayl.
Once the mixture is deposited on the device, a Vacuum plastic desiccator (DE2P-200-
001, Labbox, Spain) is used to ensure a layer free of air bubbles. The cured process
has been carried out at an ambient temperature, and sometimes is accelerated with an

oven at 70°C. Figure 3.8 shows the degassing process and a final system covered with
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a PDMS layer.

i PMUT+PDMS

o
LPlastlc vacuum desiccator

Figure 3.8: PDMS degassing process (left) and a coated device with cured PDMS (right).
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SINGLE PMUT DEVICES

Nowadays, many efforts have been carried out to improve the performance of
PMUTs. Increasing the transmitting and pressure sensitivity, reducing pixel size, in-
creasing operation frequency and bandwidth, and implementing high fill factor arrays
are some of the requirements being pursued. This fact causes that various design,

thicknesses, and piezoelectric materials will cause interest in many research groups.

The most conventional PMUT architecture studied in the state-of-the-art is the cir-
cular clamped device [16], [28], [98], [115], however, these geometry characteristics
yield two important aspects, (a) effective area, and (b) fill-factor. Focusing on the first
one, (a), the boundaries constraint causes the membrane can not achieve a uniform
vibration on the entire surface as a piston. For clamped PMUTs, an effective area
of 1/3 of the real area is normally assumed, diminishing by 1/3 the efficiency as an
actuator [84], [116]. In this sense, a lot of approaches have been reported in order
to increase the effective area capable to generate and sense acoustic pressure, for in-
stance, in 2011, Guedes et al. developed a suspended-flexural membrane that achieves
an output pressure about twice higher than the clamped device version [117]. Wang et
al., in 2015, fabricated etching holes in the membrane to become it more flexible and
achieve flatter deflections similar to a piston[118]. More recently, in 2019 and 2020
Luo et al. and Liang et al. proposed corrugated [116] and pinned [119] piezoelec-
tric micromachined ultrasonic transducers respectively whose main objective was to

improve the vibration amplitude. However, these geometric modifications are not the
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only solutions when it is desired to increase the output pressure based on unimorph de-
vices. The implementation of dual well-designed top-electrodes improves the PMUT
sensitivity and, achieves twice as much of the electromechanical coupling factor (n)
when the electrodes are differentially driven [120]-[122]. On the other hand, as was
aforementioned, the fill factor is the second aspect to be considered regarding the ge-
ometry of the PMUT. In arrayed PMUTs systems, as was explained in section 2.6,
the fill factor quantifies their effective area where square PMUTsS, for instance, could
drive values higher than circular. In the literature, it can be found systems with large
fill factors where a single PMUT is a square or a rectangle, for instance, the ultra-
sound fingerprint sensor presented in [19], where each PMUT is a rectangular device
of 30x43 pm?, achieves a F'F of 51.7 %, being three times higher than the previ-
ously reported array based on circular PMUTs [58]. In addition, the presented array
in [102] achieves a fill factor of 79 % using square PMUTs with 50 pum. Note that
these PMUT geometries reach values higher than 50 % of fill-factor.

Ensuring compatibility with CMOS technology and achieving higher piezoelec-
tric coefficients is another challenge during the PMUT designs. Several works pro-
pose AIN with Scandium (Sc) concentrations to enhance the piezoelectric coefficients
without affecting the compatibility with the manufacturing process used up to now. In
2017,a15% Scin a 7x7 PMUT array was reported by Wang et al. where, based on the
electromechanical coupling coefficient and the transmitting sensitivity, the benefits to
use Scandium were demonstrated [123]. Likewise, Kusano et al. in 2018 proposed
a circular PMUT with Sc concentration of 36%, which achieves (working in air) a
10-fold improvement in transmitted pressure compared to pure AIN [124]. However,
in these cases Sc not only increase the ez; r but also the dielectric permittivity (e;) is

increased too, affecting the performance as a sensor.

In this chapter, we will focus on developing PMUTsSs devices capable of reaching
a high output acoustic pressure level and a high reception sensitivity in a liquid en-
vironment compared to the state-of-the-art. Improvements in designs, piezoelectric
materials, and thicknesses will be discussed, and the results obtained will be useful to
determine the most appropriate PMUT based on the requirements demanded by our
application. Two principals dimension has been chosen, 80 ym and 40 pm, as a ref-
erence to cover different frequencies range. contributions outputs of this chapter are

included in the following papers Jourl, Jour3 and Jour4.
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4.1 Piezoelectric Materials

AIN and AIN with a 9.5 % Sc concentration (Scg 5¢,Algg 59, N) will be the piezo-
electric materials discussed in this thesis [Jourl, Jour2][100], [125]-[128]. Firstly,
only AIN was used as the active material because it can be deposited at low temper-
atures ensuring the compatibility with the CMOS process [102], [103]. However, the
principal drawback of this material is its low thin-film piezoelectric coefficient (e3 r)
which affects the PMUT’s performance as an actuator, and causes low electromechan-
ical coupling factor (k?). Later, AIN with a 9.5 % Sc concentration was introduced
to improve the piezoelectric coefficients without affecting the compatibility with the
Silterra MEMS-on-CMOS process.

Materials properties, including the thin-film piezoelectric coefficient (e3; ) and the
relative permittivity (e33) are listed in Table 4.1 and compared with other reported
piezoelectric materials. Both proposed AIN has similar e3;  hence their behavior as
actuators should be the same, however, compared with the Scgs¢Algy 59N, is ex-
pected around a 39 % degradation in the output pressure. In addition, based on the
piezoelectric coupling factor (K 2) introduced in the subsection 2.1.1, the 631, 7 /€33
ratio is computed, giving an improvement of 1.25x factor when the presented AIN is
compared with the AIN in [123]. Likewise, Scg 59 Algg 59N presents the best value,
being a 2.56x factor higher than the AIN (13.48 GPa) and 1.43x factor higher than
the reported AIScN PMUT in [123], in which a higher Sc concentration (15 %) was
used. These results conclude that AIN with a 9.5 % Sc concentration as piezoelectric

material has a great potential as an actuator and sensor.

Table 4.1: Piezoelectric materials properties.

) €31 s Young’s Poisson’s 6?’)1, /€33
Materials — /m2) “®  Modulus (GPa) ~ ratio  (GPa)
AIN! -1.096 10.1 345 0.32 13.43
AIN? -1.065 9.5 279 0.3 13.48
Scos59Algg5N  -1.793  10.5 250 0.31 34.56
AIN3 -1.05 10.5 330 - 10.8
SCl5%Alg5%N3 -1.6 12 200 0.23 24.1

! Corresponds to PMUTs Type 1.
2 Corresponds to PMUTSs Type II and Type IV.
3 Values reported in [123]
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4.2 Cavity Size

The Type I and Type II PMUTSs were the first modeled and tested devices where
only a few changes in the technology were made. Considering the thickness of each
layer and ignoring the shape of the electrodes, the total thickness of the membrane
is 3.55 pum, and the location of the neutral axis is 1.88 pm, which is outside of the
piezoelectric layer, thus allowing the correct behavior of the PMUT [129]. In addition,
the mass per unit area, 1, and the laminate’s flexural rigidity, D, (see Eq. 2.9 and Eq.
2.12) were computed for both types, giving a y1 of 11 g/m? and 10.9 g/m?; and a D
of 0.75 juPa - m® and 0.65 ;1 Pa - m? respectively. Although the values obtained are
close, Type II membranes are a little more flexible (lower D), which could translate
into a greater displacement, but decrease the resonance frequency by 0.94x factor
(ratio between D /u corresponding to Type I and Type II). Based on this, using Type
IL, the resonance frequency for the first mode was estimated by Eq. 2.13 for two
conventional clamped devices as a function of the cavity size, where a represents the
side for the square and the diameter for the circular (Fig. 4.1 Inset). The results
(dotted lines) agree very well with the resonant frequencies from a finite element
method (FEM) model and as is expected, f o —

-7, see Fig. 4.1a. Furthermore, Fig.
4.1b, shows the static displacement at the center of the membrane normalized with
respect to the value obtained with the largest used cavity (90 m). Note that the static
displacement scales as a?, keeping a constant relationship between the size of the top

electrode and the cavity.
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Figure 4.1: (a) Frequency response in air from the simulation and analytical solution. (b)
Normalized static displacement of a circular and square membranes obtained via FEM Simu-
lations and theoretical.
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In summary, when only the cavity side is modified (keeping the same thickness

and materials properties), the frequency and displacement show the aforementioned

behavior, i.e., f a—lg and wo o< a?. Taking into account this and the manufacturing
design rules provided by Silterra, the PMUTs devices presented in this thesis use
cavity sizes of 80 um (around 5 MHz in air and high displacement) and 40 ysm (around

20 MHz in air but low displacement) as a reference.

4.3 Devices Architecture and Design

The first devices studied will be: (a) a Type I "tent-plate”, and (b) a Type I and Type
II two-port PMUT. Both designs have the same thicknesses (1.3 ym AIN and 1.5 ym
SisNy), and cavity size (80 pm), which allows them to work in the same frequency
range, below 10 MHz in air. In addition, the "tent-plate” PMUT gets its name because
it is clamped only at the corners, and the two-port, as its name implies, has two top
electrodes and a common bottom electrode. Both designs were intended to enhance
the output acoustic pressure. Figure 4.2 shows a conceptual schematic top-view of the

proposed PMUTs devices where:
* a: Cavity size for both designs.
* i: Inner electrode size for both designs.
* d: Outer electrode width.
» g: Gap between the cavity and the metal layer.
* e: Gap between the inner and the outer metal electrodes.
* O;: Internal outer electrode side equal to ¢ + 2e
* O,: External outer electrode side equal to O; + 2d
* b: Width of the holes.

¢ I: Large of the holes.
4.3.1 Tent-plate PMUT
The tent-plate PMUT shown in Fig. 4.2a is a square PMUT device with partial

free boundaries which pretends to increase the effective area towards a piston-like
movement, improve the output pressure and the reception sensitivity in a liquid en-
vironment [Jour1]. This transducer belongs to Type I where the piezoelectric (AIN)
and passive layers are 1.3 ym and 1.5 pum respectively. In the proposed design, the

holes go through the piezoelectric layer until the cavity, and they are covered with
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Holes Outer-Top electrode

Top electrode Inner-Top electrode

Cavity
(@) (b)

Figure 4.2: Schematic top-view of the PMUTs devices with the piezoelectric in blue, the top
electrodes in yellow, and the cavity in red: (a) Tent-plate, the holes go trough the piezoelectric
(represent in gray), and (b) Two-port clamped.

an elastic layer (sealed tent-plate). The benefit of the passive layer sealing the holes
and allowing liquid operation, comes with a moderate degradation of the maximum
achievable displacement of the sealed tent-plate PMUT in comparison with the free
tent-plate PMUT (holes in all layers). Despite this, benefits are expected regarding
the maximum displacement achieved in comparison with the clamped PMUT.

The dimensions of the holes have been chosen according with the simulation to op-
timize the membrane displacement (Fig. 4.3a) and the natural frequency (Fig. 4.3b).
With these results if the width of the holes, b, increases for the same length, [, the
displacement is higher but the resonance frequency decreases. To choose the holes
dimensions, it is important to take into account that the passive layer, Si3Ny, is con-
formally deposited over all the PMUT (as it is depicted in Fig. 3.1). In this sense,
the size of the hole, specifically its width, b, must be chosen small enough to avoid
the penetration of the SisN, layer until the cavity which would convert the tent-plate
PMUT to a standard clamped PMUT with smaller size, avoiding a high displacement.
Picking 2 pm width as a trade-off to avoid holes filling with SizN, layer (which allows
preserving the modification in the boundary conditions), and considering also that the
top electrode needs to be connected to the substrate, the best option for the length of
the holes was 54 um (see Fig. 4 in [Jourl]).

Regarding the electrode design, as was shown in section 2.4, there is direct depen-
dence between the 7 and I, (see Eq. 2.22), which makes it a decisive parameter to
optimize the electromechanical conversion if the layer stack has been defined. For a
clamped square PMUT, the top electrode could cover from 53 % to 77 % of the cavity
size to maximize [y, and consequently the membrane displacement. To translate
this into the tent-plate PMUT, a FEM simulation of a homogeneous plate vibrating

in a vacuum with four symmetric linear holes with dimensions of 2x54 um? was
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Figure 4.3: FEM simulation of tent-plate PMUT with different dimensions of the holes: (a)
Dependence of the static displacement with the dimensions of the holes; (b) Dependence of
the resonance frequency with the dimensions of the holes ©2020 IEEE [Jour1].

performed. The resulting stress field, Fig. 4.4a inset, shows only two distinct stress
regions, and with this result, a single top electrode configuration will be desirable
where it should cover 71% of the cavity size. In order to validate this, the normal-
ized static displacement was obtained changing the top electrode side, Fig. 4.4a. The
maximum value is around 224 pm/V and the top side in this case is 56.6 ym, like was
expected (0.71 - 80 um). The final layout is shown in Fig. 4.4b where the holes with a
length of 2x54 pm are at the edge of the cavity, and the top electrode side is around 57
pm. Once the final geometry is defined, the resonance frequency for the first flexural
mode in air is 5.7 MHz, while when immersed in Fluorinert (FC-70) it drops to 2.175
MHz. Complementary simulations were reported in [Jourl1] in order to demonstrate

the enhancement in the PMUT performance as a consequence of the four linear holes.

4.3.2 Two-port PMUT

The two-port PMUT consists of a square clamped device with two top electrodes
which is intended to increase the electromechanical coupling constant, 7, and then, the
membrane movement. This device has been reproduced in all fabrication lots (Type
I-Type IV) but in this sub-section only Type I and Type II will be analyzed to keep the
same thicknesses (AIN thickness is 1.3 pm and Si3N, thickness is 1.5 pm).

To begin the physical analysis of a two-port PMUT, the stress field in a homoge-

neous clamped plate vibrating in vacuum was simulated. The result, shown in Fig.
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Figure 4.4: FEM simulations where (a) Maximum static displacement changing the side of
the top electrode using the holes dimension selected previously and applying 1 V. Inset: Stress
field distribution of a homogeneous PMUT with four linear holes (the layers are not to scale)
©2020 IEEE [Jour1] (b) Final layout of the tent-plate PMUT with their principal layers.

4.5a, gives six distinct stress regions (tension and compression) alternating around 65
% of the cavity side. As in the previous model, only one central electrode could be
designed to cover around a 65 % of the cavity. However, to take advantage of the
full stress field and not leave unused regions of materials, an annular electrode (outer)
should be added. With this configuration and using Eq. 2.22, two electromechanical

coupling constant are defined:

— 202 7292
Ninner = 16€31,2p [v (O =D =5+ 1)] (4.1a)
4 2 4 2
— 7 2y vy 2y
Nouter = 1661755 |17(0F = DR = 2 +1) =930 - (2 - 22 +1)]
(4.1b)

where 7 = i/a, 71 = oc/a, and y2 = o0;/a (see Fig. 4.2b). When only the in-
ner electrode is used, the maximal transformation energy ( dm;% = 0) takes place
at v=0.65, which is in correspondence with Fig. 4.5a. Likewise, if there is no gap
(e=g=0 um), the electromechanical coupling constant corresponding to outer elec-
trode will have the same magnitude with the opposite sign, (Nouter = —Ninner)- Lhis
result ensures a total electromechanical coupling factor that will be doubled when dif-
ferential excitation is used, and therefore the maximum displacement should also be
doubled [121].
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Under these conditions (no gaps and V=1), the static displacement as a function of
electrode dimensions is described in Fig. 4.5b for Type I and Type II. As expected, the
inner and outer electrodes for the same device have the same behavior, reaching the
maximum value when the inner electrode side is 52 pym (0.65*80 pm) and the outer
width is close to 14 pm. In addition, at this point there is a 27% improvement in the
displacement when using Type II, demonstrating the improvement in AIN properties,
and the 90% of the maximum value give an inner electrode range from 42 um to
61 um. However, according to the technical rules used for PMUT fabrication, the
outer electrode width (d) is reduced from the optimal one because it requires a gap
between the inner and outer electrodes (Type I: e= 1.5 ym and Type II: e= 2 pm )
and between the cavity and metal layer (g=1.5 um). Figure 4.5¢ shows the maximum
static displacement as a function of the ratio between the dimensions of the electrode
(d/1), where it can be seen, that the maximum for the inner is different for the outer. In
addition, although the gap between electrodes is greater in Type II, the displacement
values are greater, even reaching the outer electrode in Type II to the same value as
the inner electrode in Type I. Keep in mind that, when differential excitation is used,
the total electromechanical coupling factor is the sum of both, 7: = Ninner + Mouters
giving for instance for a Type II a static displacement of about 232 pm/V, comparable
with the tent-plate Type 1.

The final layouts for the clamped devices are shown for Type I in Fig. 4.6a, and for
Type Il in Fig. 4.6b. The electrodes dimensions were chosen to achieve a compromise
between both electrodes, being for both types the inner side close to 57 pm while the
outer width is 8.4 um for Type I (d/i=0.15) and 7.9 pm for Type II (d/i=0.14). Further-
more, there are differences in the width of the metal used for the wire connection with
the substrate to achieve better symmetry, and in Type II the releasing holes, which are

out of the cavity, were optimized, reducing their size.
4.3.3 Tent-plate vs. Clamped Type I-II

Once the final designs were defined, all devices were simulated to obtain a behav-
ior closer to the real one. Table 4.2 summarizes the principal FEA results for each
of them. The resonance frequency for the first flexural mode was obtained where the
smallest correspond to the tent-plate, being only a 1.2x lower than the clamped Type
I (highest value). On the other side, the static simulations demonstrate that tent-plate
PMUTs should produce higher output pressure in comparison with the conventional

PMUT when it is driven using the inner or outer electrode individuality, 224 pm/V
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Figure 4.5: (a) Stress field distribution of a homogeneous square clamped PMUT (the layers
are not to scale). (b-c) Theoretical maximum static displacement for clamped PMUTs based
on Type I and Type II devices when V=1: (b) Ideal case (g=e=0 pm), and (c) Real PMUTs
where: in Type I e= 1.5 pum; g=1.5 pm, and in Type Il e=2 um; g=1.5 pm.
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Figure 4.6: Layout of the two PMUT with their principal layers being: (a) Clamped PMUT
Type L, (b) Clamped PMUT Type II.
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in comparison with 100 pm/V and 150 pm/V when the inner electrode is used. Fur-
thermore, as the output pressure scales with the vibrating area, the mode shape for
the tent-plate PMUT is compared with the conventional PMUTs when is only used
the inner electrode, see Fig. 4.7, where A, corresponds to the piston area (the entire
area vibrates), and the effective area (A.) is considers at -6 dB of its maximum. For
the tent-plate the movement is closer to a piston, being A, approximately the half of
A,. However, as it is expected, for the clamped A. = 1/3Ap, and describe a gaussian
mode shape. Small asymmetry in the mode shape for the clamped Type I device (blue
curve) can be appreciated as a consequence of the single site connection of the top

electrode as shown in Fig. 4.6a.
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Figure 4.7: Normalized static displacement of the PMUT in x direction: tent-plate (red curve),

inner electrode clamped Type I (blue curve) and inner electrode clamped Type II (green curve)
©2020 IEEE [Jourl].

Finally, dynamic simulations were performed in Fluorinert [104], where, as a con-
sequence of the high damping caused by the liquid over the PMUT surface, the res-
onance frequency decreases. Note there is a clear improvement in the displacement
for the tent-plate PMUT in contrast with the clamped PMUT Type I, being 2.9x factor
better when the inner electrode is used, and even a 1.4x factor when differential exci-
tation is implemented. In addition, despite being similar clamped structures, Type 11
produces a maximum dynamic displacement with both electrodes of 805 pm/V, which
is 1.6x greater than the 536 pm/V exhibited by Type I, and almost the same when

tent-plate is used. On the other hand, the maximum values of velocity (u) are taken at
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the center of the membrane, however, due to the devices don’t move like a piston, it
is necessary to consider the effective area (see Fig. 4.7) to obtain the mean membrane
velocity (up). Based on this, the final membrane velocity has been re-normalized
where the tent-plate will be better than the standard clamped PMUTs. All obtained
results with the dynamic FEM simulation are in correspondence with the previous
ones, demonstrating the positive influence of the holes to increase the movement of
the membrane, as well as, the enhancement in the fabrication process from Type I to
Type II.

Table 4.2: FEM Simulation results considering tent-plate (Type I) and clamped Type I and
Type II PMUTs.

Type I Type 11
Parameters
Tent-plate Clamped Clamped
Inn Out Diff Inn Out Diff
Frequency air [ fu;,-]
MHo) 57 7.12 6.5
Max. Static Displ. 224 100 72 195 150 105 272
[wo] (pm-V™)
Frequency FC70
2.175 275 2.48
[fiiquia] (MHz)
Max. Dyn. Disp. 758 261 193 536 450 305 805

[wq] (pm/V)
Max. Velocity [u]
(mm-s'- V)
Mean Velocity [ug]
(mm-s'- V)

10.5 451 34 95 72 48 128

5.25 1.5 1.13 317 24 1.6 4.27

4.4 Experimental results

Figure 4.8 shows the optical images of the analyzed square PMUTSs devices.
Note the differences regarding the interconnection top-electrodes metals for clamped

PMUT:s Type I and Type II as well as the four symmetric holes for the tent-plate.
4.4.1 Electrical response in air

In order to characterize the frequency response in the air, PMUTSs were initially
measured using a manual probe station and a network analyzer as is described in the
Chapter 3. Figure 4.9 shows their responses, giving a peak frequency for the first
flexural mode of 4.9 MHz, 6 MHz, and 5.8 MHz for the tent-plate, clamped Type 1,
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(b)

Figure 4.8: Optical images of the proposed devices being: (a) Tent-plate PMUT, (b) Clamped
PMUT Type I and (c) Clamped PMUT Type II .

and clamped Type II respectively. The magnitude for clamped PMUTs is lower than
the tent-plate because in this case, due to the configuration of the probes (Ground-
Signal-Ground), the measurements are made between the inner and outer electrodes
which has lower static capacitance, Cy. In addition, as the gap between electrodes
is a little higher in Type II, then the capacitance between electrodes increases giving
a Cy a little bit higher. The measured frequencies are lower than the expected ones
(see table 4.2), and the reason is due to the simulation doesn’t consider any residual
stress. The presented PMUT devices, like any multi-layer structure, suffer from resid-
ual stress mainly as a consequence of the different coefficients of thermal expansion
in each layer [130]. The global residual stress could be tensile (positive value) or
compressive (negative value), and if the structure suffers from excessive compressive

stress, buckling effects can appear.
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Figure 4.9: Magnitude amplitude of PMUT devices using a probe table: (a) Tent-plate PMUT,
(b) Clamped PMUT Type I (blue) and PMUT Type II (red).

Equation 4.2 was used to evaluate the stress in the membrane, where the parameter
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T. represents the pre-tension in the multi-layer plate caused by residual stress (o)
[131]. The pre-tension term is written as T, = » . 0;h;, and D, p1, a and )\?j have
been defined in section 2.2. Computing this equation, clamped devices exhibits T,
values about of -1.44 kPa-m and -1.08 kPa-m for Type I and Type II respectively
resulting in a net residual stress of -405 MPa and -304 MPa respectively. For tent-
plate is more difficult to obtain it because based in our design the )\ is not tabulated,
however as the fabrication lot (Type I) and the inner electrode 51de are the same, the

global stress should be in the same range.

/\4D 2T,
fZ] 9 4 » 26 i = 172737 7] = 172737 ) (42)
na wa

Furthermore, from the electrical response, the quality factor and the electromechan-
ical coupling coefficient can be extracted, Table 4.3 summarizes all values. From the
point of view of the PMUT as a resonator, the Q-factor is related to the energy losses,
and in air these losses are mainly due to the anchors, intrinsic piezoelectric properties,
etc., being the acoustic resistance negligible in comparison with mechanical damping.
Based on this, from Eq. 2.27, if the Q-factor reaches high values in air, the R, is low,
indicating that the PMUT is an efficient resonator. In this sense, the tent plate ex-
hibits the best value with a 2.6x and 1.9x factor improvement compared to Type I and
Type II with clamped PMUTs, respectively. On the other hand, going back to section
2.3, the electromechanical coupling factor, k%, is estimated based on the measured
resonance and anti-resonance frequencies where clamped PMUTSs reach the highest
values. This fact is explained considering the alternative form, & to obtain the k2,
where the low static capacitance between the two top electrodes ensures a high k>

value.

Table 4.3: Quality-factor (Q-factor) and electromechanical coupling factor (k2) comparison.

PMUT design Type Frequency (MHz) Q-factor k® (%) Reference

Tent-plate Type 1 4.9 392 1 [Jourl]
Type I 6 153 1.6 [125]
Clamped 011 5.8 205 172 [128]

Finally, the resonance frequency in Fluorinert can be estimated based on Eq. 2.29
where f,;. is obtained through the electrical measurement (see Table 4.3) and S is the

added virtual mass written as Eq. 2.30. Substituting each parameter, the resonance
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frequencies predicted by this model are 2 MHz for tent-plate, 2.5 MHz for clamped
Type 1, and for clamped Type 11, 2.4 MHz.

4.4.2 Output Pressure

To evaluate the performance of the discussed PMUTs in a liquid environment, the
acoustic output pressure was measured, the used set-up is shown in Fig. 3.5. For this
task, since the emitted pressure is acquired by a hydrophone, the minimum distance
between this one and the PMUT surface (/) was determined. Taking into account the
highest resonant frequency mentioned above (2.5 MHz), which corresponds to the
minimum wavelength (~ 274 pm), the minimum measurable distance was estimated
according to Fig. 3.6a. For HNC-0200 the [ /2a ratio gives around 1.4 while for HNC-
1500 it is 11, resulting in a distance of 112 ym and 880 pm respectively. Based on
the previous values, and to avoid underestimating the real acoustic output pressure,
HNC-0200 was used to evaluate the performance of the PMUTs devices. However,
as a consequence of the high sensitivity (better signal-to-noise ratio) of the bigger

hydrophone (HNC-1500), some measures were made using it.

Beginning with PMUTs Type I, the HNC-0200 hydrophone was placed at 1 mm
over the PMUT surface by modifying the X and y positions to maximize the ampli-
tude of the hydrophone reading. The driven signal consists of two sine cycles with
an amplitude of 22 V/,;,, and the resonance frequency was optimized giving 2.1 MHz
for the tent-plate and 2.4 MHz for the clamped Type I. All experimental results are
depicted in Table 4.4. The acquired voltage is converted into pressure through the
sensitivity of the hydrophone in FC-70, where the tent-plate achieved, at the same ax-
ial distance, an improvement of 43 % compared to the pressure generated by the inner
electrode, and even a 13 % when differential excitation is applied. Figure 4.10a shows
the temporal response in each case where the start of the echo corresponds to unidirec-
tional Time of Flight of 1.45 us. In order to determine the transmitting sensitivity of
the PMUTs (ST), which is defined as the surface pressure (/) per unit input volt, Eq.
2.38 was used. Considering the computed Rayleigh distance (Rp) and the measured
pressure, the tent-plate PMUT achieves the best value, being ~ 2x factor better than
its counterpart, clamped inner electrode. The experimental results are in concordance
with the simulated ones where considering PMUTs Type I, the positive influence of
the holes is demonstrated with an improvement of a 1.4x factor is achieved with re-
spect to the differential excitation and a 2x factor when it is only compared with the

same dimension of the electrode. The normalized pressure (NP) is introduced in Table
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Table 4.4: Output pressure and transmitting sensitivity in FC-70 for PMUTSs Type L.

Parameters Tent-plate Clamped
Inn Out Diff
fliquia (MHz) 2.1 2.4
Pressure (Pay) 1500 850 564 1300
NP (Pa-:mm-V1) 68.2 38.6 25.6 59.1
Ro (um) 19.4 224
Py (kPa,p) 78.3 38.1 25.2 58.1
ST (kPa-V!) 3.6 1.7 1.2 2.6

4.4 for further comparison and it depicts the acoustic output pressure at 1 mm from
the PMUT surface when 1 V is applied. An alternative way to also obtain the normal-
ized distance is through the relationship between the emitted pressure and the axial
distance. The highest transmitting sensitivities are achieved by tent-plate and clamped
PMUT with differential excitation, so the experiment was performed only with them.
Figure 4.10b shows the pressure measured when the hydrophone is lifted every 500
pm and the fitted curve is adjusted following Eq. 2.38 giving 1622 Pa-mm and 1274
Pa-mm for tent-plate and clamped PMUTs.

0.84 20 .
0.4 e Tent-Plate @ Clamped Type I: Diff Exc.
— o 1.8+---- Fitted curves
D(? -V 1.6 '
2 -0.41 “,Q1 4] ®*\Pressure (Pa)=1622(Pa*mm)*z"(mm)
~—" - o - S
o -0.8 1 e T'entlplgte =S A 4
2 08] —I 0 D o,
2o S0l
o ® 0.8 S el
2 £ os) e,
0.4 NG .
0.2 Pressure (Pa)=1274 (Pa*mm)*z" (mm)
15 20 25 30 35 10 15 20 25 30
Time (us) Axial distance (mm)
(a) (b)

Figure 4.10: (a) Measured acoustic pressure in FC-70 at 1 mm away from the surface of: the
tent-plate (Top, red curve) and clamped Type I (bottom, Inner (blue curve), Outer (orange
curve) and differential (green curve)), and (b) The measured pressure versus the axial distance
and its fitting curve.

Other complementary acoustic measures as actuators in FC-70 were done using the
hydrophone HNC-1500, being the first one the frequency dependence response. The

normalized time-domain echo at 3 mm when the PMUTs are excited with 4 cycles is

62



4.4. Experimental results

shown in Fig. 4.11a. The ringdown zone corresponds to the vibration of the membrane
in absence of any driving signal at its natural frequency and, the duration of this
ringdown vibration, 7, is directly related to the Q-factor (7 = 2(Q)/w), which implies
that if 7 increases, the Q-factor also increases, and therefore the bandwidth decrease
(Q o BW™!, see Eq. 2.15). Observing the time responses, clamped PMUT exhibits
a ringdown time larger than the tent-plate, which can be translated into a narrower
bandwidth. To validate it, the Fast Fourier Transform (FFT) from the ringdown time
domain response was obtained, see Fig. 4.11b. Peak frequencies and Q-factors are
summarized in the inset table where as is expected, clamped PMUT achieves the
highest values. In addition, the fractional bandwidth at -6 dB has been included, which
is defined as the frequency width at half-maximum (BW_ 4g) divided by its center
frequency (fy), i.e. Fract.B(%) = % -100. Larger fractional bandwidth means
that more frequency components are less affected by attenuation. For the proposed
tent-plate device the value is 89 %, higher compared with most of the PMUTSs reported
[19], [101], and only comparable in case of using PDMS as acoustic coupling material
with the liquid [101].
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Figure 4.11: (a) Normalized time-domain response measured with the hydrophone situated
over the PMUT at 3 mm. The top corresponds to tent-plate PMUT and the bottom to Clamped
Type L. (b) Resulting Frequency response from the tent-plate (red) and Clamped (blue). Inset:
Table with the principal parameters extracted from the FFT response.

Two-port pulse-echo system Type 11

The acoustic characterization of the clamped PMUT Type Il was performed using

a PMUT-on-CMOS system where the outer electrode is used to transmit and the inner
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electrode to receive reported in [103], [128]. Figure 4.12 top shows a general block di-
agram of the proposed system where a HV Pulser drives the outer electrode applying
32 V monophasic pulses; and the receiver part, directly connected to the inner elec-
trode, consists on a Low-noise Amplifier (LNA) and a source follower buffer circuit
for its testing with 50 © input load instruments [106]. Furthermore, two low voltage
switches were used to avoid the LNA damage, where switch 1, SW1, (between the
inner electrode and the LNA input) prevents the gate-to-bulk voltage from exceeding
its corresponding breakdown voltage, whereas switch 2, SW2, (between input and
output of the LNA) allows the LNA to quickly return to its adequate operation point
(Vdd/2) after opening SW1, for the creation of the low impedance path among the
LNA input and output [103]. The layout and optical image of the proposed system is
shown in Fig. 4.12 highlighting its main blocks.

HV TX RECEIVER

Figure 4.12: Top: Block diagram of the proposed transmission and reception system. Bottom-
left: Layout, and Bottom-right: Corresponding optical image of the fabricated PMUT-on-
CMOS transceiver. TX: Transmitter CMOS circuit. RX: Receiver CMOS circuit. Modified
images extracted from [103], [128].

The driving signal consists in two pulses at 2.4 MHz and hydrophone HNC-0200
was used to acquire the signal. The dependence of the pressure with the axial dis-
tance was done lifting each 100 pm from 500 pm until 2 mm giving 2277 Pa-mm, and
normalizing with the applied voltage (32 V) is obtaining 71 Pa-mm-V-!. This nor-

malized pressure includes a 1.27x magnification factor as a result of the squared input
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signal. Despite this, the obtained value, 56 Pa-mm-V-! (71/1.27), is higher than the
clamped inner electrode Type I and comparable with the differential excitation but it
is 1.4x factor lower than the tent-plate PMUT. In addition, the transmitting sensitivity
was computed using the fitted curve, the Rayleigh distance (22.4 pum) and the input
voltage (32V), giving 3.2 kPa-V-!. Finally, considering the FFT response the central
frequency, quality factor, and fractional bandwidth give 2.5 MHz, 2.1, and 66% re-
spectively. This measured device corresponds to a different chip hence the dispersion
in the results in comparison with [103] (f= 2.4 MHz; Q=2.2; Fract. Bw=63 %). Figure
4.13 shows acoustic pressure measurements at different axial positions and the time

domain-response and the FFT from the ringdown.

Summarizing all experimental results as ultrasonic transmitters, tent-plate exhibits
the best pressure level, with a transmitting sensitivity of 3.6 kPa-V-!, however, the
clamped PMUT Type II demonstrates to be a competitive candidate giving the possi-
bility to use it as a single pulse-echo system with a high sensitivity (3.2 kPa-V!).
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Figure 4.13: (a) The measured echo output pressure versus the axial distance and its fitting
[128], and (b) Normalized echo amplitude measured at 3 mm over PMUT surface (blues line
corresponding to bottom-left axis). Red line (corresponding with top-right axis) shows the
FFT from ring down time-domain response.

4.4.3 Received Signal

The ability of the PMUTS to sense acoustic pressure from an incoming ultrasound
wave was performed using a commercial transducer from OPTEL as described in
Chapter 3. Its transmitting sensitivity is shown in Fig. 3.7b, giving 11 kPa,,@2.1
MHz, and 14 kPa,,@2.4 MHz when the OPTEL is placed at 3 mm and the input
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voltage is 22Vp,,.

For tent-plate PMUT, the received signal is directly acquired by the oscilloscope
using cables of different lengths between them, where for larger cables (higher ca-
pacities), the amplitude decreases. Picking a cable length of 5 cm, the peak-to-peak
amplitude gives 1.7 mV,, and the receiving sensitivity (SR) is 155 mV-MPa (where
SR is computed as the relationship between the measured voltage and the input pres-
sure; V'r/P;,). Figure 4.14 shows the dependence of the receiving sensitivity versus
total parasitic capacitance (Cparasitic), Which is obtained considering all capacities of
the instruments and components that affect the measurement, i.e., the oscilloscope
(14 pF), the cables (96 pF/m), and the set-up (3 pF), that includes PCB, connectors,
etc. Asis expected, the SR decreases if the Cparasitic increases, however, each PMUT
has an intrinsic sensitivity (SRgoc) that should be the same regardless of the parasitic
capacitance, see Eq. 4.3 [110]. Based on this, and considering the capacitance associ-
ated at the PMUT (Cpymur= 255 fF extracted from the electrical measurement for the
tent-plate [Jourl]), a fitting curve was performed giving a SRgoc of 13.4 V-MPa’!
(red curve in Fig. 4.14). This result demonstrates the importance to reduce the para-
sitic capacities which will be minimized through the monolithic integration on CMOS
circuitry allowing much better signal-to-noise ratio. In contrast, the acquired signal
when the inner electrode of the two-port PMUT Type I is connected to the oscillo-
scope through a cable with a length of 5 cm (4.8 pF) is 0.94 mV,,;,, giving a receiving
sensitivity around 67 mV-MPa™'. This is 57 % lower than the tent-plate under the
same conditions (155 mV-MPa!), and gives a SRgoc of 7.6 V-MPa'l.

Cpmur

SR=SR : 4.3
BocC C(PMUT +Cpara5itic ( )

During the measurements as a sensor, there are different uncertainty sources that
mask the real sensitivity. The main error source is associated with the commercial
ultrasound transducer from OPTEL calibration because: (a) the generated pressure
by the OPTEL was calibrated using HNC-1500 hydrophone without considering the
adequate working axial distance, and (b) the diameter of the OPTEL is much larger
than the working wavelength. Regarding (a) the used hydrophone is 18.75 times larger
than a single PMUT (1500m/80pm) being very hard to achieve the same position in
the x-y plane with respect to the OPTEL, hence is possible that the incoming pressure
at the PMUT and hydrophone surfaces will be different. In addition, based on the
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Figure 4.14: (a) Dependence of the reception sensitivity (SR) with the parasitic capacitance,
and its fitting curve, and (b) Echo measured when the OPTEL is placed 3 mm over PMUT
surface being Top: tent-plate PMUT and Bottom: inner electrode clamped Type L.

minimum measurable distance, is not possible to use our set-up to guarantee that the
hydrophone is further away, for instance, if the wavelength is close to 300 um, the
minimum distance, [, is 10 times larger than the transducer dimension which gives
50 mm (see Fig. 3.6a). If we had used the hydrophone HNC-0200, the distance
is reduced to 6 mm, but as a consequence of its low sensitivity, will be difficult to
measure. Based on (b), the high diameter of the OPTEL ensures to be always in the
near-field because we work in a short millimeters distance and the near-field is higher
than 10 mm (N = Ho = & = =E8mS _ 16,,,). Despite this, OPTEL as an
external source allows us to verify the correct operation of our system and the received

echo can be distinguished, see Fig. 4.14b.

Finally, to avoid this issues, clamped PMUT Type Il was studied as a pulse-echo
system where the interface between liquid and air is used as the reflecting surface.
Fluorinert thickness was adjusted in order to obtain different acoustic paths (round
trip from 3 mm to 7 mm). The results are depicted in Fig. 4.15 and the fitting curve
gives a receiving voltage dependence V,.[mV,,] = 5.6 - z~![mm]. In a pulse-echo
system, a figure of merit (PE) can be defined according to Eq 4.4 [90] where Prx and
Prx are the transmit and incoming pressures, while Vtx and Vgrx are the driving and
measured voltages. Assuming that the transmitted pressure an axial distance is the
same as the impinging pressure when the acoustic distance traveled is the same, PE

is re-written as PE = ‘é’;—i, giving 175 ©V-mm/V. Furthermore, in terms of pressure,
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both fitting curves were divided, giving 2.46 V-MPa™!.
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Figure 4.15: The measured output amplitude at different acoustic paths and the fitting curve.

4.5 Enhancing Two-port PMUT acoustic performance

The analysis of the improvement in the acoustic performance via thickness scaling
and piezoelectric coefficient will be carried out using a clamped PMUT Type 1l with
only one top electrode, however, the behavior can be extended to all PMUT Types and
geometries. The experimental procedure carried out in this section is similar to the
aforementioned, so the obtained results will be synthesized. Analysis and results of

this thicknesses optimization was reported in paper Jour3.
4.5.1 PMUT thickness scaling

Section 2.6 describes the acoustic output pressure generated by a PMUT, which in
the far-field region (z >> Ry) can be written as Eq. 4.5. Considering an equal-sized
PMUT (5), the same acoustic medium (pg), and the same axial position (z), the gen-
erated acoustic pressure scales linearly with the displacement of the membrane and
quadratically with the resonance frequency, i.e., p o< wg - fl%quid‘ In the previous
section, a way of achieving large displacements was described through the tent-plate

design. However, keeping the same geometry, boundary conditions, and piezoelectric
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material, square AIN-clamped PMUT, the displacement can be increased if the flex-
ural rigidity (D) lessens. In contrast, more flexible membranes cause a decrease in
the resonance frequency, so to obtain higher pressure levels it is necessary to find a
compromise between both of them. As summary, flexural rigidity (D) depends on the
thickness of each layer, see Eq. 2.12, where thin membranes cause lower D, which

increases the displacement and decrease the resonance frequency.

_ PyRy _ pocouoS _ 2 pliqwdfl%quids (4.5)
p z Az z

To evaluate the performance of the PMUT with different thicknesses FEM was
used. In a first approximation, an axisymmetric model of a circular PMUT was as-
sumed and mechanic—acoustic simulations were done to obtain parameters such as
displacement, wg; frequency, fy; membrane velocity, ug, and received output voltage,
V.. Figure 4.16 shows a diagram of the geometry used in FEM. The thickness of the
Si;N, passive layer (hP) as well as the AIN piezoelectric layer (hA) was swept from
1 to 2 pmand 0.5 to 1.5 pm, respectively, to obtain an enhanced acoustic performance
in an equal-sized PMUT in Fluorinert. The material properties correspond to Type II
shown in Table 3.2.

iSymmetry Axis

Spherical Wave
/Radiation
mSiN,
mAIN
— Al
W SiO,
C——— m FC-70

Figure 4.16: Diagram of a 2D geometry used in FEM simulations.

The dependence of resonance frequency and normalized dynamic displacement (in
terms of applied voltage) as a function of the AIN and Si;N, layer thicknesses are

shown in Fig. 4.17. The results show that the variation in the displacement is greater
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than a factor of x77 (from 34 nm-V-! at minimum thicknesses to 0.44 nm-V-! at max-
imum thicknesses) while the variation in frequency does not change by more than a
factor of x3.3 (from 3.14 MHz at the maximum thicknesses to 0.95 MHz at the mini-
mum). A figure of merit during the transmission is giving by the product w, - fl% quid
where it is expected that the output pressure is maximum with the minimum thick-
ness. On the other hand, we are also interested in the PMUT as a receiver, thus we
also simulated the normalized output voltage at the central top electrode when an
acoustic pressure is applied on the PMUT surface (V-MPa!), see Fig. 4.18a, giving a
maximum terminal voltage when the AIN thickness is close to 0.8 pum. Taking into ac-
count the capabilities as an actuator and as a sensor, we define a figure of merit (FoM)
that covers both compartments and that allows us to estimate the best combination of
thicknesses. Defined as FloM = wy - fl% quid * V., Fig. 4.18b shows the results where
the optimal point appears when the AIN thickness is around of 0.6 pm and the SizN,
thickness is 1 pum.
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Figure 4.17: (a) Simulated resonance frequency, and (b) normalized dynamic displacement
of an equal-sized PMUT sweeping the AIN layer thicknesses and for different Si;N, layer
thicknesses as parameters in a liquid environment [Jour3].

Finally, to predict more realistic PMUT behaviors, 3D COMSOL simulations were
performed considering all the geometric layout and thicknesses of the PMUTs manu-
factured. The resonance frequency for the first mode gives 4.19 MHz, 4.67 MHz, and
5.14 MHz considering Si;N, thicknesses of 1 pm, 1.25 pm, and 1.5 pm respectively.
Figure 4.19 depicts the computed and simulated static displacement where a good
agreement between both of them is achieved: there is no difference when the outer

electrodes are used and a small difference with the inner electrodes, which could be
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Figure 4.18: (a) Simulated normalized terminal voltage when an acoustic pressure is applied
over the surface in a liquid environment. (b) Computed FoM = wq - f2 quid * Vr- Equal-sized
PMUTSs were considered [Jour3].

due to the wire interconnection metals. In addition, it is also clear that bigger displace-
ments are obtained with thin devices, even reaching an improvement of almost 58%
for the same thickness of SisN, (1.5 pm). Dynamic simulations were also performed
in FC-70 and the results are shown in Table 4.5.

From the results, thinner passive layers enhance the performance as a sensor but
slightly decrease the achievable output pressure (p o< u X f = wg x f?). Despite this,
when the FoM (considering both transmitting and receiving PMUT system) is com-
puted, for thinner PMUTs the value is higher. Comparing the results with clamped
PMUTs Type II, where f = 2.48 MHz, wq = 450 pmV-!, V, = 1.34 V MPa! (normal-
ized voltage at inner electrode), is obtained a FoM around 3.71 Hz%-m-kPa!, which is
a factor of x2.2 lower than that reported in the first column of Table 4.5. In addition,
if we compared with the same SizN, thickness, an improvement of x1.92 is achieved,

which clearly highlights the benefits of using thinner piezoelectric layers.
Experimental characterization

As has been discussed so far, three PMUTSs Type IV are introduced. To be clear
when the results to which they belong are presented and analyzed, they have been
classified as:

* PMUT-1: 0.6m AIN and 1 pzm SizNy.
* PMUT-2: 0.6pm AIN and 1.25 pm SizNy.
* PMUT-3: 0.6pm AIN and 1.5 pm SizNy.
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Figure 4.19: Theoretical and simulated static displacement for the proposed devices with
different material layer thicknesses [Jour3].

Table 4.5: Simulated performance for different Si;N, layer thicknesses for a PMUT with 0.6
pm AIN piezoelectric layer using the inner or outer electrodes in liquid [Jour3].

SizNy, 1 pum 1.25 ym 1.5 ym
Electrode Inner Outer Inner OQOuter Inner Outer
Frequency, f (MHz) 1.36 1.58 1.8
Displacement,

_1 2309 1539 1809 1175 1431 914
wq(pm-V™)
wg X f2(m-V'Hz?) 4271 2846 4516 2933 4636 2961
Terminal Voltage, V,?
(V-MPa) 1.91 1.78 1.73 1.55 1.54 1.35
FoM (Hz?-m-kPa™!) 8.15 5.06 7.81 4.55 7.14 3.99

4 Normalized value when 1 Pa is applied over PMUT surface.

The first measurements were done in air to obtain the resonance frequency for the
first flexural mode giving 4.47 MHz, 4.87 MHz and 5.21 MHz for PMUT-1, PMUT-2
and PMUT-3 respectively. Computing the pre-tension parameter () through these
values, we obtain 124.3 Pa-m, 93.8 Pa-m, and 6.5 Pa-m, resulting in a global tensile
residual stress of 53 MPa, 36 MPa and 2.3 MPa. Note that these results are referred
to the net residual stress, so it is not possible to extract level of residual stresses in the

layers, specifically the value associated with the piezoelectric layer.

To verify their capabilities in a liquid environment, the acoustic pressure was first
acquired with the HNC-1500 hydrophone placed at 3 mm over the PMUT surface.
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4.5. Enhancing Two-port PMUT acoustic performance

Figure 4.20 shows the obtained results when each electrode of the PMUT-2 is driven
independently with 22V, four cycles at 1.6 MHz. Unexpectedly, driving the inner
electrode produces lower amplitude signals than driving the outer electrode. This
behavior can be attributed to the additional curvature produced on the PMUT surface
by the residual stress from the piezoelectric, passive layer and electrodes during the
fabrication. The physical characterization of the surface profiles of the PMUTs using
a surface profilometer confirmed that thinner membranes are more prone to bending
[132], [133].

Outer Electrode
Inner Electrode |

1 - Input Signal

Voltage (V)
o

1
E>N
1

-84

124 PMUT-2 [-2

0 2 4 6 8 10 12 14 16 18
Time (us)
Figure 4.20: Time response of the acoustic signal produced by PMUT-2 when is driving the

inner electrode (blue), and the outer electrode (red) (in both cases, the bottom electrode is
grounded) [Jour3].

Figure 4.21a shows a maximum central height for the PMUT-2 at around pum. Con-
sidering this curvature, several FEM simulations were done with same-sized mem-
branes with two top electrodes in order to see the influence of this buckling. Based on
the simulated dynamic displacements, the outer electrode achieves higher movement

than the inner electrode response.

The acoustic performance as an actuator and as a sensor using only the outer elec-
trode is summarized in Table 4.6. The generated pressure is measured at 2 mm over
the PMUTs by the HNC-0200 hydrophone, while the incoming ultrasound wave is
produced by the OPTEL placed at 3 mm. Evaluating each parameter discussed in
Table 4.4, and comparing them with PMUT Type II (the pulse-echo system aforemen-
tioned), the benefit of thin piezoelectric layers is demonstrated with an improvement
of twice as much in the transmitting sensitivity with respect to the PMUT-1 Type IV.

Furthermore, there is a weak influence of the Si3;N, layer in the behavior of an ac-
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Figure 4.21: (a) Profile for curvature characterization of the PMUT-2 over the red line in the
(b) SEM image, showing a h = 1 pum height in the middle of the membrane [Jour3].

Table 4.6: Experimental performance characterization of the PMUT as an ultrasound trans-
mitter and receiver using the outer electrode for electrical actuation/sensing.

Parameters Type IV Type I1
PMUT-1 PMUT-2 PMUT-3
fair (MHz) 4.47 4.87 5.21 5.8
 fligua MHz) L5 ] 6 2 24
Pressure (Pay,) 743 796 736 1138.5
NP(Pa-mm-V!) 67.6 72.4 66.9 54.7!
Py (kPa) 107 107 79.2 101.7
ST(kPa-V1) 4.9 4.8 3.6 2.41
Vi (V) 28 25 2 -
ST x V. (Pa) 13.7 12 7.2 -

' PMUT driving voltage in this case was a 32 Vpp squared signal instead of 22 Vyp sine
signal. To normalize the considering input voltage is 32-1.3.

tuator which could be caused by residual stress (thin membranes are more prone to
high curvatures). In the sensing mode, the amplitudes decrease for thicker piezoelec-
tric layers, with a weak dependence in respect to the thickness of the passive layer as
was already seen in the simulations. Finally, the best performance as an ultrasound
transducer is determined by the ST - V,. product and is achieved with the thinnest

membrane (PMUT-1) as was already predicted by the FEM simulations.
Two-port pulse-echo system Type IV

The acoustic characterization as a pulse-echo system was performed using PMUT-1
and PMUT-2, coated with 200 zm of PDMS, where the layouts and optical images are
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4.5. Enhancing Two-port PMUT acoustic performance

identical to those depicted in Fig. 4.12. The distance traveled by the ultrasound wave
to either the hydrophone needle (a) or to the PMUT surface (b) is estimated through
the total time and PDMS thickness. In (a), the unidirectional time of flight (ToFp;)
can be defined as ToF,,,,; = i)gﬁ:’; + % where cpprs and cgporo are the sound
velocity in PDMS (1000 m/s) and FC70 (685 m/s) respectively, and hrcrg is the

Fluorinert thickness. Once this is obtained, the axial distance is z = 200um + hgcro.

In contrast, in (b) is important to take into account that the total time corresponds to
the round trip so ToF = 2(220m | hrcwoy and then AP = 2 - (200um + hrcro).

CPDMS CFCT0

Figure 4.22 shows the frequency dependence of PMUT-1 and PMUT-2 considering
a ToF of 4.38 us which corresponds to an acoustic path of around 3 mm. The am-
plitude at each frequency has been normalized using the maximum peak, reached by
PMUT-1 to 2.1 MHz. Regarding PMUT-2, the frequency peak appears at 2.4 MHz
and the amplitude decreases a x 1.6 factor in comparison with PMUT-1. From these
results, note how the PDMS layer causes a higher resonance frequency than FC-70
which can be explained through the effect of the added virtual mass. Computing it
using Eq. 2.30 for both materials and considering the measured frequencies in the air,
the frequencies in these media were estimated, to be close to the experimental ones.

Table 4.7 summarizes the obtained results.
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Figure 4.22: Pulse-echo experiment: Frequency dependence considering a ToF of 4.38 us and
PMUT covered by PDMS and immersed in Fluorinert.

Once the frequencies are determined, Fig. 4.23 shows the generated pressure at

different axial positions as well as the received signal by the inner electrode adjusting
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Chapter 4. Single PMUT devices

Table 4.7: Computed added virtual mass (Eq. 2.30) and estimated resonance frequency in
FC-70 and PDMS via Eq. 2.29 and using the experimental frequency in the air.

PMUTs fBrco  Beoms fair MHz)  fpc7o MHz)  fppvs (MHz)

PMUT-1  7.58 3.84 4.47 1.53 2.03
PMUT-2  6.84 3.46 4.87 1.74 231

the FC-70 thickness to modify the acoustic path. From Fig. 4.23a, the normalized
pressure can be extracted, giving 103 Pa-mm-V-! and 99 Pa-mm-V-! for PMUT-1 and
PMUT-2 respectively. Furthermore, using the Rayleigh distance in both cases (R is
19.6 pym for PMUT-1 and 22.4 pm for PMUT-2)), the transmitting sensitivity is 5.2
kPa-V-! and 4.4 kPa-V-! respectively. To compare with PMUT-1 and PMUT-2 without
PDMS, the x1.27 factor due to the effective amplitude of a square wave is considered,
giving a ST of 4 kPa-V~! and 3.5 kPa-V-!. The decreased transmission sensitivity is a
reflection of the negative effect of PDMS.

Likewise, Fig. 4.23b depicts the amplitude of the received signal at different acous-
tic path as well as the adjusted curve. Using the Figure of Merit defined in Eq. 4.4,
PMUT-1 achieves a PE= 212 uV-mm/V while for PMUT-2, PE is 117.5 pV-mm/V.
Note these values are lower compared with the PMUT Type II, however, here the
PDMS layer degrades the signal as a consequence of the mismatch in the PDMS-
FC70 interface with a reflection coefficient of 15%. Besides, the inner electrode in
these thin devices are quite affected by the residual stress degrading its performance.
To obtain the receiving sensitivity, the fitted curves were divided in each case, which
leads to 2.05 V-MPa’! for PMUT-1, and 1.2 V-MPa’! for PMUT-2.

4

71 o Experimental points: PMUT-1 ©  Experimental points: PMUT-1
6l *  Experimental points: PMUT-2 *  Experimental points: PMUT-2
-~ - - -Fitted Curve - - -Fitted Curve | 231 - - - - Fitted curve - - - - Fitted curve
o
m 5_ >
o e w1 1S
< 4 g Pressure (kPapy)=3.3 2 (mm) | = | %@ Amplitude(mV, )=6.8 *AP"(mm)
o x 3 <
5 34 ) = \\§
[7] QQQQQ = ‘§ -~
[0} Qﬁgo [e % %\ I % ‘é -
O 24 QOB e € 1 ~ % §‘§~ -
— Gb 1 = I~
o 1 SBeo < T %‘%‘%‘;-I—%%
Pressure (kPa,)=3.17 *z" (mm) = 11 -
0+ 0 Amplitude(mvpp)=3.79 *AP™ (mm)
06 08 10 12 14 16 18 20 22 24 3 4 5 6 7 8
Axial Distance (mm) Acoustic Path, AP (mm)
(2) ()

Figure 4.23: (a) The measured pressure versus the axial distance and its fitting curve, and (b)
The measured output amplitude at different acoustic paths and the fitting curve.
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4.5. Enhancing Two-port PMUT acoustic performance

4.5.2 Thin-film piezoelectric coefficient improvement

AIN with a 9.5 % Sc concentration was discussed in section 4.1 demonstrating a
film-thin piezoelectric coefficient enhancement with respect to the AIN pure. Consid-
ering this doped piezoelectric material, in this subsection PMUTs Type III and Type
V are introduced and their principal results are discussed. A clamped PMUT with two

top electrode with an identical layout to the PMUT Type II was used.

The static displacement was computed and simulated considering different piezo-
electric thicknesses and keeping the same Al electrodes (0.35 pm top and 0.4 pm bot-
tom) and 1.5 pum SizN, as a passive layer. Figure 4.24 depicts the results demonstrat-
ing a good agreement between them and clearly showing an improvement of around
50 % for the AIScN PMUTs in comparison with the AIN PMUTs with the same piezo-
electric thickness. In addition, dynamic simulations in FC-70 were performed and the
results are summarized in Table 4.8. As is expected, in thinner devices the resonance
frequency decreases and the membrane displacement is higher. Based on the FoM de-
fined during the transmission as wq x f2, PMUT Type V achieves an improvement of
x 1.3 with respect to Type III and almost an x 1.8 in relation to its counterpart using
AIN pure (see Table 4.5 when Si;N, is 1 pgm) proving this way the benefits of thin
AIN doped with Sc.
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Figure 4.24: Computed and FEM simulated static displacement normalized with the applied
voltage as a function of piezoelectric thickness for the AIScN and AIN PMUTs [100].
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Chapter 4. Single PMUT devices

Table 4.8: FEM Simulation results considering clamped PMUTs Type III and Type V (the
piezoelectric layer is AIScN).

Type 111 Type V
Inn Out Diff Inn Out Diff

Parameters

Frequency air [ f,;,]
(MHz)
Max. Static Displ.
[wo] (pm-VT)

Frequency FC70

[fliquid] (MHZ)
Max. Dyn. Disp.

6 4

332 231 605 860 580 1495

2.3 1.3

1070 720 1950 4500 3000 8000

[wal (pm/V)

Max. Velocity [u] s 105 28 37 24 65
(mm-s-V1) ' '

Mean Velocity [uo]l 5 35 g3 |23 g 217
mmstyh 7727 '

Experimental results

The electrical response from the AISCN PMUTs in the air has been done between
the two top electrodes, giving a resonance frequency for the first flexural mode of 5.4
MHz and 4.5 MHz. The pre-tension coefficients in these cases give 200 Pa-m and -882
Pa-m, which can be translated into global residual stress of -256 MPa (compressive)
for Type III and 93.7 MPa (tensile) for Type V.

Regarding the acoustic performance, several measurements were done in Fluo-
rinert. Figure 4.25 inset shows a PMUT Type III pressure map when the inner elec-
trode is driven with two cycles of 22 V,, at 2.2 MHz. The HNC-0200 hydrophone
was lifted each 50 pm achieving axial and lateral displacements of 500 pm and 1 mm
respectively. A cut along the z-direction (AA’), see Fig. 4.25a, at the center of the
PMUT gives a normalized pressure (NP) of 121 Pa-mm-V-! and a transmitting sen-
sitivity of 5.88 kPa-V-! [100]. In addition, the beam pattern was obtained through a
lateral cut at 500 pm (BB’) and the result is compared with the computed beam pat-
tern corresponding to the hydrophone and PMUT (curve blue and red respectively).
Taking the beam-width at -6 dB is obtained 777 pum instead of 1.14 mm (theoreti-
cal value). This difference is caused by the hydrophone directivity, which affects the
omnidirectional PMUT response. The center frequency, Q-factor and fractional band-
width was estimated through the FFT from the ring-down time response giving 2.26
MHz, 2.57, and 64.1% respectively. In terms of the sensed pressure, the OPTEL was
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4.5. Enhancing Two-port PMUT acoustic performance

placed at 3 mm over PMUT surface and the amplitude received by the inner electrode
is 3.3 mVp,.
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Figure 4.25: AIScN PMUT as actuator in FC-70 (a) Acoustic Pressure distribution along AA’
cut (black points) and the fitted curve (red curve) considering 1/z dependence; (b) Normalized
pressure at 500 um over PMUT surface (black points). In blue the calculated hydrophone
directivity and in red the calculated clamped PMUT field. Inset: Measured pressure map[100].

On the other hand, PMUT Type V was used in a pulse-echo configuration, where
the outer electrode generates the acoustic pressure and the inner electrode is used to
sense. As in previous pulse-echo systems, the layout and optical image are identical
to those presented in Fig. 4.12. To characterize the generated acoustic pressure, the
outer electrode was driving with four cycles at 1.55 MHz, and the pascals measured
at 2 mm is about 2760 Pa. The normalized pressure and the transmitting sensitivity
under these conditions give 136 Pa-mm-V-! and 9.37 kPa-V~! (considering the applied
voltage 32V x1.27).

In addition, a frequency sweep during a pulse-echo experiment was performed to
obtain the maximum peak and the Q-factor. Driving the outer electrode with two
cycles and considering a ToF of 11 us, the maximum frequency is reached at 1.49
MHz giving a peak-to-peak of 2.6 mV,,,, see Fig 4.26. Normalizing the amplitude
of the sensed ultrasound wave with the acoustic path (AP = 676 - 11us ~ 7.4mm
) is around 19 mV,,-mm. From this value and applied voltage, the PE Figure of
Merit (see Eq. 4.4) gives 594 pV-mm/V, being the highest value achieved with a
single PMUT discussed in this thesis until now. Furthermore, taking into account
the generated pressure, the receiving sensitivity is 3.6 V/MPa, and if the receiving

element area is considered (80x80 um?, the receiving sensitivity could be increased
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up to 0.45 kV/MPa for a 1 mm?. Finally, the bandwidth at -3 dB gives 710 kHz and

consequently the Q-factor is around 2.1.
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Figure 4.26: Frequency response considering FC-70 and a ToF of 11 us. Inset: Pulse-echo
time domain response at 1.5 MHz.

4.6 PMUTSs comparison

This chapter focused into describe the modeling, simulation, design, and testing of
several PMUTs in order to determine the most efficient in terms of transmitting and
sensing acoustic pressure. In this sense, five types of PMUTs at frequencies in liquid
below 3 MHz with different geometric and material properties were discussed. Tables
4.9-4.11 summarizes all simulated and experimental results from which the following

conclusions can be extracted:

* The tent-plate design proposes an optimal geometry capable of improving the
performance as an acoustic source. However, during the testing procedure in
liquid are not always tight, causing the filling of the cavity and consequently
being not possible to use in liquid. This fact degrades the yield of the device
and becomes it less attractive since many devices need to be tested to ensure the
results closest to the simulation. This is the main reason why this design was

not replicated into the other Types of PMUTs.

* Clamped PMUTs devices show an improved performance from Type I to Type
V where always differential excitation achieves high membrane vibration am-

plitude but for thin PMUTsS inner electrode is not working properly. Using two
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top electrodes allows the implementation of pulse-echo systems with a single
PMUT.

* The 9.5% Sc concentration with 1.2 pum active layer thickness increases the
piezoelectric thin-film coefficient achieving displacements a 50 % larger than
the 1.3 pm AIN PMUT.

* A 46% decrease in the piezoelectric layer thickness improves transmission per-
formance by a factor of two (PMUT Type II with respect to PMUT-3 Type IV).

* Type V PMUTs exhibit the highest membrane velocity, demonstrating the ben-
efits to use a thin membrane with AIN with a 9.5% Sc concentration as a piezo-

electric material.

The experimental characterization in a liquid environment (Fluorinert) is displayed
in two separate tables. The first one, Table 4.10, contains the results regarding single
PMUTSs without any CMOS circuitry. In contrast, the second one, Table 4.11, summa-
rizes the performance of pulse-echo systems where the outer electrode is connected
to an HV transmitter and the inner electrode to an LNA amplifier. Considering the
first table, AIN PMUTSs with thinner layers guarantee high ST x V. products, which
is only improved when 9.5% Sc is used. For the pulse-echo systems, the second ta-
ble, normalization of pressure with voltage is done with 32V instead of 32 x 1.27
to demonstrate the benefits of the integrated system. Furthermore, as shown in the
simulation, PMUT Type V ensures the most promising device with a transmitting
sensitivity of 11.9 kPa-V-! and an SR of 3.6 V-MPa’!.

Table 4.12 summarizes a comparison between the performance of PMUT Type V
and other PMUT devices reported in the state of the art that are operated in liquid.
It can be stated that the two-port PMUT presented during this thesis achieves high
levels of transmitting sensitivity (ST in kPa/V) compared with arrays of PZT PMUTs.
In relation to the sensitivity as a sensor, PMUT Type V achieves around 3.6 V-MPa’!
being almost the same value reached by a 1-D array of 64 PMUTs. The best perfor-
mance as an actuator and as a sensor is determined by the ST x SR. Picking the
highest value (9.28 [134]) an improvement of 4.6 factor is achieved with an area
36000 lower (230.4mm?/6.4x 103 mm?).
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Table 4.9: FEM Simulation comparison.

Type Design Exc. Parameters

fair Wwo fliquid Wq u U
(MHz)  (pm-V'))  (MHz) (pm-V') (mm-s'-V!) (mm-s'-v1)

Tent- rop 57 224 2.175 758 10.5 5.5
plate
I Inmm 0 261 ¢ 451 15
Clamped Out 7.12 ) 275 193 34 1.13
Diff 195 536 95 3.17
Inn 150 - 450 72 2.4
I Clamped Out 6.5 105 : 305 48 1.6
Diff 272 805 12.8 427
Inn 332 1070 15.5 52
Il Clamped Out 6 231 23 720 10.5 35
Diff 605 1950 28 93
Inn 443 2309 19.7 6.6
Out 4.19 308 1.36 1539 132 4.4
Inn 401 1809 s 6
IV Clamped 4.67 271 1.58 1175 117 3.9
Inom  _ . 337 1431 162 54
Out >.14 239 1.8 914 10.3 34
Inn 360 3 4500 37 12.3
V  Clamped Out 4 580 . 3000 24 8
Diff 1495 8000 65 217

Chapter 4. Single PMUT devices
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Chapter 4. Single PMUT devices

Table 4.12: PMUT Type V comparison with the state-of-the-art.

2017 2021 2021 2022

Parameters Type V [19] (134] [89] [90]
Geometry Square Rect. Circular  Circular ~ Square
Size 80pum x  30pm X 300pm 160pum  85um X

80pm 43um pitch diameter 85um

Piezoelec. Material ~ AlScN AIN PZT PZT PZT

Acoustic media FC-70 FC-70 Water Water Water

Frequency (MHz) 1.55 14 2.5 1.5 5
ST (kPa-V'!) 11.9 2.95 2.9 35.9-107 9.4
SR (V-MPa'!) 3.6 2 32 0.19 0.87

STxSR(x107?) 42.8 5.9 928  6.82-107 8.2

4.7 Single-cell fluid sensor using two-port Type V

MEMS devices have been widely used as sensors to characterize the hydrodynamic
properties of the fluids, taking advantage of their ability to work as a resonator or as an
acoustic device. Recently, PMUT-based microfluidic systems have been experimen-
tally validated by exploiting the capabilities of PMUTSs as resonators in which only
density in low-viscosity liquids is detected. In this context, the best two-port PMUT,
which corresponds to Type V, was used as a single cell for monitoring fluids, capable
to sense density, acoustic or longitudinal viscosity, speed of sound and compressibility
using minute quantities of fluid. Analysis and results of this application was reported
in paper [Jour4]. Figure 4.27 shows a schematic representation of the proposed sys-
tem. Its capability to work as a resonator and as a pulse-echo ultrasound transducer
in liquids with a high-density value such as Fluorinert (1940 kg/m?) and even with
high viscosity such as 100 % of Glycerol (648 cP) offers added value compared to the
state-of-the-art. As first step, the system is immersed in the fluid under test and work-
ing as a resonator, the density is directly obtained from the frequency response shift,
achieving a high sensitivity of 482414 Hz/kg/m>. Viscosity can be also extracted

from the frequency response evaluating its quality factor, but the dependence on the
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4.7. Single-cell fluid sensor using two-port Type V

density is dominant with respect to viscosity, limiting its evaluation.

To overcome this, further information can be extracted from the acoustic wave prop-
agation using the single-cell PMUT in a pulse-echo mode. In this mode, the outer
electrode of the PMUT is driven by the CMOS High Voltage integrated transmitter
pulser, generating a traveling ultrasound wave in the fluid that is reflected by the inter-
face between fluid and air, and it is received by the inner top electrode of the PMUT.
The received ultrasound wave is translated to an electrical signal by the PMUT which
is amplified by a CMOS integrated Low Noise Amplifier. In this case, the density can
be determined by modifying the frequency of the driving signal and taking the value
at which, the amplitude of the received echo is maximum. Additionally, from the tem-
poral response at different axial positions the acoustic attenuation can be computed
allowing to extract the viscosity, while the propagation time or time-of-flight allows to
obtain the sound velocity in the fluid. Finally, from the density and the sound velocity,

the compressibility of the fluid is determined.

The experimental verification shows that this tiny device, manufactured monolith-
ically on a CMOS substrate, is an excellent candidate for a single measurement cell
unit for use in microfluidic systems that require the characterization of the properties
of small quantities of fluids. Integrated CMOS circuitry with further signal process-
ing can be easily upgraded to provide smart solutions for demanding industrial and

biomedical applications, with constraints on area, power consumption and cost.

Figure 4.27: Graphical image of the two-port PMUT-on-CMOS Type V for monitoring fluids.
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4.8 PMUTs with a pixel size below 50 ym

This last section is dedicated for different PMUTs devices whose dimensions are
decreased to obtain higher frequencies keeping their capabilities to achieve higher
pressure levels. As was explained in chapter 2, higher frequencies improve the axial
resolution and increase the membrane velocity and consequently higher output pres-
sure. To this end, different geometries were modeled, simulated and characterized.
Figure 4.28 shows the first natural frequency for four small PMUTs Type 1. Clamped,
tent-plate, and crossed are squared AIN PMUT with 40 pm side, while bridge PMUT
measures 40 umx 47 pum, these dimensions defined by the cavities are outlined in
red in the figure. In addition, the clamped and crossed PMUTs have 8 etching struc-
tures out of the PMUT-body, and the last one has two cross slits in the center of 40
pmx2pm. In contrast, tent-plate is clamped only in the corners due to four linear
holes (2 um x 26 pm), and the bridge structure is asymmetric with two opposing
linear holes of 2 ym x 40 ym on the edge of the small side. This devices has been
discussed in [126], [127], however, some results have been repeated in order to give a

more accurate characterization.

Clamped Tent-plate Bridge Crossed
. ﬂ
24.7 MHz 20.4 MHz 16.7 MHz 22.9 MHz

Figure 4.28: FEM Mode shape and frequency of PMUT devices Type I with a pixel size
around 40 pum. The cavity is outlined in red.

The tent-plate and bridge structures pretend, as mentioned above, to achieve a more
uniform displacement avoiding vibration reduction by a third as happens in a conven-
tional design. Crossed, by your side, is inspired by a microphone of Vesper Tech-
nologies [135] where a microphone based on four 90 degrees sections of a squared
membrane act as coupled cantilevers and form a cross-shaped slit in between. Based
on these considerations, the simulated natural frequencies range from 16 MHz to 25
MHz, see Fig. 4.28. The static displacement reached by the membranes when 1V

is applied to them as well as the simulated performance in Fluorinert is shown in
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4.8. PMUTs with a pixel size below 50 um

Table 4.13. Comparing the maximum static displacement at the center of the mem-
brane, crossed PMUT exhibits an improvement of 1.3 x factor in comparison with the
tent-plate, and 3 x factor in contrast with the standard clamped PMUT. Comparing
to the 80 um square PMUTSs presented in the previous sections, the displacement of
the membrane is considerably reduced, taking the lowest value corresponding to the
inner electrode of the PMUT type I as a reference, the amplitude at the center of the
membrane for the crossed device (the best displacement) drops 1.6 X times. Despite
this, the frequency is high; therefore, the membrane velocity is comparable with this
device (PMUT Type I).

Table 4.13: FEM simulated results of PMUT devices Type I with a pixel size around 40 pm.

Parameters Clamped Tent-plate Bridge Crossed

fair (MHz) 24.7 20.4 16.7 23
wo (pm-V1) 27.2 65.3 46.7 85.1
fliquia (MHz) 12 9.7 7.1 10.1
wq (pm-V) 44.2 118.4 103.8 1245

u (mm-st-v1) 3.33 7.22 4.63 7.9

Clamped Tent-plate Bridge Crossed

Figure 4.29: Optical images of the PMUT devices Type I with a size around 40 pm.

Figure 4.29 shows the optical images of clamped, tent-plate, bridge, and crossed
PMUTs presented in this section. The electrical characterization in the air gives res-
onance frequencies of 18.5 MHz, 20 MHz, 16 MHz, and 14.5 MHz for clamped,
tent-plate, bridge and crossed PMUTSs. Considering the simulated and measured fre-
quencies for clamped and crossed PMUTs, there is a significant difference between
them due to: (a) the residual stress discussed in previous sections and also, for the
crossed (b) the sealing layer penetrating into the slit. To evaluate the influence of the

Si3N, layer inside the holes, some FEM simulations were done, where the frequency

87



Chapter 4. Single PMUT devices

dropped considerably down to 20 MHz (no residual stress is considered). Further-
more, this effect affects the static vibration amplitude of the membrane by a 18x
factor, impairing the generation of acoustic pressure. For the tent-plate and bridge
PMUTs, seem that the holes in the edge of the cavity relieve stress by preventing a

mismatch between simulation and experimental values.

As a complementary measurement in air, the vibrating amplitudes of the clamped
and the tent-plate PMUTSs were measured by a digital holographic MEMS analyzer
from LynceeTec (Lyncée Tec SA, Switzerland), see the set-up in Fig. 4.30a. The
top electrode was driven with 3 cycles at each resonance frequency and the bottom
electrode is grounded. Figure 4.30b shows the displacement at the center of the mem-
brane modifying the input voltages, and the linear fitted curves give the displacement
per volts. From the results an improvement of 72 % is achieved when four linear holes
are implemented in the membrane, demonstrating their effectiveness in the vibration
of the membrane. The 3D surface images when the 10 V,,, are applied depict in Fig.
4.30b, the left image corresponds to the tent-plate PMUT and the right to the clamped.

® Tent-plate Experimental
Linear fitted curve

® Clamped Experimental
—— Linear fitted curve

Wg(nm)=6.5 *V; (Vo)

Displacement at the center (nm)

wy(nm)=1.8 *Vm(vpp)
0 2 4 6 8 10
Input voltage, V. pp)

‘Em

Figure 4.30: Measurements in the air. (a) Lyncée Experimental set-up, and (b) Top: Displace-
ment vs input voltage for the tent-plate and clamped PMUT. Bottom: 3D surface image when
the applied voltage is 10 V.

The acoustic characterization in Fluorinert was performed using the HNC-1500
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4.8. PMUTs with a pixel size below 50 um

which provides a better signal-to-noise ratio due to the higher sensitivity compared
with the HNC-0200, ideal to measure these smaller devices. However, taking into ac-
count the expected range of frequencies in liquid (around 10 MHz) for these PMUTs,
the pressure will be underestimated because the dimension of the hydrophone’s di-
ameter is much larger than a half-wavelength. Despite this, the results allow us to
compare them and extrapolated the results in the future if the smaller sensing element
is used. On the other hand, to avoid further uncertainty in the measurements, the hy-
drophone was placed at 3 mm above the PMUT surface, ensuring that it is far enough
away from the minimum measurable distance as was explained in Chapter 3. The
driving signal in each case consists of four cycles with an amplitude of 22 V,, at the
optimized resonance frequency, except for the crossed device whose driving signal
is 40 V. All measured results are summarized in Table 4.14 where tent-plate and
bridge PMUTSs exhibits the highest transmitting sensitivities.

Table 4.14: Experimental results of PMUT devices Type I with a pixel size around 40 pm.

Parameters Clamped Tent-plate Bridge Crossed
fair (MHz) 18.5 20 16 14.5
fliquia (MHz) 7.5 7.4 6.7 6.3
Pressure@3mm (Pa) 31.3 43.6 49.6 26.2
ST (Pa-V'!) 242 341 365 133

' The amplitude of the driving signal is +40 Vyp (Top electrode: +20
V,p and Bottom electrode: -20 Vp,.)

The results don’t show significant variations as expected from the simulations (see
for instance displacement in Table 4.13). This discrepancy between simulation and
experimental results is due to the PMUT modeling does not consider the conformality
of the different PMUT layers and especially the one related to the passive layer for
the tent-plate, bridged, and crossed PMUTs. In addition, the signal acquired by the
hydrophone is affected by its high sensing area, being lower than the real one. Despite
this, the small PMUTs are very competitive in comparison with the ones published in
the literature using AIN as piezoelectric material. For instance, a recently published
low-thermal AIN PMUT in liquid operation reports values of 2.93 kPa/V @ 5.5 MHz
with an array of 3x20 short-circuited PMUTs [102]. Normalizing this value to a single
PMUT, the surface pressure would be 48 Pa/V which is a 7.5x factor lower than the
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Chapter 4. Single PMUT devices

presented here for the bridged PMUT, demonstrating the capabilities of the presented
designs.

Comparing small PMUT devices, the simulations show competitive values com-
pared with the bigger ones, where tent-plate and crossed devices achieve membrane
velocities in the same range that the clamped Type L. Despite this, the measured acous-
tic pressures are unexpectedly low, and one reason is a consequence of the used mea-
surement instruments. In future work, these potential PMUTSs will be further char-
acterized to implement systems with improved axial and lateral resolutions and high

output pressure levels.
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CHAPTER

FIVE

ULTRASONIC SYSTEMS BASED ON PMUT-ON-CMOS
ARRAYS

Till now has been discussed how the performance of a single PMUT can be im-
proved. However, in most ultrasonic applications, a single device is insufficient and
arrays of various configurations are implemented instead. Many ultrasound systems
based on arrays have been the subject of several recent research efforts in order to
implement an ultrasound system with a high transmission and reception sensitivities,
a small area, and a great axial and lateral resolution. One of these cases is the 65
x 42 PMUT array presented in [34] where circular PMUTs with a diameter of 35
pm are distributed in a hexagonal layout to achieve good mechanical isolation. This
system provided an output pressure on a 215 pm thick PDMS layer of 25 kPa which
increased to almost 40 kPa if beam-forming techniques are applied, achieving at the
end, an ultrasound image of a real fingerprint. In 2017, Jiang et al. [19] proposed a
110x56 PMUT array for a fingerprint sensor with a fill factor around a 50%. In this
case, the transmit output pressure is 9.4 kPa when a single column was used, while
the sensitivity as a sensor was 2 V-MPa™!. Likewise, the capability to reconstruct a

fingerprint image based on the epidermis and sub-epidermis layers was demonstrated.

Another array configuration that has aroused great interest in the scientific commu-
nity is 1-D arrays due to their feasibility in terms of interconnection and low manage-
ment complexity. Wang et al. in 2018 presented a PMUT array with five elements

of 3x20 PMUTs each one and, where, the top electrodes of an individual element
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Chapter 5. Ultrasonic Systems based on PMUT-on-CMOS Arrays

were short-circuited [102]. The achieved transmitting sensitivity was 2.93 kPa/V at
5.5 MHz and the receiving sensitivity was 0.5 V-kPa™! (using a commercial charge
amplifier with a gain of 10 V/pC). Recently, two PZT 1-D PMUT array for medical
imaging were reported in [89], [134]. In the first one, a 128 x 1 array with a large
active area, 26x 10.4 mm?, achieved transmission and reception sensitivities of 430
Pa/V@3 cm and a 190 mV/MPa. The second one, reported in [134], shown a 1D array
of 64 elements where the sensitivity as transmitter and as receiver gave 31 kPa/V and
3.2 V/IMPa, respectively. These last two systems show competitive performance for

ultrasound applications through B-mode imaging demonstration.

Last but not least, annular configurations based on PMUTSs have demonstrated the
ability to have a good control focusing along the axial direction. Lu et al. imple-
mented eight concentric rings where 2 kPa/V pressure sensitivity was achieved with a
total aperture of 1.2 mm [28]. Unfortunately, the focusing capability was only demon-
strated using FEM simulations. Another annular array based on PMUTs was pre-
sented by Eovino et al. in [15]. The continuous rings exhibited a great potential in
terms of acoustic output pressure and focusing ability compared to typical array de-
signs with a transmitting sensitivity of 3.2 kPa/V in a standard transmission and 12.2
kPa/V focusing at 1.9 mm.

In this chapter, two array configurations will be discussed. The first one consists
on a 7x7 PMUTs array connected in columns of 7x1. In contrast, the second array
is based on five concentric rings with individual high-frequency PMUTSs devices con-
nected across the top electrode. Both of them were fabricated using the MEMS-on-
CMOS Silterra fabrication process already discussed, see Chapter 2. As presented in
the last chapter with the individual PMUTS, here we intend to characterize the perfor-
mance as actuators and as sensors. The efficacy of the presented array will be verified

through their ability to be implemented in ultrasound imaging systems.

5.1 A 0.5 mm? pitch-matched AIN PMUT-0on-CMOS ultrasound imaging
system

Figure 5.1 depicts the schematic layout and the optical image of the proposed sys-
tem. Each row is made up of seven square PMUTs Type II with a side length of
80 pm where all top electrodes are connected. The gap in both direction between
each device is 25 pm, giving a total area of 0.71x0.71 mm?. Regarding the CMOS

circuitry, the transmission side is composed of three HV Pulser, each shared by two
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5.1. A 0.5 mm? pitch-matched AIN PMUT-on-CMOS ultrasound imaging system

rows configured symmetrical from the central row, while the readout is only carried
out at the central row by a CMOS LNA. Such as in the above-mentioned pulse-echo
systems, two low voltage switches were used here to avoid the LNA damage, due to
the crosstalk between the transmitter and receiver rows. As it can be seen in the lay-
out, all CMOS circuitry is covered by the PMUT array, making it in a pitch-matched
system with a reduced area.

Figure 5.1: (Right) Schematic layout of the PMUT-on-CMOS array with their principal blocks
highlighted; in red the HV TXs Pulser and in yellow the LNA amplifier. (Left) Corresponding
optical image of the fabricated PMUT-on-CMOS array where rows sharing TX are in the same
color and only the central row will receive.

Based on the geometrical specifications, the system can be represented as two sec-
tions of three elements. The gap between each section consists in the receiver element
size and two pitches, giving an empty distance during the transmission of 130 pm.
In each section, every element has a width of 80 ym and a length of 710 pm (7*80
pm+6*25 pm) separated by 25 pm. From the geometric parameters can be deter-
mined the fill factor and the influence of grating lobes as undesired lobes. The first
one, F'F', was defined in Eq. 2.40 and it gives a 78.8 %. This value is 1.5x higher
than the 110x56 presented in [19] and comparable with the 79 % reported in [102].
On the other hand, to assess the presence or absence of grating lobes, the pitch must
be compared with the maximum allowable pitch size, dnx, that completely eliminates

grating lobes, see Eq. 5.1 [136]:

(5.1)

dmax =
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Chapter 5. Ultrasonic Systems based on PMUT-on-CMOS Arrays

where A is the wavelength, N is the number of elements in the array and 6, is the
steering angle. The configuration of this array (two rows sharing a transmitter circuit)
enables only a tuneable focus at its center (no steering is possible), and for this, the
s is always zero. Considering this, N equal 7, and A is 207.6 pym (PMUT Type 11
resonance frequency, ~ 3.3 MHz and Fluorinert as fluid medium with sound speed of
685 m/s), the value of dp,x is 177.9 pm, which is larger than the pitch used here (105

pm), ensuring no grating lobes.

The acoustic performance was simulated with Field II, taking the advantage of the
fact that beam pattern modeling is very quick to perform and allows an easy under-
standing of the acoustic behavior of the proposed system [95], [96]. Figure 5.2a shows
the 2D normalized pressure map at 3.3 MHz from 50 pm to 3 mm along the axial di-
rection and from - 1 mm to 1 mm laterally. Unwanted signals appear as side lobes
because the criterion for avoiding grating lobes is ensured. Furthermore, from the
result, two profiles are performed: (1) an axial profile at the center of the pressure
beam (lateral distance = 0 mm), and (2) a lateral profile at the maximum value (axial
distance = 717 pum), Fig. 5.2b shows the results. According to this, the near field is
close to 717 pum and the beamwidth at - 6 dB gives 334 pm which is equivalent to a
resolution of 76 dpi.
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Figure 5.2: Field II simulation results; (a) 2D pressure map, and (b) axial profile at the center
(top) and lateral profile at the maximum (bottom).

As mentioned in Chapter 2, in the far-field, the beamwidth (BW) scales as BW
1/D (where D represents the aperture), which means that at the same point a larger
array achieves narrow beamwidth. Based on this, the transmission pressure field was

simulated under different configurations, as shown in Fig. 5.3, where the receiving
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5.1. A 0.5 mm? pitch-matched AIN PMUT-on-CMOS ultrasound imaging system

element is gray, the transmitter rows are orange, and the active aperture is outlined
in cyan, and from the results the peak amplitude at z = 1 mm and the corresponding
-6 dB beamwidth (BW) were extracted. The size of the aperture was modified by
increasing the number of the adjacent active rows without empty zones to prevent the
effect of grating lobes (pitch < dpax). The enhancement factor during the transmission
(ST improvement) refers to the normalized value with respect to the peak amplitude
achieved by the smallest of the apertures (3 elements), see red stars in Fig. 5.3. Note
that by increasing the aperture from 3 to 7, the peak pressure is increased by a 2.6 x
factor, and the beamwidth is reduced by 40 %. Another way to improve the lateral
resolution is applying beamforming techniques at distances less than 717 pum (near
field when all rows are active), for instance, focusing at 500 pm, the BW is 192.4 ym,
being a 42.4 % lower than the achieved in natural focus, and if focused at 300 pm, the
BW can be reduced to 157.6 um.
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Figure 5.3: Effect of the aperture configuration where (a) shown a schematic representation of
the array, and (b) the simulated results (transmission sensitivity improvement, near field, and
beamwidth) extracted from Field II at 1 mm.

5.1.1 Experimental results

In order to evaluate the acoustic output pressure, the linear array was immersed
in Fluorinert and the hydrophone for ONDA, HNC-0200, was used to acquire the
pressure. As stated earlier, there is a minimum measurable distance at which the
hydrophone can be placed to ensure a correct pressure measurement. Considering the
wavelength (A = ¢/ f = 685/3.3M = 207.6pm), the array size (710 pm), and using

Fig. 3.6a, the minimum distance gives 1.3 mm and therefore the separation between
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Chapter 5. Ultrasonic Systems based on PMUT-on-CMOS Arrays

the hydrophone and the PMUT surface must be at least this value.

Once the first measurement point was determined, the acoustic output pressure was
acquired by raising the hydrophone from 1.3 mm to 2 mm with steps of 100 um
and displaced along the lateral direction from -0.5 mm to 0.5 mm each 50 pm. All
Tx rows were driven at the same time with 2 monophasic pulses with 32 V at 3.3
MHz generated by the CMOS circuitry. Figure 5.4a presents the 2D pressure map in
this range of distance, which not included the near field point as consequence of the
experimental set up. The normalized acoustic field pattern was also simulated in Field
II software under the same conditions and the results, outlined in black, were overlaid
on the experimental one. According to the comparison, the measurement acoustic

pressure agree well with the simulation.

Furthermore, considering a step of 50 um, Figure 5.4b shows the experimental
points along the axial direction and the fitted curve corresponds to the 1/z dependence,
giving a normalized pressure of 22.2 kPa,,-mm. Note this fitting has been performed
at distances higher than 1.3 mm to be sure that the measurement is done properly.
To compare the performance as an actuator with other array systems, the normalized
output pressure from 1 mm? PMUT area at 1.5 mm from its surface when 1 V is
applied is computed. From the fitted curve in Fig. 5.4a, the acoustic pressure at 1.5
mm gives 14.8 kPa peak-to-peak and, considering the array area (0.5 mm?) and 32 Voip
driving voltage, the normalized acoustic pressure gives 925 Pa/V/mm?. The result is
2.7 times higher than the 8 x8 AIN PMUT array (@ 9 MHz) reported in [123] and
achieves a 16 % improvement compared to the value achieved by one row (which
is composed of 56 PMUT elements, more than the 7x6=42 PMUT elements that we
have) of the 110x56 AIN array presented in [19].

To measure the receiving sensitivity of the system, all rows were used to transmit
and they were driving with the same signal described previously. In the experiment,
the Fluorinert thickness was modified to obtain acoustic paths from 1 mm to 7 mm.
The peak-to-peak amplitudes were measured by the central row at each distance in a
pulse-echo experiment, and the results are shown in Fig. 5.5. The fit was performed
from 5 mm since, based on the longest dimension of the receiving element (710 pm)
and applying the same concept of the minimum measurable distance, the first valid
point should be 4.8 mm. Using both fitted results as Amplitude(mV pp)/P(kPapp),
the receiving sensitivity gives 2.9 V/MPa, which is three times higher than the
1.5x1.5mm? PZT PMUT array [90], and comparable with 19.2x12 mm? PZT [134]

96



5.1. A 0.5 mm? pitch-matched AIN PMUT-on-CMOS ultrasound imaging system
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and 110x56 AIN [19] PMUTs arrays. If the receiving element area is considered
(80x710 umz), the SR could be increased until 51 V/MPa for a | mm?.

The functionality of this tiny PMUT array as an ultrasound imaging system was

carried out using an earring with a beautiful symbol, "The Tree of Life". This tar-

get contains a lot of details making it an interesting pattern. The set-up as well as

microscopic images with some critical parts of the object are depicted in Fig. 5.6.

Based on the scales of the Tree of Life earring, there are regions with a width of 300
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pm that would be good news, if our array is able to solve it. Such as in the previous
experiment, two pulses at 3.3 MHz with 32 V were used to actuate the PMUT array
immersed in Fluorinert. Before beginning pulse-echo ultrasound imaging, the beam
width was measured at 2 mm, that will be the axial position at which the earring will
be placed. The result shows a 500 pm 3 dB beamwidth that is in correspondence with
the computed and simulated ones, see Fig. 5.6a. The theoretical value is obtained as
(Detem = Din - Dgrx where Dj, and Dy, x are defined in Eq. 2.36 and Eq. 2.42, re-
spectively. The level of the side lobes is below the half beamwidth and their behavior
is closer to the Field II simulated due to it considers an accurate PMUT distribution.

Finally, the earring was placed at 2 mm above the PMUT surface, and a 5.3 x 4.8

mm2

section was manually swept every 50 um. The received signal when the incom-
ing ultrasound wave comes from the earring/FC-70 interface is shown in Fig. 5.6b in
red and the Time-of-Flight of 6 us corresponds to an acoustic path of 2 mm which was
expected. In contrast, the blue curve in Fig. 5.6b is the echo coming from the interface
between the air and the fluid, giving a thickness of 3.6 mm. Computing the FFT from
the ring-down of this time-response (the blue one) are obtained a peak frequency of
3.37 MHz, a bandwidth at -3 dB of 1.72 MHz, and a Q-factor of 1.95. In addition,
considering the peak-to-peak amplitude (11 mVp,) and the receiving sensitivity (2.9
V-MPa‘l), the pressure over the PMUT surface gives 3.8 kPa (1.34 kPa,p,). This value
ensures the acoustic measurements because the acoustic medium noise represented as
\/m (where k is the Boltzman’s constant, T, the temperature (300K);
Rined,the medium acoustic impedance (1.35 MRayls); Af, bandwidth (1.72 MHz);

and S, the array area (0.5 mm?)) gives 96 mPa,ys, which can be negligible [137].

Figure 5.8 shows the final ultrasound image, where each value has been normal-
ized with the maximum peak. The 300 pm features of the object are clearly imaged
with good contrast, achieving a dynamic range of around 12 dB. This value guaran-
tees the minimal SNR (12 dB) for an accurate fingerprint image [138]. In addition,
as a consequence of the imperfections and a possible tilt of the target, the maximum
amplitude does not remain constant on the entire earring surface. Table 5.1 summa-
rizes all experimental characterization of the ultrasound system. This system will be
presented in IEEE International Ultrasonics Symposium (IUS) 2022 next October as

an oral presentation.

Another 7x7 array but using independent actuation of each of the rows (and con-

sequently allowing phased array beam steering) has been designed and also proven
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Figure 5.6: Imaging measurement set-up of an earring with a Tree of Life as a symbol as well
as details about it.
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Figure 5.7: (a) Beam pattern in the lateral direction at 2 mm: solid black line: computed,
dotted blue line: simulated and red circles: experimental. (b) Pulse-echo time response from
the FC-70/earring interface (red line) and FC-70/air interface (blue line).

as an acoustic imager. These results are presented in paper [139]. This linear system
consists of 7x7 (where the PMUT in the same row are connected in parallel such
as the previous one) AIScN PMUT-on-CMOS elements where each one is connected
to an HV Tx Pulser, and the even ones can also receive via an LNA amplifier. With
this phased array, a B-mode image with a 16 dB dynamic range, utilizing only one

receiving channel without any need of complex data post-processing is demonstrated.
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Figure 5.8: Measured pulse-echo ultrasonic image of a section of a Tree of Life earring.

Table 5.1: Ultrasonic imaging sensor based on PMUTs-on-CMOS.

Parameters Values

Medium FC-70
Center frequency (MHz) 3.3
Area (mm?) 0.5
Pitch matched Yes
Normalized pressure (kPa-mm) 22.2

Pressure@1.5 mm@1 mm?(Pa-V''-mm?) 925

V; (mV-mm™) 64

BW._3qg (MHz) 1.79

SR (V-MPa!) 2.9
Dynamic Range @ 2mm (dB) 12

In addition, the use of a delay and sum algorithm in the reception allows to improve
this dynamic range up to 22 dB using 3 PMUTs-on-CMOS channels.
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tunable focus depth

5.2 Multi-element ring array based on minute size PMUTSs for high
acoustic pressure and tunable focus depth

In this section, two multiple concentric rings arrays composed of several high-
frequency piezoelectrical micromachined ultrasound transducers (PMUTs) are pre-
sented. Both designs have the same layout (10x 10 PMUTs), and each PMUT device
has the same dimensions (40 um), however, there are some differences written in
Table 5.2.

Table 5.2: Ring arrays characteristics

Parameters Ring I' RingII

Type? 11 \%
Piezoelectric material AIN AIScN

LNA Integrated No Yes

' This device has been reported in [140].
2 Details are defined in Table 3.1.

The main advantage of annular arrays is the ability to provide variable focal depth,
however, the beam steering is not allowed, so manual scanning is required to create
2D ultrasound images. The focus depth (f3) can be defined by Eq. 5.2 where S is the
transducer area (whatever its shape), A is the wavelength, f is the frequency, and c is
the sound velocity in the propagation medium. Based on this, for the same acoustic
medium, a large focal length will be achieved if the S x f product is maximized. Think-
ing about a continuous ring, if w (defined in Fig. 5.9) increases, the active area (.5) is
larger, but, in this case, the resonance frequency decreases (it is as if it were closer to
a circular shape) [71]. An alternative solution is to create, with the same area, multi-
element rings where the frequency is set by the individual device. For instance, if the
single element is a square device with a side length a, and the width of a continuous
ring is equal to the PMUT side, i.e. (w = a), a multi-element array reaches frequency
1.6x times greater, and if w = v/2a (the width equals square PMUT diagonal), the

improvement is 3.3 x times [140].

Fy=— = (5.2)

Taking into account this, Fig. 5.9 shows an optical image of the proposed ring

101



Chapter 5. Ultrasonic Systems based on PMUT-on-CMOS Arrays

array (Ring I) where five continuous rings are overlapping on each channel where D
and d are the external and internal radii, respectively, and w is the width of the ring.
The concentric configuration is achieved by connecting the top electrodes of each
individual PMUT to form irregular polygons. The gap between consecutive elements

is 25 pm and width of the side is 40 pm.

Single PMUT
Top View

Figure 5.9: (a) Optical image of the multi-element ring array transducer and schematic rep-
resentation of the continuous rings over it; (b) zoom of the individual 40 ym AIN PMUT.
Modified image extracted from [140].

From Eq. 5.2, if the area is the same, the improvement in the focal distance (I F)
is given by the frequencies ratios, i.e. fiuiti/ feont- Taking the simulated frequency
in Fluorinert for a continuous annular device (2.3 MHz) with a width equal to 56.6
pm (y/(40um)? + (40pum)?) and a single square PMUT with a 40 um side (11.3

MHz), the I F gives 4.9, achieving a 1.44 mm maximum focal length when using the

entire multi-element ring and a minimum value of 67.4 ym when only the center el-
ement is considered. This fact guarantees the ability of the presented multi-element
array to focus (without any delays) in a range from 67.4 ym to 1.44 mm; however,
by controlling the phase of the driven signal, the focus can be also modified achiev-
ing a narrower beamwidth [140]. In [140] can be found more details regarding the

theoretical analysis of this configuration.
5.2.1 Ring I Experimental results

The electrical characterization in the air gives a central resonance frequency for
the first flexural mode of 17.5 MHz. The crosstalk between rings is also analyzed,

being below -56 dB, which ensures minimal interference and therefore guarantees an

102



5.2. Multi-element ring array based on minute size PMUTs for high acoustic pressure and
tunable focus depth

I P(kPa)= 6.33 (kPa*mm)*z”'(mm)
144 P(kPa)= 10.04 (kPa*mm)*z"' (mm)
P(kPa)= 14.92 (kPa*mm)*z" (mm)

P(kPa)= 14.2 (kPa*mm)*z‘1 (mm)

271Ring 1 Ring 2 Ring 3

Ring 5
1 2 3 4
Axial distance (mm)

Figure 5.10: Measured pressure driving each ring array individually.

efficient focus of the beam.

On the other hand, the acoustic characterization in Fluorinert was carried out us-
ing the HNC-0200 and the initial axial position was determined in each case, giving
different values depending on the size of the aperture. Taking into account this, the
pressure was measured every 50 um in the axial direction to perform a fitting curve
and then to obtain the normalized pressure with the distance. Figure 5.10 depicts the
measured acoustic pressure when each ring array is driven with four sine cycles with
24 V,, at 8.7 MHz. From these results, the global acoustic pressure at 1.2 mm (Field
II simulated natural focus) can be extrapolated as the contribution of each ring at this
point, giving 50.71 kPay, [140]. Likewise, the verification as a sensor was carried out
through pulse-echo experiments, where the central ring is externally connected to a
LNA used previously giving a receiving sensitivity of 441.6 nV/Pa. All characteristic
of the proposed multi-element array are summarized in Table 5.3.

Comparing the results with the previous system array (AIN 7x1), a better per-
formance as an actuator is achieved when multiple elements ring array is used. In
this sense, the normalized pressure at 1.5 mm with the applied voltage and the area
increases 5.2 times, demonstrating the positive influence of high frequency on the
membrane velocity and consequently on the output pressure. In contrast, as a sensor,
the benefit of the monolithic integration of the linear array with the LNA amplifier
allows a decrease in the parasitic capacitance ensuring a high reception sensitivity,

being around 6.6 times better. The 1D ultrasound image presented in [140] using
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Table 5.3: Characteristic of the ultrasonic multi-element ring array (Ring I) [140].

Parameters Values
Medium FC-70
Center frequency (MHz) 8.7
Area (mm?) 0.35
Normalized pressure (kPa-mm) 60.85

Pressure@ 1.5 mm@ 1 mm?(kPa-V-'-mm) 4.84

BW 345 (MHz) 3.4
V(mV-mm™") 6.45
SR (nV-Pa'l) 441

! Central Ring is used to receive and Ring 3 to transmit.

a mechanical micrometer scanning system demonstrates the possibility of using this

small device in high-performance ultrasound imaging systems.
PDMS measurements

The first measurements with PDMS were performed using this system. In the be-
ginning, a small piece (=250 pm thickness) was placed on the surface of ring array
and the interface with air was used as a reflecting surface, see the experimental setup
in Fig. 5.11. Performing a frequency sweep to optimize the amplitude of the received
signal, where four sine cycles with 22 V,,, are applied, and the maximum value was
found about of 11.5 MHz. Figure 5.11a shows the received amplitude by the central
ring when ring 3 (blue line) and ring 4 (red line) are used to transmit, and, such as
in the above pulse-echo experiments mentioned, an LNA amplifier is externally con-
nected. The measured ToF corresponds with a acoustic distance of 1 mm which is
close to 4 times the PDMS thickness. The first bounce on the PDMS surface is not
appreciable because the excitation time is greater than the ToF (4/11.5MHz~348 ns
> 2501m/1000=250 ns).

Based on this result, the array was covered by a 600 um PDMS layer following
the process described in Chapter 3. The received echo by the central row is shown
in Fig. 5.11b when two rings from the array (ring 3+ring 5) are driven together with
24 V,,, four cycles at 11.4 MHz.The first incoming signal from the interface between
PDMS-air is appreciable, giving 5 mV ;. In addition, if Fluorinert is incorporated, the
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tunable focus depth

Ri Array

Figure 5.11: Experimental setup to the first acoustic measurements using PDMS.

5 4
s Tx ring 3 and Rx central ring —— 600 um PDMS@11.4 MHz
— 3 Tx ring 4 and Rx central ring - 31— 600 um PDMS+FC-70@11.4 MHz
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Figure 5.12: Time response received by the central row using PDMS as an acoustic medium
where (a) a small piece of PDMS is placed on top of the array using ring 3 and ring 4 to
transmit independently, and (b) 600 pm of PDMS is deposited on the ring array using ring 3
and ring 5 to transmit at the same time.

system is able to see the echo coming from the FC-70 air interface. In both cases, the

PDMS layer increases the frequency at the expense to decreases the signal amplitude.
5.2.2 Ring II Experimental results

Ring II system has the same PMUT distribution, however, as shown in Fig. 5.13
an LNA amplifier is integrated, and then the received signal by the central ring is

improved. In this section, only pulse-echo experiments are implemented to obtain the

resonance frequency and characterize the performance of an ultrasound system.
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As a first acoustic characterization, the array was immersed in Fluorinert and the
air interface was used as a reflecting surface. Each individual ring was driven with 4
sinusoidal cycles with 22 V,,, and sweeping from 4.5 MHz to 9 MHz with a step of
0.1 MHz, the optimal received amplitude was found around 6.3 MHz. This value, as
expected, is lower than the previous ring, since although the dimensions are the same,
the thickness and the materials are different. The time response of the signal received
by the central ring when it was driven from ring 5 to ring 2 at 6.3 MHz is shown in Fig.
5.14. The TX Ring number corresponds with the element available to transmit, i.e.,
Ring 5 is the 4" transmitter ring, Ring 4 corresponds to the 3" transmitter ring, etc,
and the ToF gives an acoustic path of 5 mm. The four vertical lines give the ultrasound
wave represented on the right side where the maximum amplitude is reached when
Ring 3 is excited, giving almost 2.6 mV,;,, which could be increased to 10 mV,,, if
all the rings are actuated at the same time. The horizontal cross-section has been
made at the maximum peak, which is represented in the top side. Taking the value
corresponding to the Ring 3, the normalized voltage with the acoustic path gives 13
mVp,-mm. Although the pressure generated by Ring 3 is unknown, the discussed
system provides better performance than the previous one, since, for the same input

voltage, the received signal is twice as large as Ring I.

Finally, the array covered with 700 ym PDMS immersed in deionized (DI) wa-
ter was driven with 4 cycles with 22 V, at 8.6 MHz (ring 2 was not used here).

Figure 5.13: Schematic layout of the ring array integrated with an LNA amplifier.
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Figure 5.14: Evolution of received signal by each ring channel versus time. The top image
corresponds to a cross-section at the maximum amplitude, and the right image is the temporal
evolution of each ring.

Figure 5.15b in blue shows, as a reference measurement, the reflected signal at the

interface between water and air, where the water thickness computed as zyqter =

(TOF _ hPDMS
2 cPDMS

1000m/s; cypater = 1500m/s). As a next step, a small plastic empty cup was placed

)Cuwater gives 4.3 mm (with ToF=7.1 us; hppars = 700um;cppys =

into the DI water, causing it to spill out a bit until the thickness was approximately
2.6 mm. Based on the properties of the plastic, (Polypropylene with ¢ = 2660m/s
and p = 890kg - m~3 [141]), there is a total reflection if it is empty. However, when
filled with water, the reflection coefficient is 22 % at the plastic-water interface and
it corresponds to the first magenta echo whose amplitude of 1 mVp,, is in agreement
with the 22% of the blue one. The second magenta echo is due to the interface be-
tween water inside and air, and here the peak-to-peak amplitude should be close to 56
% of that achieved by "PDMS+Water+Plastic cup”. In all these results, losses inside
the materials are not considered. These experiments open the way to the characteri-
zation of different fluids inside the plastic cup without the need to directly immersed
the PMUT in the liquid.

The results achieved by these two annular multi-element arrays demonstrate the

possibility to obtain high-performance ultrasound imaging systems through mechan-
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PDMS + Water+Plastic cup

PDMS + Water

Amplitude (mV)

PDMS + Water+Plastic cup with water inside
4 56 7 8 9 10 11 12 13 14 15

Time (us)
(b)

Figure 5.15: Experimental setup of pulse-echo measurements using different media (b) Time-
domain responses reflected from different targets.

ical scanning. Furthermore, the capability to detect different materials with a device
of small size and low power consumption could be interesting in medical applications
to detect muscle disorders, such as hematoma. Additionally, greater focal depth and
output pressure can be achieved at the same frequency by increasing the number of
rings within the same technology. Focal depth control is interesting in applications
to extract information in a 3D scenario, or in applications where different levels of

acoustic pressure are needed, for instance in HIFU applications.
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CONCLUSIONS

This dissertation has been focused on enhancing the performance of piezoelectric
micromachined ultrasonic transducers (PMUTs) by carrying out designs and materi-
als improvements. Individual PMUTs devices are firstly introduced where the theo-
retical analysis, the modelization, and the FEM simulation allow obtaining different
architectures with great potential in terms of acoustic output pressure, frequency, lig-
uid working capacity, and size. PMUT prototypes were fabricated using Silterra’s
MEMS-on-CMOS fabrication process, and through in-depth characterization, their
results as acoustic transducers provide competitive values as actuators and sensors

compared to state-of-the-art.

The tent-plate PMUT presented approach avoids the limitations due to the clamped
boundary, increasing the movement and consequently the output pressure. The four
linear holes on the edge of the cavity modify the clamping boundaries and, being
sealed by the passive layer, allow the PMUT not only increases the movement and
pressure but also to give the ability to work in a liquid environment. The transmit-
ting sensitivity achieved by this PMUT is around 3.6 kPa/V at 2.1 MHz with a high
fractional bandwidth of 89 %.

Furthermore, the benefit of thickness scaling was demonstrated using PMUTs with
reduced thicknesses for the piezoelectric and elastic layers. The performance achieved
by these thinner PMUTs as transmitters and receivers is better than PMUTs of the
same size with the same technology but with greater thicknesses. From the results,
thinner PMUT with 0.6 pm AIN thickness and 1 pm Si3;N, thicknesses demonstrates
higher acoustic pressure production and reception sensitivity. The validation of this
PMUT as a pulse-echo system ensures a transmitting and receiving sensitivity of
5.2 kPa/V and 2.05 V/MPa, respectively enhancing the applicability of PMUTs-on-
CMOS for ultrasound systems that need to be miniaturized. In addition, the use of

AIN with an Sc concentration of 9.5 % instead of pure AIN improved the effective
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thin-film piezoelectric coefficient while maintaining compatibility with the CMOS
process, which was initially validated considering a PMUT with a piezoelectric thick-

ness of 1.2 ym.

The fusion of thinner layer and AIScN as a two-port pulse-echo system (0.6 pm
AlScN thickness and 1 pm SisN,) ensured the best performance as a transmitter and
as a sensor with values of 11.9 kPa/V and 3.6 MPa/V. The competitive performance
of the aforementioned device allowed the implementation in a novel solution as a
single-cell for monitoring fluids density, viscosity, sound velocity, and compressibility
exploiting its capability as a resonator and a pulsed-echo ultrasound wave. This device
exhibits high density sensitivity, 482 Hz/kg/m?, with minimum area, 80 x 80 ;zm?” and,
where, the signal processing is achieved with the on-chip CMOS front end integrated
below the PMUT sensing area.

Apart from stand-alone PMUTs, in this research PMUTs configured as arrays have
been implemented. Linear and multi-element annular arrays with areas less than 1
mm? were characterized, achieving a good acoustic performance. The presented
multi-element ring array eliminates the dependence of acoustic wave frequency on
the diameters of the annular array and achieves accurate control of the focus depth
(from 67 pm to 1.4 mm), which is 4.9 times greater than that of the equivalent con-
tinuous ring array. In addition, the low crosstalk between different rings (levels under
-56.8 dB) allows it to be used in modern ultrasound applications where the maximum
of the ultrasound beam must be controlled efficiently in the axial direction. Likewise,
the pitch-matched linear array could be used for tuneable focus applications, and its
ability to image features with a minimum width of 300 pm at a distance of 2 mm was

demonstrated.

The appeal of all ultrasound systems validated in this Ph.D. thesis lies in the capa-
bility to provide devices with compactness, low power consumption, and high system
yield. This validated PMUT-on-CMOS platform opens the way to new high fill factor
phased arrayed systems for ultrasonic imaging with high performance and lower cost
than the existing ones nowadays. In addition, the validation of the detection capa-
bilities of the systems considering different materials expands their possibilities for

diagnostic applications such as muscle disorders (hematoma).
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Tent-plate AIN PMUT with a piston-like shape
under liquid operation

Eyglis Ledesma, lvan Zamora, Arantxa Uranga, and Nuria Barniol

Abstract— In this work, a waterproof tent-plate
piezoelectric micromachined ultrasonic transducer
(PMUT) with enhanced performance as actuator and
sensor in comparison with standard clamped PMUT
is presented. The squared AIN PMUT has four linear
holes that are sealed by the passive layer allowing
to increase the movement and giving the capability
to work in liquid environment. The dimension of the
holes was optimized to increase the PMUT
displacement at least twice in relation with the
regular clamped device. The acoustic performance
of the PMUT was simulated in COMSOL
Multiphysics and the results were experimentally
verified under liquid operation. The experimental
transmitting sensitivity, 3.9 kPa/V, as well as the
sensor sensitivity, 13.4 V/MPa, provide a 2x factor
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improvement in contrast with the clamped PMUT with competitive values. Additionally, the presented tent-plate PMUT
provides advantages in relation with the area, cost, power consumption and imaging quality thanks to the capability

to be monolithically integrated over CMOS substrates.

Index Terms—MEMS-on-CMOS, piezoelectric micromachined ultrasonic transducer (PMUT), receiving sensitivity,

transmitting sensitivity.

I. Introduction

ULTRASOUND is a non-invasive diagnostic tool widely
used in a large number of applications: from medical
imaging, non-destructive testing in industrial applications to
biometric applications as fingerprints or gesture recognition
systems [1], [2]. In this sense, Micromachined Ultrasonic
Transducers (MUTs) appear as a promising solution due to
small size, low cost, possibility to be integrated with CMOS
circuitry and good acoustic impedance matching in
comparison with conventional ultrasonic transducers [3]-[5].
MUTs are basically flexural membranes with micrometric
size classified depending on the actuation principle in
capacitive (CMUTSs) and piezoelectric (PMUTs). Comparing
both, PMUTs require lower power consumption without the
need of a polarization voltage and reduce the fabrication
complexity without the need of different gaps in the
membrane for actuation or sensing and consequently with a
reduction on the cost of fabrication. Taking into account these
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advantages and considering AIN as the piezoelectric material
with the possibility to be deposited at low temperatures and to
be integrated over CMOS technology, several PMUTs designs
have been presented in the state-of-the-art to obtain an
enhancement in the individual or arrayed PMUTSs performance
[6]-[8].

PMUTs are capable to work as transmitter and receiver due
to inverse and direct piezoelectric effect. If the membrane is
excited by an AC signal at the resonance frequency, a sound
wave will be generated due to the membrane deflection. As
receiver, an incident pressure on the PMUT surface also
causes a membrane deflection, producing an electrical charge
between both electrodes which can be transduced to a voltage
proportional to the input acoustic pressure.

As an actuator, the output pressure is one of the most
important parameters to consider in the PMUT design because
it is directly related with the image quality. The general
expression is defined by (1) [9]:

H PORO

r

where Py is the surface pressure, R is the Rayleigh distance
(Ro=PMUT surface/wavelength) and D is the directivity.
Considering (1), the on-axis pressure in the far field at a
distance z, can be expressed by (2) where po is the medium
density, co its the sound velocity, uo is the membrane velocity
(uo=2mfds), A is the wavelength, ds is the dynamic membrane
displacement, f is the resonance frequency and A is the PMUT
surface:

p= D(0)e" ™, @
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From this equation it can be stated that a good PMUT
candidate must have high frequency, high displacement and
high area. For clamped PMUT, an effective area of 1/3 the real
area is normally assumed diminishing by 1/3 the efficiency as
actuator in comparison with the standard piston-like PMUTs
[9], [10]. Similar enhancement can be expected considering
the sensing capability of a PMUT with a piston-like behavior
instead of a flexural clamped PMUT. Recently, some
researches have been focusing their attention in achieving high
levels of output pressure to improve the signal to noise ratio
and consequently the quality of the image with small high
frequency PMUTs devices with this. The modifications in the
PMUT design are aimed to obtain a piston-like movement
instead of a conventional clamped device [10]-[14]. Some of
these works have the limitation to be used only in airborne
applications.

Another aspect to be considered is related with the need to
construct an arrayed PMUTSs systems to enhance the pressure
level and allow electronic beam steering and beam focusing,
maintaining a relative high frequency with small single PMUT
devices [15]. In this arrayed PMUT systems, higher fill-factor
implies better performance system. Defining the fill-factor as
the ratio between active area (PMUT area) and total area
(which also considers the gap between PMUT devices), it is
clear than squared PMUTs in comparison with circular
PMUTs could derive in higher fill factors [1], [16].

This work proposes squared PMUT devices with partial free
boundaries, capable to achieve higher level of acoustic output
pressure and great reception sensitivity in liquid environment
compared with its counterpart clamped membranes and with
the state-of-the-art. FEM simulations predict the mechanical
and acoustic behavior allowing to define the new PMUT
device. Comparison with the experimental results, achieves a
good correlation between them. The proposed device has been
fabricated using AIN with the MEMs-on-CMOS process from
Silterra that allow the monolithic integration with CMOS
substrates [8], [14], [16].

Il. PMUT DESIGN

Fig. la shows the proposed device, called “tent-plate” due
to it is only clamped in the corners. The device is a squared
AIN PMUT with 80 pum side and has four symmetric
rectangular holes in each of the sides. These holes are located
at the edge of the cavity as it is depicted in Fig. la. The
dimensions of the holes, a, length and b, width will be
changed while the cavity is kept equal to 80 pum side in all the
designs. The holes are used to modify the boundary conditions
avoiding a fully-clamped structure, increasing the effective
area and membrane displacement. Additionally, these holes
are also used for the membrane releasing. A 1.5 pm SizN4
elastic layer is deposited as the last step with a low
temperature Plasma Enhanced Chemical Vapor Deposition
(PECVD) process. This passive layer is also in charge to seal
the holes and allow liquid operation, not requiring any other
layer as PDMS deposition like in [17] or additional processes

AA’ Cross section
SisNe
B —
S AN

1 | (b
I I BB’ Cross section
| e I SisNs
) 1
i I
s i
' |
| i
' h

(©)
Si . Si02 mm Al AIN SisNs
Fig. 1. Schematic model of the tent-plate PMUT: (a) Top view (the
holes go through AIN); (b) AA’ Cross section (the holes are at the
edge of the cavity); (c) BB’ Cross section (the corners are

clamped).

[18]. The electrodes are aluminum with thicknesses of 0.4 pm
for bottom electrode and 0.35 um for top electrode. The
thickness of the AIN piezoelectric layer deposited by Physical
Vapor Deposition (PVD) is 1.3 um [19]. Fig. 1b and lc show
cross-section profiles of the PMUT device. Table I
summarizes the principal geometric parameters and properties
of the materials used in the simulations. The AIN piezoelectric
coefficient used in COMSOL simulations, d31, is -1.92 pC/N.

FEM simulations were done in COMSOL Multiphysics to
stablish optimal dimensions for the linear holes and maximize
displacement, frequency and effective area in relation with the
clamped PMUT. Besides, the acoustic behavior in liquid
environment, specifically in Fluorinert (FC-70), was obtained
and compared with the experimental results.

The linear holes dimensions have been chosen according
with the simulation to optimize the natural frequency and
membrane displacement. The dimensions were chosen taking
into account that the top metal electrode must be contacted
through the corners and to guarantee symmetry on all four
anchors to obtain the same pressure distribution in the plane.
Fig. 2 shows the variation of the resonance frequency for the
first flexural mode and the static displacement at the center
of the membrane when the dimensions of the holes are
changed. According with these results if the width of the
holes, b, increases for the same length, a, the displacement
increases but the resonance frequency decreases.

TABLE |
PARAMETERS USED IN COMSOL TO MODEL THE TENT-PLATE PMUT.
. Young’s Density ~ Side  Thickness
PMUT Layer Material rn(céd:al;w (kg/m?)  (um) (um)
Passive Layer SizNy4 250 3100 100 15
Top Electrode Al 70 2700 56.6 0.35
Piezoelectric AIN 345 3300 100 13
Layer
Bottom Al 70 2700 86 0.4
Electrode
Cavity - - - 80 16
Substrate SiO, 70 2200 100 2
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Fig. 2.  FEM simulation of tent-plate PMUT with different
dimensions of the holes: (a) Dependence of the static
displacement with the dimensions of the holes; (b) Dependence
of the resonance frequency with the dimensions of the holes.

To choose the holes dimensions, it is important to take
into account that the passive layer, Si3N4, is conformally
deposited over all the PMUT (as it is depicted in Fig. 1b). In
this sense, the size of the hole, specifically its width, b, must
be chosen small enough to avoid the penetration of the Si3Ny4
layer until the cavity which would convert the tent-plate
PMUT to a standard clamped PMUT with smaller size,
avoiding any of the abovementioned benefits (higher
displacement). Fig. 3 shows a qualitative assessment of the
effective area contribution for the first flexural mode shape for
the clamped-PMUT, the free tent-plate PMUT (when holes are
not covered with the passive layer), the sealed tent-plate
PMUT and a piston baffled PMUT. From this Fig. 3, it can be
qualitatively appreciated that the free tent-plate PMUT will

Piston
Clamped Clamped
l AA Cross-section & ﬁ BB’ Cross-section >
Free Free
AA’ Cross-section ! BB’ Cross-section >

Sealed Sealed

1 AA’ Cross-section & 4 BB’ Cross-section >

Fig. 3. COMSOL FEM mode shape for the first flexural mode in air.
Cross section for the piston, clamped, free and sealed PMUT
considering the same cross-sectional profiles AA’, BB’ from Fig 1.

present a closer mode shape to a piston baffled in comparison
with a clamped PMUT. Additionally, the benefit of the passive
layer sealing the holes and allowing liquid operation, comes
with a moderate degradation of the maximum achievable
displacement of the sealed tent-plate PMUT in comparison
with the free tent-plate PMUT.

For a clamped PMUT, the maximum static displacement at
the center of membrane is around 100 pm/V and the
resonance frequency is 7.12 MHz. Considering this, the
dimensions of the holes were chosen to increase the
membrane displacement at least twice in respect the clamped
PMUT affecting the frequency less than 1.5x factor in
relation with the clamped device. Picking 2 pm width (as a
trade-off to avoid holes filling with SizNy4 layer and preserve
the modification in the boundary conditions), the length of
the holes was optimized (considering also the top electrode
needs to be connected to the substrate), see Fig. 4a, being the
best option 54 pm, where both parameters are maximized.
To see the behavior of the PMUT as sensor, the terminal
voltage was acquired when 100 Pa were applied uniformly
over PMUT surface. Taking into account that for a clamped
device the normalized electric voltage at the center of
membrane is around -1.1 V/MPa, choosing 54 pm length
ensures 1.85x factor improvement, see Fig. 4b (red). The
simulated performance as actuator (volume velocity:
membrane velocity*Area) and sensor (normalized terminal
voltage) is summarized in Fig. 4b.

The dimension of the top electrode was optimized to
guarantee the maximal energy transformation between
electrical and mechanical domain which will happen when
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Fig. 4. FEM simulations of: (a) Eigenvalue frequency (left axis,
black) and static displacement (right axis, blue); (b) Volume
velocity (left axis, blue) and normalized terminal voltage (right
axis, red); both a) and b) as a function of the linear hole length
(with a 2 pm hole width).
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the electrical-mechanical coupling coefficient is maximum.
This electrical-mechanical coupling coefficient, n, can be
computed using (3)-(4) where esr is the effective
piezoelectric coefficient, z, is the distance from the mid-
plane of piezoelectric layer to the neutral axis, y=
top_electrode_size/cavity _size and ¢ii(x,y) is the mode
shape of the resonator (where x= x/1, and y= y/1) [20].

1
n= E eau ZDIDIEZD (3)

vi2 y12

P2V xdy ()

_EE] ety | dety)
piezo s d;z dyZ

Considering the mode shape for the first flexural mode for a
square plate, @11(x,y) = (1-4%x%)?(1-4y?)?, and substituting (4)
in (3), the electrical-mechanical coupling coefficient for
squared plate can be expressed by (5):

= .. 72
n=16e, .z, v (v —D(;—Tﬂ) (5)

For y=0.65 maximal energy transformation (dn/dy=0) is
achieved, which is very close to the expected value for circular
PMUT (y=V2/2=0.707). Taking to account this and
considering the influence of the holes in the mode shape, the
top electrode side should be between 52 pm and 57 um.

To validate this, the normalized static displacement was
obtained changing the top electrode side. The maximum value
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Fig. 5. FEM simulation changing the side of the top
electrode using the holes dimension selected previously: (a)
Maximum static displacement applying 1 V; (b) Normalized
electric potential using 80 um top electrode (blue) and 57 pm
top electrode (red).

(a) (b)
Fig. 6. Layout of the two PMUT with their principal layers (yellow is
top electrode, blue is bottom electrode and green the holes): (a)
Tent-plate PMUT; (b) Clamped PMUT.

is around 224 pm/V and the top side in this case 56.6 um, like
was expected, see Fig. Sa. Fig. 5b corresponds with the
distribution of the normalized electric potential (V/MPa) of
the PMUT as sensor at AA’ (along the 80 pm side cavity)
when the top electrode side is 57 um and 80 um respectively.
The AA’ position is 0.5 um over piezoelectric layer to avoid
the holes and consequently the discontinuities due to them.
When the electrode size is 80 um side, the distribution is more
uniform in comparison with 57 pm side due to the electrode
covers all plate. Taking the maximum value, using 57 pm side
the electric potential is 2 times higher, demonstrating the
importance to optimize the electrode side.

Fig. 6a, shows the final layout of the tent-plate where due to
the wire connection, the final length of the linear holes is 54
um and the electrodes size is 56.6 um. Fig. 6b shows a
standard clamped device used as reference to be compared
with the tent-plate PMUT. This reference PMUT is a fully
clamped squared AIN PMUT with 80 um side with the same
fabrication process than the tent-plate PMUT and fabricated
simultaneously. As it is shown in Fig. 6b it has two optimized
top electrodes for differential measurements but in this work
only the inner electrode has been used for fair comparison
with the tent-plate PMUT. Eight little holes out of the PMUT-
body are used to etch the cavity.

Finally, the mode shapes for the tent-plate PMUT (free and
sealed) is compared with the conventional PMUT (Fig. 7). To
compare the effective area (Ae) of the PMUTSs with the piston,
the displacement at -6 dB was used as reference. For the tent-

—— Free PMUT Mode Shape
—— Tent-Plate PMUT Mode Shape!
—— Clamped PMUT Mode Shape
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~ 1/3 PMUT Area

T T T T T T

-80 -60 -40 -20 0O 20 40 60 80
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Fig. 7. Normalized static displacement of the PMUT in x direction:

free tent-plate (black curve), sealed tent-plate (red curve) and
clamped (blue curve).
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plate (free and sealed) the movement is closer to a piston and
the area in movement is approximately 1/2 of the total area.
However, as it is expected, for the clamped the effective area
is around 1/3 of the total and describes a gaussian mode shape.
Moreover, comparing the displacement at the center of the
membrane, sealed tent-plate achieves 2.2x factor improvement
in relation with the clamped PMUT. Small asymmetry in the
mode shape for the clamped device can be appreciated in this
Fig. 7 (blue), consequence of the single site connection of the
top electrode as shown in Fig. 6b.

These static simulations in air allow to conclude that tent-
plate PMUTs should produce higher output pressure in
comparison with the conventional PMUT. Dynamic
simulations in liquid environment will allow to estimate
acoustic pressure levels, giving data for comparison with
experimental results and quantitative demonstration of this
acoustic pressure enhancement.

Dynamic simulations

The membrane velocity (defined in Eq. 1) for a tent-plate
with two different linear hole widths, 2 um and 4 pm, and
clamped PMUT was computed using the FEM simulator
results in FC-70 (density, p= 1940 kg/m® and the sound
velocity, ¢ = 689 m/s) and water (density, p= 1000 kg/m® and
the sound velocity, ¢ = 1500 m/s), see Fig. 8. The membrane
velocity has been normalized with the applied voltage (20Vpp
in this case). From this image it can be concluded that, there is
a clear improvement in the displacement and consequently in
the velocity for the tent-plate PMUT in contrast with the
clamped PMUT, being 2.3x factor better (considering the
velocity at the center of the membrane and 2 pm width). Due
to the devices don’t move like a piston, it is necessary to
consider the effective area, defined at -6 dB, being for tent-
plate 1/2 and for clamped 1/3 part of the total area, then the
final normalized membrane velocity for the tent-plate will be
3.5x factor better than the standard clamped PMUT. Table Il
summarizes the simulated results in FC-70 for the tent-plate
with 2um width and the clamped device for a clear
comparison.

All obtained results with the dynamic FEM simulation are
in correspondence with the previous ones, demonstrating the
positive influence of the holes to increase the movement of the
membrane.

Finally, the time-domain simulations were done to
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Fig. 8. Membrane velocity per volt (mm*s™/V) for different width
holes excited with 1V in water and FC-70.

TABLE Il
SIMULATION RESULTS OF DISPLACEMENT-FREQUENCY RESPONSE FC-
70. COMPARISON BETWEEN TENT-PLATE (2 pM LINEAR HOLE WIDTH)
AND CLAMPED PMUT.

Device Frequency  Displacement Normalized membrane
(MHz) at center (pm) velocity (mm/s*V-1)
Tent-plate 2.175 758 104
Clamped 2.75 261 451

characterize the PMUT performance as actuator and as sensor
in FC-70, see Fig. 9.

The acoustic pressure was generated driving the PMUT
with 2 cycles at 2.2 MHz with 20 Vpp. The signal was
acquired 1 mm over its surface giving around 1.6 kPa peak-to-
peak, see Fig. 9a. Also, the transmitted sensitivity (ST) or
normalized surface pressure, is defined by Po/V, where Py is
the surface pressure (see Eq. 2) and V the applied voltage.
With the Rayleigh distance (20.4 um), which corresponds to
an 80 pum side squared PMUT at 2.2 MHz in FC-70, the
simulated pressure at 1 mm (1.6 kPa) and the applied voltage
(20 Vpp), a 3.9 kPa/V transmitted sensitivity is obtained from
the FEM simulations. The quality factor (Q) was computed
using the ringdown for the acoustic simulation giving 2.1. For
comparison, clamped PMUT was simulated with the same
excitation signal but the frequency in this case is 2.75 MHz,
the acquired pressure at 1 mm is 990 Pa peak-to-peak, being
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Fig. 9. Time domain simulation of the tent-plate PMUT in FC-70:
(a) Pulse-echo response at 1 mm where black is the actuation
signal and red the echo measured 1 mm over PMUT surface.
Inset: pressure profile at 2.1 ps along the 1Imm axial direction;
(b) PMUT as sensor: voltage in the terminal when 11 kPa @ 2.2
MHz are applied. Inset: Pressure applied (11 kPa) over PMUT
surface.
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the surface pressure 1.9 kPa/V and the Q-factor 2.4. These
results allow us to conclude that tent-plate PMUT is capable to
generate 2x times output pressure that the conventional device,
close to predicted when the holes dimensions where selected.
Inset of Fig. 9a corresponds with the pressure profile at 2.1 us
along the 1mm axial direction. The last blue semicircle gives
around 800 Pa and it is the maximum peak in the echo time
response as it is shown.

The performance as sensor is analyzed too, and to do it 2
cycles at 2.2 MHZ with 11 kPa peak-to-peak is applied over
PMUT surface, see Fig.9b Inset. The generated peak-to-peak
voltage gives 70 mV, see Fig. 9b, and the sensitivity as sensor
(SR) was computed as Vpmut/Pa where Vpmur is the voltage in
the PMUT terminals and Pa is the applied pressure on the
surface, obtaining 6.4 V/MPa.

I1l.  EXPERIMENTAL RESULTS

To validate simulated results, the same designs were used
experimentally. The optical images of the proposed PMUTs are
showed in Fig. 10.

A. Electrical Characterization in air

Tent-plate PMUT was electrically characterized in air using a
manual probe table and network analyzer where top electrode
was used as input and the bottom electrode as output, see the
set-up in Fig. 11 (Upper Inset). The electrical equivalent circuit
is shown in Fig. 11 (Lower Inset) where Cy is the static
capacitance obtained from the physical PMUT layout (196 fF),
C, is the parasitic capacitance (59 fF), Cn, L and Ry, are the
motional capacitance, inductance and resistance, being 0.12 fF,
8.64 H and 0.68 MQ respectively. The measured resonance
frequency (fr) is 4.9 MHz. The results are shown in Fig. 11
where the electrical measure and the obtained fitted curve,
demonstrate a good correlation. The equivalent electrical
components have been used to obtain the quality factor (Q) in
air, giving 392. The electromechanical coupling factor (k) was
computed using (6) where f; is the series resonance and fj, is the
parallel resonance, giving 1 %. This value is lower than
clamped device, 1.6 % [21], due to in the clamped PMUT, the
electrical measure has been done between the two top
electrodes, with a corresponding much lower C.

2| f-f
k=t 2 ©)
41 f

B. Acoustic Characterization in liquid

The acoustic characterization as actuator were done in FC-70
(po = 1940 kg/m® and ¢y = 694 m/s) using two commercial
hydrophones from ONDA (HNC-1500 and HNC-0200), the set-

Fig. 10. Optical Images of the PMUTs where blue squares are
drawn over the holes in each design: (a) Tent-plate PMUT; (b)
Clamped PMUT.
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Frequency (MHz)
Fig. 11. Electrical PMUT characterization in air: Electrical measure
at the resonance frequency (red) and fitted curve due to Co, Cp,
Cm, Lm and Rm (blue) obtained. Upper Inset: Set-up. Lower Inset:
Electrical model of the tent-plate PMUT considering the static
capacitance in parallel with the parasitic capacitance and motional
branch.

up is shown in Fig. 12a. Tent-plate PMUT was driven with 2
cycles at 2.1 MHz with 22 Vpp and the signal was measured at
1 mm over the PMUT surface (see set-up in Fig. 12a) which
corresponds to unidirectional time-of-flight of 1.45 us after the
pulse was generated. Fig. 12b (Inset) shows the echo response
using HNC-0200. The sensitivity of the hydrophone in FC-70
was computed considering the hydrophone calibration in water
and the acoustic impedances ratio (Senstivity rcro =
Zrcr0/Zino*Sensitivitynao where Zgcro and Zino are the acoustic
impedance for FC-70 and water respectively). Using the
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Fig. 12. (a) Set-up for acoustic PMUT characterization as
actuator in liquid; (b) Acoustic pressure measurements at
different axial positions from the PMUT. Red curve shows the
fitting assuming 1/z pressure dependence. Inset: Unidirectional
pulse-echo response measures at 1 mm over PMUT, in black
excitation signal and red echo for the tent-plate PMUT.
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acquired voltage and considering the sensitivity in FC-70, the
pressure at 1 mm is 1.5 kPa peak-to-peak. According with (2)
and considering 19.4 pm Rayleigh’s distance, the surface
pressure (Po) was computed, giving 85.8 kPa. Normalizing with
the applied voltage (22 Vpp), the transmitting (ST) is 3.9 kPa/V,
demonstrating a good correspondence between simulation and
experimental measures.

The acoustic pressure was measured at different heights over
PMUT surface and the results are shown in Fig. 12b. The
acquired pressure amplitudes were fitted assuming that the
pressure in far field decay 1/z, where z is the axial position,
obtaining 1622*z!. Normalizing it with the Rayleigh distance
(~19.4 pum) and the applied voltage, the output normalized
surface pressure is 3.8 kPa/V, very close to the simulated one
and the previously obtained experimentally.

Clamped PMUT was also measured in FC-70 under the same
experimental conditions to compare, as was done in the FEM
simulation. The hydrophone was at 1 mm over PMUT and the
excitation signal is two cycles with 22 Vpp at 2.4 MHz. The
acquired pressure is 850 Pa peak-to-peak, and the normalized
surface pressure is 1.9 kPa/V. The results shown a considerable
improvement with the tent-plate in the transmitting acoustic
pressure, achieving 3.9/1.9=2x factor better, in relation with its
counterpart clamped device, demonstrating the benefit to use
this design.

Other complementary acoustic measures as actuator in FC-70
were done using the hydrophone HNC-1500, see Fig. 13, which
provides a better signal-to-noise ratio due to the higher
sensitivity compared with the HNC-0200. The time domain
response at 3 mm from the PMUT surface is shown (black).
Due to the large signal-to-noise ratio obtained with this
hydrophone, the Fast Fourier Transform from the ring down
time domain response, was computed giving a resonance
frequency f= 1.9 MHz, close to the expected, and a bandwidth
at -3 dB (BW) of 1.24 MHz (red). In liquid, the main energy
dissipation of the PMUTs is due to medium losses and for this
Qtotal ~ Qmedium [22]. Considering this, the quality factor in
FC-70 is Q=t/BW=1.5. The fractional bandwidth at -6 dB for
the proposed device is 89 %, higher compared with most of the
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Fig. 13. Time-domain response measured with the hydrophone
situated over the PMUT (black line corresponding to bottom-
left axis). The echo starts at 4,35 ps which corresponds to the
3 mm distance. Red line (corresponding with top-right axis)
shows the FFT from ring down time-domain response.

PMUTs reported [1], [17], [23], and only comparable in case of
using PDMS as acoustic coupling material with the liquid [17].
An acoustic field characterization was also performed (Fig.
14). The acoustic pressure was acquired lifting the HNC-1500
hydrophone and displacing it in x-direction and y-direction
respectively using a 3-axis micrometric manual system as it is
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Fig. 14. Acoustic measurements using HNC-1500 hydrophone: (a)
Acoustic beam-pattern at AA’ with the lateral position shifted to 0 to
see the width of the acoustic beam at 2 mm. In black the HNC1500
hydrophone directivity, blue the clamped PMUT field, green the
non-clamped PMUT field and red the experimental measures.
Inset: Experimental set-up; (b) 2D measured acoustic field in y-z
plane; (c) 2D measured acoustic pattern in x-y plane at 2 mm over
PMUT surface, the coordinates are selected around the maximum
point.
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showed in Fig. 14a (Inset). The step used in x and y is 100 um
and in the axial direction is 500 pum. Fig. 14a presents the
simulated beam pattern for the PMUT, clamped (blue) and non-
clamped (green), and hydrophone (black) at 2 mm where the
acoustic beam width at -6 dB for the PMUTSs are between 5 and
6 mm. The experimental measurements at the same axial
position (AA’ cut in Fig. 14b) is also shown in Fig. 14a (points
in red), where the maximum peak-to-peak pressure is 811 Pa.
Note how the acquired signal has practically the same behavior
than the hydrophone directivity. Fig. 14b shows the 2D
measured acoustic field (normalized acoustic pressure) in y-z
plane. At the axial position of z= 2 mm, the acoustic pressure
was acquired around the maximum point to pattern the 2D
acoustic field as it is shown in Fig. 14c.

All results are affected by the HNC-1500 hydrophone’s
directivity due to its aperture size is bigger than half-wavelength
of the sound wave at 2.1 MHz [24]. To correct this effect, the
definition of the directivity for the hydrophone proposed in [25]
can be used to deconvolve and obtain the real pattern for the
PMUT. The acoustic beam width at 2 mm will be around 6 mm
according with the simulated profiles shown in Fig. 14a. Note
that this beam width can be decreased with an arrayed PMUT
system, allowing beam forming for focusing.

The acoustic characterization as sensor were also done in
FC-70 using a commercial transducer from OPTEL. The
transducer was excited with 4 cycles at 2.1 MHz with 22 Vpp
and it has been previously calibrate obtaining at 3 mm and at
the same frequency in FC-70, 11 kPa. The generated signal in
the electrodes due to the applied pressure was acquired by the
oscilloscope using different cable lengths between them, see
Fig. 15. The inset shows 1.70 mVpp when the cable length is 5
cm, giving received sensitivity around 155 mV/MPa. For
comparison, clamped PMUT was also characterized as sensor
in the same conditions and the acquired signal was 0.94
mVpp. Considering this, the applied pressure in this case is
around 14 kPa (OPTEL calibration at 2.4 MHz), the received
sensitivity is 67 mV/MPa; a 57 % lower than tent-plate
PMUT. However, it is necessary to consider all parasitic
capacitances that affect the measure to obtain the intrinsic
PMUT sensitivity as sensor [25] defined by (7) as Sk roc:

\

1800+ -
1600+ ‘i\

N
14004 \

12004

—— OPTELVIn
—— Recetved Signal by PMUT at 3 mm.

\

Voltage (V)

L oo

10004
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8004

Time (s)
600+

4004

0 —a— Acquired Signal by the Oscilloscope -

200 T T T T T T

0.0 0.2 0.4 0.6 08 1.0

Length of cables (m)

Fig. 15. Time domain characterization as sensor in FC-70.

Dependence between received signal and cable length using

tent-plate PMUT. Inset: Echo response, in black excitation signal

and red measured signal by the electrodes when the OPTEL is
placed 3 mm over PMUT surface.

S =8 * C PMUT (7)

R ~ “R_EOC
CPMUT + Cw + Cosc + CSET

Sk eoc is the PMUT’s “End-of-cable Open circuit sensitivity”,
Cpmur=CotCp=255 fF is the capacitance obtained through the
electric characterization (see Fig. 11); Cy, is the capacitance due
to the used cable between PMUT and oscilloscope, being in our
case 96 pF/m; C is the input capacitance of the oscilloscope,
14 pF; and Cger is the capacitance due to the printed circuit
board and connectors, 3 pF. Considering these values, the
Sk eoc is 13.4 V/MPa. Fig. 15 shows the degradation in the
received signal when the cable length (and consequently
parasitic  capacitance) between tent-plate PMUT and
oscilloscope increases, demonstrating the importance to reduce
the parasitic capacitances which will be minimized through the
monolithical integration on CMOS circuitry allowing much
better signal-to-noise ratios.

The obtained results in this work show the positive influence
of the linear holes to improve the PMUT performance as
actuator and as sensor in comparison with the conventional
clamped device. Table III summarizes a comparison between
the performance of tent-plate PMUT and other AIN and ScAIN
devices reported in the state-of-the-art which are operated in
liquid. Note that PMUTs with some corrugated surfaces or
piston-like shapes like the ones presented in references [10],
[12], [13] are not operated under liquid environment and

TABLE IlI
COMPARISON WITH PMUTS IN LIQUID* AS ACTUATOR AND AS
SENSOR.
Ref ST SR PMUT Config. Single/ Process/
kPa/V  V/IMPa ISize Array Comments
This 3.9 134 Squared tent- Single AIN-on-
work plate/ CMOS
80pmMx80um
This 1.9 7.6 Squared clamped/  Single AIN-on-
work 80umx80um CMOS
[1] 2.95 2 Rectangular/ Array  AIN//Array
30pmx43um 1x56. 110x56
[18] 2.93 510% Squared/ Array  AIN/CMOS
50pmx50um 3x20. compatible
[26] 2.8 - Concentric Rings/  Array AIN /I
2.6mm aperture 5rings  Ring array.
[27] 1.38 - Rectangular/ Single®  AIN//Array
30pmx43um 110x56
[28] 11 - Circular/ Single AIN-on-
40pm radius CMOS
[29] 0.7 - Circular/ Array ScAIN
50- and 40-pm X7
[23] 0.045 - Circular/ Array AIN-on
50um radius 23x23. glass
substrate

Liquid is FC-70 in all cases except in ref [26] that uses mineral oil.
2 In reception 10 V/pC charge amplifier was used.

3 Extrapolated from array.

4 Pressure measured at 1.7 mm (assuming that it is equivalent to their
Ro distance [29]).

5 Pressure measured at 10 pis (equivalent to their R distance [29]).
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consequently, they are not included in Table III. It can be stated
that tent-plate achieves high levels of transmitting sensitivity
(ST in kPa/V) compared with arrays of PMUTs. Taking the best
reported transmitting sensitivity and normalized it respect to the
PMUTs number (56 PMUT), tent-plate PMUT achieve an
improvement of 72x factor. In relation with the sensitivity as
sensor, tent-plate PMUT achieve around 13.4 V/MPa without
any amplifier, being 6.7x factor higher than the array PMUT
(without circuitry) proposed in [1].

IV. CONCLUSIONS

The FEM simulation in COMSOL Multiphysics and the
experimental characterization of the tent-plate PMUT allow us
to demonstrate the positive influence of the linear holes in the
PMUT performance. The Si3Ny layer acts as passive layer while
contributes to seal the cavity, and liquid-proofing protection.
The limitations due to the clamped boundary are eliminated
with the tent-plate device, increasing the movement and
consequently the output pressure. The fractional bandwidth for
the proposed device is 89 %. Unlike other non-clamped
PMUTs, the fabricated tent-plate achieves a transmitting
sensitivity of 3.9 kPa/V in FC-70 and 13.4 V/MPa as reception
sensitivity.
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Abstract: In this paper, guidelines for the optimization of piezoelectrical micromachined ultrasound
transducers (PMUTs) monolithically integrated over a CMOS technology are developed. Higher
acoustic pressure is produced by PMUTs with a thin layer of AIN piezoelectrical material and Si3Ny as
a passive layer, as is studied here with finite element modeling (FEM) simulations and experimental
characterization. Due to the thin layers used, parameters such as residual stress become relevant as
they produce a buckled structure. It has been reported that the buckling of the membrane due to
residual stress, in general, reduces the coupling factor and consequently degrades the efficiency of the
acoustic pressure production. In this paper, we show that this buckling can be beneficial and that the
fabricated PMUTs exhibit enhanced performance depending on the placement of the electrodes. This
behavior was demonstrated experimentally and through FEM. The acoustic characterization of the
fabricated PMUTs shows the enhancement of the PMUT performance as a transmitter (with 5 kPa V1
surface pressure for a single PMUT) and as a receiver (12.5 V MPa~1) in comparison with previously
reported devices using the same MEMS-on-CMOS technology as well as state-of-the-art devices.

Keywords: PMUT; ultrasound; CMOS; MEMS-on-CMOS; acoustic responsivity; AIN; piezoelectric
transducers; PMUT-on-CMOS

1. Introduction

Currently, there is a growing demand for miniaturized devices capable of producing
and sensing ultrasonic signals in a very efficient manner. There is a broad range of ap-
plications that use ultrasonics due to its non-invasive approach and small size including:
minimally invasive intravascular medical imaging [1], ultrasonic powering of miniaturized
implantable medical devices for in vivo and in situ physiological monitoring [2,3], systems
for selective neural stimulation with an ultrasound signal [4], and fingerprints for biometric
identification [5]. Some of these applications demand compact, minute systems. Piezoelec-
trical micromachined ultrasound transducers (PMUTs), based on out-of-plane micrometric
flexural membranes are devices that can meet these requirements, thus replacing bulky
piezoceramics that are difficult to compact, and result in low yield of the fabricated devices
due to fabrication complexity. PMUTs composed of a multilayer laminate structure where
at least one layer is made of a piezoelectric material, benefit from the robust fabrication
processes used in MEMS technology, and provide high yields and scalable designs [6-9].
Moreover, PMUTs monolithically fabricated over pre-processed CMOS wafers enhance the
obtention of very compact systems, are highly programmable if required and exhibit a high
fabrication yield. Despite these benefits, some constraints due to the poor compatibility of
PMUTs with the CMOS process, can limit the performance of ultrasonic signal processing.
In addition, the CMOS process is limited to technologies that allow electrical contact from
its last metal layer to the MEMS device within a specific post-process. Up until now, most
of the reported PMUTs over CMOS are based on two-wafer bonding processes, in which
the wafer with the PMUT (either AIN or PZT) is bonded to a CMOS wafer with analog
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front-end circuitry [10-13]. Despite the feasibility of this approach, the complexity of the
bonding process and the limitations of the achievable fill factor impose some limitations.
So far, we have already presented a system with AIN PMUTs monolithically integrated
with a dedicated analog front-end circuitry for a single-pixel ultrasonic transducer [14,15].
Although we have demonstrated the viability and workability of this approach, in this
paper we develop some guidelines for the optimization of the PMUTs over the CMOS and
compare the results with previous ones.

The paper is divided into four sections. Section 2 presents the main parameters for
the optimization of the acoustic pressure output and mechanical simulations to determine
the optimal parameters of the PMUT layers. Section 3 is dedicated to the experimental
electrical and acoustic characterization of the PMUTs to establish the device’s performance.
In Section 4, a discussion and a comparison with the state-of-the-art PMUTs are provided.

2. Materials and Methods: Optimization of PMUT Transducer

PMUTs can act as acoustic transmitters and acoustic receivers. If an electrical field is
applied at both sides of the membrane, a transverse stress due to the inverse piezoelectrical
effect at the piezoelectrical layer is produced and bending of the membrane out-of-plane
is achieved, thus producing acoustic output pressure in the media (transmitter). If an
input acoustic field is applied to the membrane, it will be bent and produce a transverse
stress on the piezoelectrical layer; consequently, some electrical field is produced at the
sides of the membrane due to the direct piezoelectrical effect of the piezoelectrical layer
(receiver). For efficient production of the acoustic or electrical signal as a transmitter or a
receiver, the membrane should be excited in its first out-of-plane flexural resonant mode,
which relates the dimensions, layers, and materials of the PMUT with the desired resonant
frequency [16]. In this paper we focus on PMUTs working in a liquid environment in the
MHz range.

To optimize the size and thickness of PMUT devices (maximum acoustic pressure
output as a transducer and maximum electrical signal as a receiver), it is convenient to
define a cost function or figure of merit to be optimized. For this purpose, we have defined
a figure of merit (FoM) as the product of the generated output acoustic pressure, P, and
generated voltage at the PMUTs electrodes, V;. This FoM should be maximized to enhance
the PMUT’s performance. Both parameters, P and V;, are analyzed below.

The axial pressure amplitude at a distance z, P(z), in the far field region (z > Ry, being
Ry, Rayleigh distance = S/A, where S is the PMUT surface and A is the wavelength of the
acoustic signal in the propagation media, A = ¢/fy, fy = resonance frequency, ¢ = sound
speed) is given by Equation (1), where Py is the pressure at the surface of the PMUT [16].
This pressure P is proportional to the membrane velocity, uy = 2ndyfy (where dy is the
membrane displacement) and the acoustic impedance of the media, Zy = ppeqc (Where
Pmed is the mass density of the acoustic media).

P(2)sar field = PoRo/Z = U0ZoS/A/ 2 = UgfopmedS/z = 2o (fo)* PmedS/ 2 @

According to Equation (1), high resonance frequencies and large membrane displace-
ments will benefit the acoustic pressure output of equal sized PMUTs. The membrane
displacement for a PMUT is directly related to the elastic constant, kn,, of the structure
and the electro-mechanical coupling factor, 1 (as shown in Equation (2), where Vi, is
the actuation voltage applied between the top and bottom electrodes). Thin structures
will produce larger displacement at the expense of resonating with smaller frequency
because these structures will have smaller elastic constants. Analogously, when an acous-
tic pressure, P, is applied over the PMUT membrane, the output voltage between the
top and bottom electrodes of the membrane, V,, will be proportional to the membrane
displacement, d, (where r refers to receiver) according to Equation (3). In both cases it is
necessary to compute the electro-mechanical coupling factor, n (Equation (4)) [16], which
will quantify the conversion efficiency between the applied or received voltage and the
membrane displacement. Because the PMUT is resonating, the dynamic displacement of
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the membrane, d = Q x dj should be used, where Q is the resonator quality factor. Both
displacements, static and dynamic, will be in the same range due to the high damping in
the liquid environment, which reduces the Q factor to values between 1 and 3, as will be
shown in the Experimental section, and it is also reported in [17].

do =NVin/km 2
dy =P,S/km, 3)

Vi = dikm/n =PaS/n
N = 0.5e31,¢Zplpiezo 4)

In Equation (4), e3 ¢ is the transverse effective piezoelectrical coefficient of the piezo-
electrical layer, zp, is the distance from the mid-plane of the piezoelectric layer to the neutral
axis, which depends on the multilayer lattice structure and e, is an integral that depends
on the mode shape and electrode size, which equals 5.73 for an optimized inner electrode
in a square membrane [18].

The resonance frequency, fy;, Equation (5), in a multilayered membrane depends on
the resonance mode, Ag;? = 35.99 for the first out-of-plane flexural mode in square-shaped
membranes [19], the membrane side, a, the flexural rigidity, D, given in Equation (6) and
on the mass per unit area or surface density, u, Equation (7). Although the membrane
resonance frequency will depend linearly on the thickness, and inversely on the square
of the size of the membrane, it is difficult to analyze the dependence of the resonance
frequency on thickness variations in multilayered membranes with different physical
properties (i.e., plate modulus, Eq;, and mass density, p) [16].

A, D
f = 01 =
0= a2\ W ®)
Dzl.EN Eiin:(had — hy_19) (6)
3 -1 In n n—-1")s

where hy, = hp — ZNA, is the distance from the top of the n-th layer to the neutral axis,
Zna and hy, is the relative height between the bottom device and the top of the n-th layer.

N
Hn = ) tnpn @)
n=1

where t, is the thickness of the n-th material layer.

Due to the complexity of the multilayer laminate structure for analytical computation
of the above equations, finite element models (FEM) were used to evaluate the performance
of the PMUT parameters of interest: displacement, do; frequency, fy; membrane velocity u,
and output voltage, V;; and the defined figure of merit, FoM =P * V..

In the MEMS-on-CMOS technology considered [20,21], the PMUT is composed of four
layers of different materials: AIN for the piezoelectrical layer, Si3Ny as the elastic layer,
and Al for the top and bottom electrodes. Figure 1 shows the schematic cross section of
the PMUT with two top electrodes: an inner or central electrode (CENT) and outer or ring
electrode (RING), and one bottom electrode (BOT).

In a first approximation, an axisymmetric model of a circular PMUT was assumed
and mechanic-acoustic simulations were done by means of the COMSOL finite element
software. The thickness of the Si3Ny passive layer as well as the AIN piezoelectrical layer
was swept from 1 to 2 pm and 0.5 to 1.5 um, respectively, to obtain an enhanced acoustic
performance in an equal-sized PMUT. The physical parameters for each of the PMUT’s
layers used in the model are listed in Table 1. In the simulations, the PMUT was immersed
in a liquid medium, in this case FC-70, in accordance with the experimental characterization
discussed in the next sections.
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Figure 1. (a) Layout of the 80 um x 80 um square AIN PMUT with two top electrodes, (b) AA’ cross-section of AIN PMUT.

Table 1. Material properties and thicknesses used in COMSOL-FEM simulations.

Properties Geometric Dimensions
PMUT L ’
ayer Mat Young( (S;II:/;(;dulus Density (kg m—3) Side (um) Thickness (um)
Substrate SiO, 70 2200 100 2
Bottom Electrode (BOT) Al 70 2700 86 0.4
Piezoelectric AIN1 279 3230 100 05t01.5
Top Electrode (CENT 56.6 0.35
O Flectrode ) Al 70 2700 External side: 77
Top Electrode (RING) Internal side: 60.6 04
Passive SizNy 250 3100 100 1to2

! The piezoelectric coefficients e33 and e3; used in COMSOL are 1.55 C m~2 and —0.6 C m~2, respectively.

In Figure 2, the resonance frequency and normalized displacement as a function of
the piezoelectrical layer thickness is shown (with a passive layer of SizN4 with a thickness
of 1.5 um). As expected, thinner membranes produce larger displacements at the expense
of lower resonant frequencies. In fact, resonance frequency is linearly dependent on the
membrane thicknesses as is inferred from Equation (5) [22]. The dependence of resonance
frequency and normalized displacement (in terms of applied voltage) as a function of the
AIN and Si3Ny layer thicknesses are shown in Figure 3. This figure shows that the variation
in the displacement is greater than a factor of x77 (from 34 nm V~! at minimum thicknesses
to 0.44 nm V~! at maximum thicknesses) while the variation in frequency does not change
by more than a factor of x3.3 (from 3.14 MHz at the maximum thicknesses to 0.95 MHz at
the minimum). Accordingly, it is expected that the output pressure is maximum with the
minimum thickness since the sound pressure depends on the normalized displacement
and the square frequency (see Equation (1)).

On the other hand, we are also interested in the PMUT as a receiver, thus we also
simulated the normalized output voltage at the central top electrode when an acoustic
pressure is applied on the PMUT surface (Figure 4). In all these simulations, the size of
the top central electrode was optimized to have the maximum out-of-plane membrane
displacement [18], and it was fixed for all the thicknesses. As shown in Figure 4, a maximum
terminal voltage was generated at an AIN thickness close to 0.8 um and SizNy thickness of
1 um (black curve).

Once the main parameters involved in the PMUT performance as transmitter and
receiver have been obtained, the figure of merit can be computed. For this computation
we assumed that the acoustic pressure is proportional to dy x 2, considering equal sized
PMUTs according to Equation (1). In Figure 4b, the computed FoM = dgy x 2 x V, defines
an optimal point with an AIN thickness close to 0.6 um and with a Si3Ny thickness of 1 pum.
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Figure 2. Simulated frequency response of the PMUT immersed in liquid with different AIN layer
thicknesses. The normalized displacement in respect to the applied voltage is shown.
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Figure 3. Simulated resonance frequency (a) and normalized dynamic displacement (b) of an equal-sized PMUT sweeping
the AIN layer thicknesses and for different SizNy layer thicknesses as parameters in a liquid environment.

V MPa™)

<

0]

Voltag

Terminal

0.0 - . 50
SigN, Thicknesses Si3N, Thicknesses
0.2 —— 1um —e—1.1um——12um 451 —=— 1pum —e—1.1pum
-0.44 v 13um—e—14um—<—1.5um 240 ——1.2pum ——1.3um
—— 1.6 ym—e— 1.7 ym—*— 1.8 um 0(\3 35] —— 1.4 um ——1.5um
-0.61 —+—19pm—o— 2pum a —— 1.6 pm —— 1.7 ym
-0.8 E 30+ —— 1.8 ym —*— 1.9 um
-1.04 £ 25+
o £
1.24 e - ~ 204
= =
© 15
-1.44 — (I
104
1.6 ?
54
-1.8 T . T . . r T T T T
0.4 0.6 0.8 1.0 1.2 1.4 16 04 0.6 0.8 1.0 1:2 1.4 1.6
AIN Thickness (um) AIN Thickness (um)
(a) (b)

Figure 4. (a) Simulated normalized terminal voltage when an acoustic pressure is applied over the surface in a liquid

environment. (b) Computed FoM = dg x 2 x V;. Equal-sized PMUTs were considered.
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Once the optimal thicknesses for the piezoelectrical layer, AIN, and the passive layer,
SizNy were defined, a theoretical comparison of the PMUT static behavior as a transmitter
considering the two top electrodes was done. Figure 5 shows the comparison between
two piezoelectrical layer thicknesses with a fixed passive layer thickness (SizgNy, 1.5 um)
in terms of normalized displacement as a function of the inner electrode side. Excitation
of the membrane with the inner or the outer electrode achieves different deflections of
the membrane because the outer electrode width is reduced from the optimal one, to
incorporate the required gap between the inner and outer electrodes (2 um) and the
distance between the cavity and metal layer according to the technological rules for the
PMUT fabrication (see schematic of the PMUT layout in the inset in Figure 5). From this
static displacement, the displacement achieved with the 0.6 pm AIN was almost three times
larger than with a thicker 1.3 um AIN thickness, as expected.

Outer width (um)

31i5::2:26:5~:21.52-:16.572:711:55=:6.5 1.5
"2pm ' 15um : : : 4504 o
400 14 *
o A Lo AIN =0.6 um
Z inner side 4009 :
53004 L350 ©
put € *
5] IR Gag0] ®
E 00—y " Z
D 8 *®
e ® 250 ®
e =3
2} 2]
5 100+ 5 2004 _
o o * Inner electrode: Theoretical AIN =13 um
® ® 15040 Inner electrode: Simulated : é
o 04 €» * Outer electrode: Theoretical
—0— AIN=1.3 pm Inner—o— AIN=1.3 um Outer 10040  Outer electrode: Simulated 2
T T T T T v T T T T T T
10 20 30 40 50 60 70 1.0 1.1 1.2 1.3 14 15
Inner electrode side (um) Si;N, Thickness (um)
(@) (b)

Figure 5. (a) Theoretical static displacement for two different AIN thicknesses actuating the PMUT with the inner (yellow
square in the PMUT schematic top-view inset) or outer (blue ring in the inset) electrodes. Full circles indicate the 0.6 mm
AIN layer, while empty circles correspond to the 1.3 mm AIN layer. (b) Theoretical and simulated static displacement for
the proposed devices with different material layer thicknesses.

Finally, to predict more realistic PMUT behaviors, 3D COMSOL simulations con-
sidering all the geometric layout and material’s layer thicknesses for the PMUT were
performed. Figure 5b shows good agreement between the theoretical values computed for
both electrodes: there is no difference between the theoretical and simulation results for
the static displacement when the actuation is made using the outer electrodes and with
a small difference with the inner electrode. From Figure 5b, it is also clear that bigger
displacements are obtained with inner electrode actuation, with this difference being higher
in the 0.6 pm AIN PMUT (yellow area). The main PMUT characteristics in liquid for the
different proposed thicknesses are quantified in Table 2.

Several conclusions can be extracted from the results shown in Table 2. Thinner pas-
sive layers enhance the performance as a sensor but slightly decrease the output achievable
pressure, mainly due to the decrease in the resonance frequency (note that the output
pressure depends quadratically on the frequency according to Equation (1)). Despite the de-
crease in the output pressure, the FoM (considering both transmitting and receiving PMUT
system) is higher for thinner PMUTs. Moreover, the performance of thicker PMUTs (i.e.,
1.3 um AIN + 1.5 um Si3zNy, was also simulated, obtaining: f = 2.48 MHz, d = 450 pm v,
V,; =1.34 V MPa~! (normalized voltage at inner electrode), corresponding to a FoM less
than 3.71 Hz2 m kPa~1), which is a factor of x2.2 lower than that reported in the first column
of Table 2, which clearly highlights the benefits of using thinner piezoelectrical layers.
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Table 2. Simulated performance for different SizNy layer thicknesses for a PMUT with 0.6 um AIN
piezoelectrical layer using the inner or outer electrodes in liquid.

Si3zNy Thickness 1um 1.25 um 1.5 um
Electrode Inner Outer Inner Outer Inner Outer
Frequency, f (MHz) 1.36 1.58 1.8
Displacement, d (pm vl 2309 1539 1809 1175 1431 914
dx 2
(m V-1 Hz2) 4271 2846 4516 2933 4636 2961
Terminal voltage ?, Vr
(VMPa-)) 191 1.78 1.73 1.55 1.54 1.35
FoM (Hz% m kPa~1) 8.15 5.06 7.81 455 7.14 3.99

@ Normalized value when 1 Pa is applied over PMUT surface.

3. Experimental Results
3.1. PMUTS Fabrication and Electrical Characterization

According to the optimized piezoelectrical layer thickness (0.6 um AIN), a set of
PMUTs with three SizNy thicknesses (1 pum, 1.25 pum and 1.5 pm) were fabricated using
the MEMS-on-CMOS SilTerra technology. The results were compared with a previously
fabricated PMUT with a 1.3 pm AIN piezoelectric material [18]. The MEMS-on-CMOS
process from Silterra [20,21], basically consists of: (a) deposition and patterning of an stack
of Al metal electrodes (top and bottom) and a physical vapor deposited AIN layer on top
of the last CMOS layer; (b) releasing of the membrane through pre-defined holes around
the PMUT structure; and (c) deposition of the SizNy elastic layer deposited with a low
temperature plasma-enhanced chemical vapor deposition (PECVD) process, which allows
the holes to be sealed for liquid operation.

Next, the electrical characterization in air was performed and compared with COM-
SOL and the analytical expression of the resonance frequency. Figure 6 corresponds to
the experimental frequency response for the PMUT with 0.6 pm AIN and 1.25 pm SizNy
thicknessess, an optical image is shown as an inset in the characterization set-up (Figure 6a).

From Figure 6b, an effective electromechanical coupling factor, keg? = 1.14% was
computed according to Equation (8) [23,24], between the inner and outer electrodes where
fs = 4.866 MHz (resonance) and f, = 4.894 MHz (antiresonance or parallel resonance). In
Table 3, the resonance frequencies for the three squared PMUTs are shown together with
those computed by Equation (5), and the FEM simulated ones, and show a good match.

2 2 2 2
ke = (fp™ — £7)/fp (8
Electrical Measurement
NETWORK ANALYZER = (0.6 um AIN and 1.25 um Si,N,)
-84
-85 80
)
z =
> &
3 76 %
'S -86+ =
o o
g F72
87 o Magnitude (dB 1o
o Phase (°)
D e 4 450 475 5.00 525

OPTICAL IMAGE

SCHEME Frequency (MHz)

(@) (b)

Figure 6. (a) Schematic set-up for the electrical characterization in air and (b) frequency response (magnitude and phase)
for the PMUT with 0.6 pm AIN and 1.25 pm Si3Ny in air.
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Table 3. Resonance frequencies in air for the PMUTs with different layer thicknesses.

Layer Thickness Resonance Frequency (MHz)
AIN (um) SizNy (um) Experimental COMSOL Analytical
0.6 1 447 4.19 4.18
0.6 1.25 4.87 4.67 4.69
0.6 15 5.21 5.14 5.20

3.2. Acoustic Characterization

The PMUTs were characterized as an acoustic transmitter and receiver in a liquid
environment (FC-70, sound speed c = 689 m s~! and mass density, p = 1940 kg m~3). As
transmitters, the PMUTs were driven by four cycles of a 22V, harmonic signal generated
by the signal generator (Keysight 81150A, Sunnyvale, CA, USA). Both top electrodes (inner
and outer) were independently polarized for a complete characterization with the bottom
electrode grounded. The acoustic pressure was measured with a commercial hydrophone
from ONDA, Sunnyvale, CA, USA (HNC-1500) and displayed on an oscilloscope (Keysight
DSOX3054A, Sunnyvale, CA, USA). Frequency and hydrophone micrometric positioning
over the PMUT were manually tuned to maximize the receiving signal. Note that for liquid
operation, the added mass loading effect should be considered [25], which will lower the
resonance frequency from the 4-5 MHz found in air to the 1-2 MHz range as expected
from the results shown in Figure 3.

The signals received by the hydrophone exciting the PMUT with 0.6 um AIN and
1.25 um SizNy thicknessess at 1.6 MHz are shown in Figure 7. Unexpectedly, driving
the inner electrode (Figure 7a) produces lower amplitude signals than driving the outer
electrode (Figure 7b). FEM simulations from the previous section predicted the contrary as
the size of the electrodes are complementary and were chosen to maximize the movement.
This behavior can be attributed to the additional curvature produced on the PMUT surface
by the residual stress from the piezoelectric, passive layer and electrodes during the
fabrication. The physical characterization of the surface profiles of the PMUTs using
a surface profilometer confirmed that thinner membranes are more prone to bending
(Figure 8) [26,27]. The maximum central height for the 0.6 um AIN and 1.25 pum SizNy
thicknessess was 1 pm (see Figure 8) while the same feature decreased to 200 nm in the
case of 1.3 um AIN and 1.5 um SizNy. Several FEM simulations were done with same-
sized membranes with two top electrodes and two different curvatures (maximum central
heights of 1 pm and 400 nm). Figure 9 shows the simulated displacements, which are
higher when the outer electrode is driven in both cases and with higher movement when
the central height is bigger, which is in line with the obtained voltage amplitudes shown
in Figure 7.

Table 4 summarizes the performance of the fabricated PMUTs. The output pressure
was measured at 2 mm using the HNC-0200 ONDA hydrophone considering its sensitivity
at the operation frequency and under the same voltage driving conditions (four cycles
and 22 Vpp). From the normalized acoustic pressure in respect to applied voltage, the
normalized surface pressure (Py = P x distance/Rg, where Ry is the Rayleigh distance
already defined) can be calculated. This normalized surface pressure is an important
parameter for the assessment of the performance of the presented PMUTs as transmitters
and allows the comparison with the state-of-the-art PMUTs, as will be discussed in Section 4.
As expected, thinner PMUTs with 0.6 um AIN result in higher surface pressure, being
almost a factor of 2 in comparison with the thicknesses used in previous works using the
same technology. In addition, the influence on the achieved surface pressure is weakly
related to the SizNy layer thicknesses.
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Figure 7. Time response of the acoustic signal produced by the 0.6 um AIN and 1.25 um SizNj thicknesses PMUT driving
(a) the inner electrode, and (b) the outer electrode (in both cases, the bottom electrode is grounded). Left axis is the applied
voltage to the PMUT (black), right axis is the voltage received by the hydrophone (red). Two echoes were taken with the
hydrophone situated at 3 mm over the PMUT surface.
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Figure 8. (a) Profile for curvature characterization of the 0.6 pm AIN and 1.25 um SizNg PMUT over the red line in the (b)

SEM image, showing a h = 1 um height in the middle of the membrane.

Normalized Displacement (nm V')

1 um convex membrane

Outer electrode

Inner electrode

T T T
2.0 25 3.0

f(MHz)

(@)

T
1.5 35

Normalized Displacement (nm V')

25
400 nm convex membrane
2.0
Outer electrode
1.54
1.0
0.5+
Inner electrode
0.0 T T T T T T
20 25 3.0 35 4.0 4.5
f (MHz)
(b)

Figure 9. FEM simulations to compare displacement as a function of the driving electrode (inner or outer) when a convex

membrane with a maximum height at the center equal to 1 um (a) and 400 nm (b) was considered.
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Table 4. Experimental performance characterization of the PMUT as an ultrasound transmitter and receiver using the outer

electrode for electrical actuation/sensing. The last column shows computed FoM.

. Frequency Normalized Pressure Po, Normalized V:, Received FoM
Layer Thickness (MHz) @2 mm (Pa V-1) Surface Pressure Voltage (mV.o) Py V;
(kPa V1) 8¢ tmVep (Pa)
AIN (um)  SigNy (um)
0.6 1 15 33.8 49 2.8 13.7
0.6 1.25 1.6 36.2 4.8 2.5 12
0.6 1.5 2 334 3.6 2 7.2
1.3 1.5 24 27.4* 24 <1 <24

* PMUT driving voltage in this case was a 32 Vpp squared signal instead of 22 Vy,, sine signal.

124 Received signal by outer electrode at 3 mm
COMMERCIAL TRANSDUCER (CPeable = 975 PF) L1
OPTEL SIGNAL GENERATOR 8
< S
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s £
oD o @
g o g
=) =
(<]
> o S
: @ e

The PMUTs devices were also characterized as sensors using a commercial ultrasound
transducer (OPTEL) at a 3 mm distance in the liquid environment. The transducer was
excited with four cycles at the central resonance frequency of each of the PMUTs, with
four cycles and 22 Vp,;,. The generated signal in the outer electrode directly acquired by
the oscilloscope is shown in Figure 10 for the case of a 0.6 um AIN and 1.25 um SizNy
PMUT. The same measurements under the same conditions were done for all the PMUTs
to complete the comparison (Table 4, Received voltage column). The amplitudes decrease
for thicker piezoelectric layers, with a weak dependence in respect to the thickness of the
passive layer as was already seen in the simulations. Finally, the FoM was computed in this
table, and demonstrated better performance for the thin PMUTs as was already predicted
by the FEM simulations.

Outer Electrode (0.6 um AIN and 1.25 um Si;N,)

——OPTEL Input signal @ 2 MHz

124 =
(B R e e R RV R T T

PCB wire bonded to PMUT Time (ps)

(@) (b)

Figure 10. (a) Schematic set-up for the acoustic characterization as sensor and (b) characterization of the transient signal

received by the 0.6 um AIN and 1.25 um Si3N4 PMUT acting as an acoustic sensor when a commercial ultrasound transducer

is used.

4. Discussion and Conclusions

As was shown in the previous sections, the presented PMUTs with reduced thicknesses
for the piezoelectrical and elastic layer, achieve better performance as transmitters as well
as receivers in comparison to PMUTs of equal size with the same technology but larger
thicknesses. In this section, we compare the PMUTs’ performance with several recently
published papers on PMUTs. For convenience, the receiving sensitivity will be used.
The receiving sensitivity is computed considering the calibration of the used ultrasound
transducer at distances of 3 mm and 2 MHz [18].

A summary is given in Table 5. In comparing the same technological process, which
follows a MEMS-on-CMOS process and exactly the same PMUT layout [18], the presented
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PMUTs exhibit bigger transmission and receiving sensitivities, with an overall x4 enhance-
ment factor. This enhancement was also demonstrated in comparison with other PMUTs
based on AIN, either with CMOS compatible processes [28] for the fabrication of PMUTs
together with CMOS circuitry or with non-CMOS compatible processes [5] in which com-
plex bonding between PMUT devices and CMOS circuitry are required. On the other
hand, the presented PMUTs offer lesser performance in comparison with PZT devices [29]
as transmitters, due to the high piezoelectrical constant of this material [6]. Despite this,
the FoM is only a factor of x1.8 smaller, which can be overcome by considering the com-
pactness of the system due to the monolithic integration with the CMOS circuitry in our
process. Note also that only simulated results are given for the receiver sensitivity in the
case in [29]. In summary, the thinner PMUT with 0.6 pm AIN thickness and 1 pm SizNy
thicknesses presented in this work, demonstrates higher acoustic pressure production
along with higher receiver sensitivity, and enhances the applicability of PMUTs on CMOS
for ultrasound systems that need to be miniaturized.

Table 5. Comparison of PMUT performance in liquid operation.

Parameters [5] 2017 [28] 2018 [29] 2018 [18] 2020 This Work
Transducer AIN AIN PZT AIN @ AIN
30 um X 43 um 50 pm x 50 um 80 um x 80 um 80 um x 80 um 80 um x 80 um
. Array Array . . .
Array/single 1x56 3 % 20 Single Single Single
Process Bonded-to-CMOS  CMOS compatible  Bonded-to-CMOS  MEMS-on-CMOS  MEMS-on-CMOS

ST (kPa V~1) 2.95 2.93 27b 1.9 49
SR (V MPa~1) 2¢ 5104 4¢ 7.6 12.5

FoM (x10%) 59 108 144 61

2 Clampled-clamped square PMUT (same layout as presented here). ? Estimated according to the data provided in [29] and consid-
ering ST =P x distance/Ry =27 kPa V™! if experimental data are used (extracted from [29]: Pressure = 8 kPa/30 V = 0.3 kPa V7!,
distance = 5 mm, and Rq = (80 um)?/A = 55.6 um where A = ¢/f = 1500 m s~!/13 MHz = 115 um). ¢ Value obtained together with the
custom CMOS ASIC [5]. 9 In reception 10 V pC~! charge amplifier was used [28]. ¢ PZFlex simulations [29].

References

Author Contributions: Conceptualization, E.L., A.U. and N.B.; methodology, E.L. and N.B.; FEM
simulations, E.L. and E.T.; device design, E.L. and 1.Z.; acoustic and electrical characterization, E.L.;
physical characterization, F.T.; data and results analysis E.L., ET. and N.B.; writing—original draft
preparation, E.L., ET. and N.B.; writing—review and editing, all authors; project administration and
funding acquisition, A.U. and N.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was partially funded by the Spanish MCIN and AEI under project PID2019-
108270RB-100.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Special acknowledgment to the SilTerra’s MEMS and SENSORS technology
development team for their support in fabricating the PMUT-on-CMOS.

Conflicts of Interest: The authors declare no conflict of interest.

1. Wang, J.; Zheng, Z.; Chan, J.; Yeow, J.T.W. Capacitive micromachined ultrasound transducers for intravascular ultrasound
imaging. Microsyst. Nanoeng. 2020, 6, 73. [CrossRef] [PubMed]

2. Shi, C.; Andino-Pavlovsky, V.; Lee, S.A.; Costa, T.; Elloian, J.; Konofagou, E.E.; Shepard, K.L. Application of a sub-0.1-mm?3
implantable mote for in vivo real-time wireless temperature sensing. Sci. Adv. 2021, 7, 1-10. [CrossRef] [PubMed]

3. Hosseini, S.; Laursen, K.; Rashidi, A.; Mondal, T.; Corbett, B.; Moradi, F. S-MRUT: Sectored-Multiring Ultrasonic Transducer for
Selective Powering of Brain Implants. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2021, 68, 191-200. [CrossRef] [PubMed]



Sensors 2021, 21, 8447 12 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Seok, C.; Adelegan, J.O.; Biliroglu, A.O.; Yamaner, EY.; Oralkan, O. Wearable Ultrasonic Neurostimulator—Part II: A 2D CMUT
Phased Array System with a Flip-Chip Bonded ASIC. IEEE Trans. Biomed. Circuits Syst. 2021, 15, 705-718. [CrossRef] [PubMed]
Jiang, X;; Lu, Y.; Tang, H.Y,; Tsai, ]. M.; Ng, E.J.; Daneman, M.].; Boser, B.E.; Horsley, D.A. Monolithic ultrasound fingerprint sensor.
Microsyst. Nanoeng. 2017, 3, 1-8. [CrossRef] [PubMed]

Jung, J.; Lee, W.; Kang, W.; Shin, E.; Ryu, J.; Choi, H. Review of piezoelectric micromachined ultrasonic transducers and their
applications. J. Micromech. Microeng. 2017, 27, 113001. [CrossRef]

Sun, C.; Shi, Q.; Yazici, M.C.; Kobayashi, T.; Liu, Y.; Lee, C. Investigation of Broadband Characteristics of Multi-Frequency
Piezoelectric Micromachined Ultrasonic Transducer (MF-pMUT). IEEE Sens. J. 2019, 19, 860-867. [CrossRef]

Wang, H.; Yang, H.; Jiang, H.; Chen, Z.; Feng, PX.-L.; Xie, H. A multi-frequency PMUT array based on ceramic PZT for
endoscopic photoacoustic imaging. In Proceedings of the 2021 21st International Conference on Solid-State Sensors, Actuators
and Microsystems (Transducers), Orlando, FL, USA, 20-24 June 2021. [CrossRef]

Sadeghpour, S.; Ingram, M.; Wang, C.; D’'Hooge, J.; Kraft, M. A 128x1 phased array piezoelectric micromachined ultrasound
transducer (PMUT) for medical imaging. In Proceedings of the 2021 21st International Conference on Solid-State Sensors,
Actuators and Microsystems (Transducers), Orlando, FL, USA, 20-24 June 2021. [CrossRef]

Jiang, X.; Tang, H.-Y,; Lu, Y.; Ng, EJ.; Tsai, ].M.; Boser, B.E.; Horsley, D.A. Ultrasonic Fingerprint Sensor with Transmit
Beamforming Based on a PMUT Array Bonded to CMOS Circuitry. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2017, 64,
1401-1408. [CrossRef] [PubMed]

Lu, Y,; Tang, H.; Fung, S.; Wang, Q.; Tsai, ].M.; Daneman, M.; Boser, B.E.; Horsley, D.A. Ultrasonic fingerprint sensor using a
piezoelectric micromachined ultrasonic transducer array integrated with complementary metal oxide semiconductor electronics.
Appl. Phys. Lett. 2015, 106, 263503. [CrossRef]

Lee, ].; Lee, K-R.; Eovino, B.E; Park, ].H.; Liang, L.Y.; Lin, L.; Yoo, H.-J.; Yoo, J. A 36-Channel Auto-Calibrated Front-End ASIC
for a pMUT-Based Miniaturized 3-D Ultrasound System. IEEE ]. Solid-State Circuits 2021, 56, 1910-1923. [CrossRef]

Costa, T.; Shi, C.; Tien, K.; Elloian, J.; Cardoso, F.A.; Shepard, K.L. An Integrated 2D Ultrasound Phased Array Transmitter in
CMOS with Pixel Pitch-Matched Beamforming. IEEE Trans. Biomed. Circuits Syst. 2021, 15, 731-742. [CrossRef] [PubMed]
Zamora, I.; Ledesma, E.; Uranga, A.; Barniol, N. Monolithic Single PMUT-on-CMOS Ultrasound System with +17 dB SNR for
Imaging Applications. IEEE Access 2020, 8, 142785-142794. [CrossRef]

Ledesma, E.; Zamora, I.; Uranga, A.; Barniol, N. Monolithic PMUT on CMOS ultrasound system for single pixel acoustic imaging.
In Proceedings of the 2021 IEEE 34th International Conference on Micro Electro Mechanical Systems (MEMS), Gainesville, FL,
USA, 25-29 January 2021.

Horsley, D.; Lu, Y.; Rozen, O. Flexural Piezoelectric Resonators. In Piezoelectric MEMS Resonators; Bhugra, H., Piazza, G., Eds.;
Microsystems and Nanosystems; Springer International Publishing: Cham, Switzerland, 2017; pp. 153-167. [CrossRef]

Wang, X.-B.; He, L.-M.; Ma, Y.-C; Liu, W.-]; Xu, W.-].; Ren, J.-Y.; Riaud, A.; Zhou, J. Development of Broadband High-Frequency
Piezoelectric Micromachined Ultrasonic Transducer Array. Sensors 2021, 21, 1823. [CrossRef] [PubMed]

Ledesma, E.; Zamora, I.; Uranga, A.; Barniol, N. Tent-plate AIN PMUT with a piston-like shape under liquid operation. [EEE
Sens. J. 2020, 20, 11128-11137. [CrossRef]

Blevins, R.D. Formulas for Natural Frequency and Mode Shape. Van Nostrand Reinhold Co., Ed.; Litton Educational Publishing,
Inc.: New York, NY, USA, 1979.

Silterra. MEMS-on-CMOS. Available online: www.silterra.com (accessed on 10 October 2021).

Soundara Pandian, M.; Ferrer, EM.; Tay, W.S.; Madhaven, V.; Kantimahanti, A.K.; Sobreviela, G.; Uranga, A.; Barniol, N. Thin
film piezoelectric devices integrated on CMOS. In Proceedings of the 2016 Symposium on Piezoelectricity, Acoustic Waves, and
Device Applications (SPAWDA), Xi’an, China, , 21-24 October 2016; pp. 167-170.

Lu, Y.; Heidari, A.; Horsley, D.A. A High Fill-Factor Annular Array of High Frequency Piezoelectric Micromachined Ultrasonic
Transducers. J. Microelectromech. Syst. 2015, 24, 904-913. [CrossRef]

IEEE Standard on Piezoelectricity, Standard 3237638 and 176-1987; IEEE Ultrasonics and Frequency Control Society: New York, NY,
USA, 1987; Available online: https:/ /ieeexplore.ieee.org/document/26560 (accessed on 10 October 2021).

Lu, R.; Li, M.-H,; Yang, Y.; Manzaneque, T.; Gong, S. Accurate Extraction of Large Electromechanical Coupling in Piezoelectric
MEMS Resonators. J. Microelectromech. Syst. 2019, 28, 209-218. [CrossRef]

Ledesma, E.; Zamora, I.; Uranga, A.; Barniol, N. Multielement Ring Array Based on Minute Size PMUTs for High Acoustic
Pressure and Tunable Focus Depth. Sensors 2021, 21, 4786. [CrossRef] [PubMed]

Wang, T.; Lee, C. Zero-Bending Piezoelectric Micromachined Ultrasonic Transducer (pMUT) With Enhanced Transmitting
Performance. J. Microelectromech. Syst. 2015, 24, 2083-2091. [CrossRef]

Hajati, A.; Latev, D.; Gardner, D.; Hajati, A.; Imai, D.; Torrey, M.; Schoeppler, M. Three-dimensional micro electromechanical
system piezoelectric ultrasound transducer. Appl. Phys. Lett. 2012, 101, 253101. [CrossRef]

Wang, Q.; Luo, G.; Kusano, Y.; Horsley, D.A. Low thermal budget surface micromachining process for piezoelectric micromachined
ultrasonic transducer arrays with in-situ vacuum sealed cavities. In Proceedings of the Hilton Head Workshop 2018: A Solid-State
Sensors, Actuators and Microsystems Workshop, Hilton Head Island, SC, USA, 3-7 June 2018; pp. 245-248.

Tan, M.; Chen, C.; Chen, Z; Janjic, J.; Daeichin, V.; Chang, Z.-Y.; Noothout, E.; Van Soest, G.; Verweij, M.D.; De Jong, N.; et al. A
front-end ASIC with high-voltage transmit switching and receive digitization for 3-D forward-looking intravascular ultrasound
imaging. IEEE ]. Solid-State Circuits 2018, 53, 2284-2297. [CrossRef]



Single-Cell system using monolithic PMUTs-on-CMOS to monitor fluid
hydrodynamic properties
Eyglis Ledesma, lvan Zamora, JesUs Yanez, Arantxa Uranga, and Ndria Barniol*
eyglis.ledesma@uab.cat; ivan.zamora@uab.cat; jyaneso@gmail.com; arantxa.uranga@uab.cat; nuria.barniol@uab.cat

Department of Electronics Engineering, Universitat Autonoma de Barcelona, 08193 Bellaterra, Spain
Correspondence to: Nuria Barniol; Phone: +34-93-581-13-61

Abstract

In this work, a single cell capable of monitoring fluid density, viscosity, sound velocity, and compressibility
with a compact and small design is presented. The fluid measurement system is formed by a two-port AIScN
piezoelectric micromachined ultrasonic transducer (PMUT) with an 80 um length monolithically fabricated
with a 130 nm complementary metal oxide semiconductor (CMOS) process. The electrode configuration
allows the entire system to be implemented in a single device, where one electrode is used as an input and
the other as an output. Experimental verification was carried out exploiting the features of piezoelectric
devices such as resonators and acoustic transducers, where a frequency shift and amplitude variation are
expected because of a change in density and viscosity. A sensitivity of 482+14 Hz/kg/m® demonstrates the
potential of the system compared to other dual electrode PMUTSs. In addition, according to the acoustic
measurement, the sound velocity, fluid compressibility, and viscosity coefficient can be extracted, which, to
the best of our knowledge, is novel in these PMUT systems.

Introduction

The characterization of liquid properties is becoming progressively more popular in an increasing number
of fields: for example, in the quality assessment in industrial applications, i.e., lubricants [1], [2]; in
fermentation processes [3], and in health care applications (i.e., the use of blood density and viscosity
changes as an indication of heart disease [4]). In most of these cases, tiny-sized devices that require small
amounts of liquid and provide a fast response are desirable, points in which microelectromechanical systems
(MEMS) excel. MEMS resonant devices have been widely used as a useful alternative in processes requiring
online and insitu monitoring [4]-[11].

There are three main techniques for extracting liquid parameters with MEMS devices: a) using resonators
and evaluating the change in the resonance frequency and resonator quality factor due to the influence of
the liquid surrounding the resonator, which modifies the resonant performance (mass added virtual factor
[11]-[14]); b) using acoustic devices (SAW devices, quartz microbalances, and FBARs), to measure
changes in the frequency response [15], [16] or in a pulse-echo system [17] due to a change in the acoustic
impedance load, which depends on the liquid under test; and c) using acoustic devices that generate a
pressure wave and characterize its propagation and sound attenuation inside the liquid [2], [15]. These three
techniques allow the characterization of some but not all parameters. For instance, a) facilitates the
characterization of density and viscosity but does not determine the sound velocity or compressibility of the
liquid; b) is limited by surface changes being important for shear viscosity evaluation [2]; and c) can extract
liquid properties such as sound speed and longitudinal viscosity if the density has been previously
determined. Numerous examples using the three approaches can be found in the literature. Following
approach a), resonant MEMS devices including plates [14], membranes [12], [13], microcantilevers under
different resonant modes such as torsional [18], microbeam arrays [19] and suspended channel resonators
[9] have been used as density sensors, using most of them Newtonian fluids with low viscosity of 10 cP.
Capacitive and piezoelectric micromachined ultrasound transducers (CMUTs and PMUTSs) have also been
used as plate flexural resonators for density-viscosity sensing, providing very compact systems on the
micrometer scale. In 2016 [20], a system of two CMUTs was used to extract the dynamic viscosity of fluids
with high values (from 30 cP to 100 cP) through acoustic measurements. Here, the CMUT was used as an
ultrasound device in pulse-echo operation mode, acquiring the time response and computing the FFT to
determine the change in resonance frequency, which is a footprint of the liquid damping on the resonator
(due to the added virtual mass from the liquid over the resonator [11], [13], [15] ). Unfortunately, the change
in mass density was not discussed, and consequently clear interpretation of the cross sensitivity between
density and viscosity was not evaluated.

Other alternatives based in the same operation principle have recently emerged; these methods use
piezoelectric micromachined ultrasonic transducers (PMUTSs), which require lower driving voltages than
CMUTSs facilitating their integration into microfluidic systems. One presented in [21], is a PMUT-fluid-PMUT
system with a sensitivity of 292.6 Hz/kg/m® when the PMUT side is 250 um. However, a pair of PMUTSs are
needed and, only low viscosity fluids can be measured. To overcome these drawbacks, in [22], an array is
presented where the individual element is a dual electrode PMUT that facilitates detection of the density
change at the expense of decreasing sensitivity (26.3 Hz/kg/m? , which is still in the range of the human
blood density).

A different approach is followed with CMUT devices in [23], using an array of independently driven CMUTs
that can produce either standing surface waves in the fluid (approach b) or longitudinal acoustic waves
(approach c) depending on the array driving. From both kinds of actuation, the system is capable of
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determining several fluid properties such as density, shear viscosity, and sound velocity, although only shear
viscosity at low values is demonstrated experimentally.

In this work, it is demonstrated that a single AISCN PMUT-on-CMOS with two top electrodes could be an
excellent alternative, as a minute device capable of determining fundamental mechanical properties of fluids
such as density, viscosity, sound velocity and compressibility. The main contribution of the work is exploiting
the integrated system as a resonator or as an acoustic transducer through a pulse-echo system with a
combination of approaches a) and c) described above. In this way, a single-cell system can unequivocally
sense the density, acoustic viscosity, sound velocity, and compressibility of the fluid being tested, offering
added value compared to the state-of-the-art. The single-cell can detect these properties for high density
liquids (i.e., Fluorinert (FC-70)), or those with viscosity over 10 cP such as 100 % glycerol, with a density
sensitivity of 482+14 Hz/kg/m®. Moreover, the presented system is monolithically integrated over a
preprocessed CMOS substrate with the adequate circuitry for PMUT driving and sensing. Different from our
previous works [24], [25], in this paper AIN doped with Sc is used as the piezoelectric material, providing
benefits in terms of piezoelectric transduction coefficients [26]. This single-cell or lab-on-chip for liquid
characterization could be easily integrated in a microfluidic cell or hand-held devices of small size, which will
make it competitive with respect to other systems [2], [21], [22].

Materials and Methods

The presented PMUT is a two-port device fabricated using the MEMS-on-CMOS process of Silterra [24],
[27]. As shown in Fig. la-b, it consists in a unimorph square structure with an 80 um side, in which one
electrode is used as a transmitter and the other as a receiver. A 0.6 um AIN with 9.5% Sc piezoelectric layer
(Scas%Alsns%N) is sandwiched between two top Al electrodes (0.35 um thick) and one Al bottom electrode
(0.4 um thick). Based on the piezoelectric coefficients (see Table 1 footnote), an improvement in the
transduction efficiency is expected compared to that of pure AIN, as shown in [26]. Finally, the PMUT device
is covered by 1 um SisNa, which acts as an elastic layer and seals the cavity. The AIScN layer is deposited
by physical vapor deposition while the SisN4 layer is deposited with low temperature plasma enhanced
chemical vapor deposition (PECVD) process [28]. All material properties used in theoretical analysis are
summarized in Table 1.

The final AISCN PMUT system is monolithically fabricated over the CMOS circuitry integrated in a 130 nm
high voltage CMOS [29], where the outer top electrode is used to generate the acoustic pressure, driven by
a high voltage pulser CMOS circuit, while the inner electrode receives the incoming ultrasound wave, which
is amplified by a low noise amplifier (LNA) [24], [30]. Low voltage switches are used to isolate the transmitter
from the receiver. Figure 1d shows an optical image of the PMUT-on-CMOS system presented and its
corresponding layout, highlighting the transmitter side (HV pulser), the receiver (LNA+buffer) and the PMUT
device.

a g tRVIEW ¢ PMUT-on-CMOS ~ d

A Inner electrode A

Outer electrode

Cavity (1)
b AA’ Cross-section 5 WSiO:
NI
e ———
o Al

& MAISCN
= WSisNa
o

Fig. 1: Two-port PMUT device. a Schematic PMUT-on-CMOS design top view. b AA' cross-section. (Layers are not
to scale). ¢ Photograph of the PMUT-on-CMOS devices in comparison with a 10 cents coin. d Optical image (top) and
schematic layout (bottom) of the PMUT-on-CMOS device. The principal blocks are highlighted in the layout.

Table 1: PMUT material properties

Layer Material Young’s modulus (GPa) | Density (kg/m?) Poisson’s ratio
Substrate SiO2 70 2200 0.17
Bottom electrode Al 70 2700 0.35
Piezoelectric AIScN* 250 3520 0.31
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Top electrode | Al [ 70 [ 2700 [ 0.35
Passive | sisNg | 250 | 3100 | 0.23
1 Piezoelectric coefficient for SceswAlgos%N: €3:= -1.25 C/m? and es3 = 1.75 C/m? [26].
The natural frequency of a PMUT is defined by Eq. 1, where the value is determined by its physical
characteristics: 4> depends on the vibration mode, the shape and the boundary conditions (%2 = 35.99 for
the first mode corresponding to a square clamped PMUT), | is the PMUT side length, x is the mass per unit
area, and D is the flexural rigidity [31].

22 D . .
fair =#\/; i=1,2, .. j=12, .. @

On the other hand, when the PMUT is in contact with a fluid, the resonance frequency is affected by the
medium properties, which add extra mass, causing a drop in frequency; see Eq. 2. This parameter is known
as added virtual mass (B) [13]. It was first determined by Lamb [32] according to Eq. 3, where the fluid is
considered inviscid, and only its density (piquid) causes an increase in # and consequently a decrease in the
frequency for the same device. The coefficient /" changes depending on the PMUT shape, being 0.342 for a
square clamped device [33].

f(llT (2)

fliquid = iR

B =T Pltq:td l @)
However, viscosity is a relevant property of fluids, so it is important to know the reaction of the transducer
at high values of dynamic viscosity (s>>10 cP). An extension of the Lamb's model was presented by
Kozlovsky in [34] where the effect of the viscosity is included in the added virtual mass through &; see Eq. 4.
Based on Eg. 5, this nondimensional parameter (¢) depends on the PMUT side length (l), the kinetic viscosity
(v=n/piiquid), and the angular frequency () in the liquid environment. In addition, Kozlovsky's model, unlike
Lamb’s model, considers Newtonian viscous fluids, allowing quantification of the viscosity contribution to the
resonance frequency. In fact, based on Eq. 4 and 5, a direct relationship between the viscosity and the
thickness of the membrane can be extracted (¢ « (f12)~%/2 < h=1/2), which shows how the viscosity
acquires more importance in thin devices [34]. Furthermore, comparing the added virtual mass for both
methods, using Kozlovsky's model, lower frequencies are reached if the viscosity in the liquid increases.

B = 0.342"”%"“"(1 +1.057¢ + 0(&%) @
(= om ®)

In addition to a resonance frequency shift, resonant MEMS devices in liquid suffer from high damping due
to the fluid media. This damping is related to the following: (a) the acoustic radiation or mass loading effect,
which is proportional to g (see Eq. 6a and 6b where pp is the PMUT mass density, h is the total PMUT
thickness, and ciiquid is the sound velocity in the liquid), and (b) viscous losses (Eq. 7) [11], [13]. Both
parameters must be considered in the resonator behavior of the PMUT immersed in a fluid.

Qar = l;quld (6a)

2 2
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a= (6b)

0.95 .1

Quis == G+ 1 @)

Considering the PMUT device characteristics, theoretical analysis was carried out using six different water-
glycerol mixtures at 29 °C, where the density varies almost linearly throughout the range but the viscosity
strongly increases for the last three mixtures from 7.56 cP to 648.2 cP; all properties are summarized in
Table 2. As afirst step, the resonance frequency for the first flexural mode in air was obtained, which equaled
3.99 MHz. Then, in a liquid environment, the resonance frequency was computed according to both
approaches, Lamb and Kozlovsky; see Fig. 2a. The results demonstrate that resonance frequency
decreases if the percentage of glycerol increases. Furthermore, according to Kozlovsky's model, if the
viscosity increases (from 80%) the frequency is even lower, demonstrating the effect of the viscosity. Finally,
to obtain the PMUT sensitivity to detect the density change, a linear fit was applied (considering Lamb's
model), giving 1.61 kHz/%, which translated in terms of density to 628 Hz/kg/m?. Note that the parameter ¢
must be smaller than 1 to apply Eq. 4, which is fulfilled in our case despite the small size of the PMUT device.

Table 2: Water-glycerol mixtures properties

| Glycerol weight percent (%) |
Property ™45 T 20 | 40 | 6 | 8 | 100 |
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Density (kg/m®! [ 1000 [ 10453 [ 1110 | 11511 | 12055 | 1254
Viscosity (cP)> | 0.89 | 1.38 | 2.78 | 7.56 | 36.4 | 6482
L. Extracted from [14] [35].

2 Computed taking into account the approach presented in [36].

Viscosity, 7 (¢P) Viscosity, 77 (¢P)
0.89 138 278 756 364 6482 089 138 278 7.56 364 6482
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Fig. 2: Theoretical analysis of the PMUT at different concentrations of glycerol. a Frequency dependence
considering Lamb's model (blue stars) and Kozlovsky's model (red circles). b Contribution of the acoustic radiation (Qar
red stars and solid line, left axis) and viscosity (Quis blue squares, right axis) to the global Q-factor (Qta red points and
dash line, left axis).

In relation to the damping, Fig. 2b depicts the quality factor due to the acoustic radiation (Eq. 6a), the
damping due to viscosity (Eq. 7), and the global Q factor (Quotar’=Qar+Quis?). According to the values in
Table 2, the acoustic radiation losses are much greater than the viscous losses until viscosity values are
above 10 cP. Consequently, for low viscosity liquids, the global resonator Q-factor (Quwta) is almost
independent of the viscosity. In the case of high viscosity, this term has a clear influence, with it being difficult
to extract the viscosity from the evaluation of the global quality factor due to its reduced value and small
variation: the change in the global quality factor, Qutal, ranges from 3.75 to 3.1 (x0.82 factor), while the Q for
viscosity, Quis, changes between 110 to 10 (x0.09 factor) for viscosities between 10 cP and 1000 cP.
Because of this, it is not possible to evaluate the effects of the viscosity through the measurement of the
PMUT resonator frequency response.

Up to now, the influence of only density and viscosity on the frequency response of the PMUT as a
resonator (frequency shift and damping with the evaluation of the quality factor, Q) has been analyzed.
Considering the PMUT as an acoustic source in a pulse-echo configuration by changing the travel distance
inside the liquid, parameters such as sound velocity and acoustic attenuation can be measured with the
time-of-flight and amplitude of the received signal respectively. In relation with the acoustic attenuation and
considering the longitudinal or acoustic viscosity, #, the damping viscosity coefficient is given by Eq. 8 [15],
[37], [38],

2. £2
27 fliquian
ap,visc ~

®)

3
Pliquid Cliquid

where fiquia corresponds to the resonance frequencies in the liquid, piiquic and Ciiquid are the density and the
sound velocity in the liquid environment, respectively. Note the quadratic dependence of this acoustic
damping with the frequency.

Results and discussion

Fluid characterization using the PMUT as a resonator

A lock-in amplifier (HF2LI, Zurich Instruments, Switzerland) was used to electrically characterize a simple
PMUT device (without any CMOS circuitry connected) wire bonded to a PCB. To find the peak resonance
and its amplitude, a frequency sweep was performed according to the theoretical values driving one top
electrode with a 10 V continuous wave. The other top electrode was used to detect the frequency change,
while the bottom electrode was grounded. Finally, an O-ring with 30 mm diameter was used to confine the
liquid over PMUT surface; the set-up is shown in Fig. 3a. The fluid test was experimentally performed not
only with the water-glycerol mixtures described in Table 2 but also with liquids such as Fluorinert (FC-70)
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(3M with piiquie= 1940 kg/m3, n= 24 cP), and elastic materials such as PDMS (10:1, Sylgard 184 Silicone
Elastomer with p= 980 kg/m?) were included.

Several samples were used during the experiment, and before immersing the PMUTs in a liquid
environment, they were electrically characterized in air using the same set-up. Based on the theoretical
value of the frequency for the first mode, a sweep around 4 MHz with a span of 1 MHz was used. A mean
resonance frequency of 4.42 MHz with a standard deviation of 0.13 MHz was obtained. Because of this
dispersion and to achieve an easy comparison, the resonant frequency (theoretical and measured) in the
fluid was normalized with its value in the air (fmedia/fair) for the same device. Figure 3b includes the theoretical
results considering Lamb's and Kozlovsky's models as well as the measured values. As expected, the
resonance frequency decreases when the medium density increases. Furthermore, regarding the last point
of the water-glycerol mixtures (100% glycerol), the experimental frequency shifts according to Kozlovsky's
model, demonstrating the PMUT's capability to detect fluids with high viscosity values. Additionally, note
how the density plays an important role in the mass loading (B), achieving the highest value when FC-70 is
used (lower frequency), even though this sample has 27 times lower viscosity than 100% of glycerol. To
evaluate the sensitivity as demonstrated in [22], the experimental data points were fitted (excluding 100%
glycerol due to its high viscosity). The curve fitted using fmedgia/fair is a linear function with a slope of -1.089e-
4 [1/kg/mq] and intercept of 0.55; see Fig. 3b inset. An R-squared value of 0.94 indicates that the presented
two-port PMUT can work effectively as a density sensor. According to the mean frequency in the air (fair=
4.42 MHz+0.13 MHz), the density sensitivity is 482+14 Hz/kg/m?, and the resonance frequency range in the
used liquids ranges from 1.5 MHz to 2 MHz. The error here was computed by transferring the dispersion in
the electrical measurement in the air (0.13 MHz) to the liquid according to Eq. 2, with a 3% variation from
the center frequency.
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Fig. 3: PMUT as aresonator. a Experimental set-up for the electrical characterization using a lock-in amplifier. Inset:
Photograph of the set-up. b Normalized frequency in different acoustic media considering theoretical (blue circles-
black stars) and experimental results (red points). Each material is identified by one color; PDMS: yellow, water-glycerol
mixtures: blue, and FC-70: green. Inset: Fitted curve excluding 100% glycerol.

Table 3 shows a comparison between different PMUTs systems as density sensors. Taking the highest
sensitivity [21], our PMUT achieves 1.6x improvement with a single and compact device. Furthermore, in
comparison with other PMUTSs, the AIScN PMUT reaches better sensitivity (2.5x that of [39] and 18.3x that
of [22]) with a smaller area.

Table 3: Comparison of PMUTs as density sensors

Parameters 2020 [39] 2020 [21] 2021 [22] This work
Piezoelectric layer PZT PZT PZT AIScN
TX/RX same chip Yes No Yes Yes

PMUT size (um) 500 250 750 80
Sensitivity (Hz/kg/m?) 191 292.6 26.3 482

Fluid characterization using the PMUT as a pulse-echo system

Fluid Density: Experimental verification was done by immersing the device first in FC-70 and then in
100% glycerol, due to their high density and viscosity, respectively. The air-liquid interface was used as a
reflecting surface, and its thickness was adjusted to ensure a time of flight values close to 11 ps in FC-70
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and 7 ps in 100% glycerol. To generate the acoustic pressure, the HV transmitter circuit was configured to
excite the outer electrode with two cycles of 32V amplitude.

A frequency sweep was carried out in the PMUT in the pulse-echo experiment to identify the resonance
frequency (maximum received signal) in each liquid environment. The signal (peak-to-peak amplitude)
received by the inner electrode is shown in Fig. 4a. The maximum amplitudes are achieved at 1.49 MHz and
1.71 MHz when FC-70 and 100% glycerol are used, respectively, values close to the electrical
measurements (1.54 MHz using FC-70 and 1.81 MHz using 100% glycerol) allowing the determination the
density values. In addition, the maximum amplitude for FC-70 is higher than that for 100% glycerol, which is
expected for two main reasons: (a) the speed of sound in 100% glycerol is almost 3 times higher, and
therefore, the interface liquid-air is further away, and (b) the viscosity coefficient is higher in 100% glycerol
than in FC-70 which increases the signal attenuation.

Sound velocity: The inset of Figure 4b shows the schematic setup used to determine the sound velocity
in different liquids concentrations. As shown, a piece of silicon wafer (Si-wafer) was used as a reflecting
surface, and it was positioned at a base point z1. Through a manual micrometer system, the Si-wafer was
lifted in increments of 50 um until it was displaced 1 mm from its original position. Finally, the acoustic
pressure was generated by the outer electrode, driven with two cycles with 32 V at the frequency previously
determined.

To estimate the sound velocity, cross-correlation was used to obtain the difference in time between the
base point and the point of interest. Each time-distance pair was plotted. Figure 4b shows the values, and
the slope of a linear fit allows the determination of the sound velocity (c), giving 676+4.5 m/s in FC-70 and
1903+31.2 m/s in 100% glycerol in accordance with the reported values [40]. The uncertainty in the sound
velocity estimation can be analyzed through the standard deviation (oc), defined by Eq. 9, where o is the
micropositioner accuracy * 2 pm [41] and ot depends on the sampling frequency (250 MHz for 100% glycerol
and 200 MHz for FC-70) giving 4 ns and 5 ns, respectively.
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Fig. 4: PMUT as a pulse-echo system. a Frequency response considering 100% glycerol (blue points) and FC-70
(black circles). The time of flight (ToF) is 7 us and 11 ps, respectively. b Experimental relative distance-time curves to
estimate sound velocity in 100% Glycerol (blue point) and FC-70 (black circles). Insets: schematic setups for the
frequency response and the sound velocity estimation.

Compressibility: This is an important mechanical property in liquids that indicates a relative change in
volume because of a change in pressure, and it can be defined as the inverse of the bulk modulus
(K=c?*piiquid). The fluids being tested, in this case, were the six proposed concentrations of water and glycerol
shown in Table 2. The sound velocity was obtained considering the same procedure mentioned above but,
unlike the previous section, here, the surface of the PMUT was covered with a 200 um layer of PDMS (10:1,
Sylgard 184 Silicone Elastomer) to isolate the wire-bonding and provide good performance during all
experiments.

Figure 5a (left axis) shows the experimental sound velocity obtained (red points) as well as the reported
values in [35] (green stars). The estimated sound velocity without PDMS is also included for 100% glycerol
(purple circle), indicating that the PDMS layer does not affect the performance of the PMUT device. On the
other hand, the right axis of Fig. 5a shows the compressibility variation for the same density range and its
inaccuracy regarding sound velocity (inaccuracy computed as 2(piiquiac®)'oc, where c is the obtained sound
velocity, piquid is the density, and ocis the standard deviation of the sound velocity). Note that, as expected,
an increase in the sound velocity causes lower compressibility values. In addition, based on the reported
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values in the literature at a temperature close to the one used here (29 °C), the obtained compressibility
shows a good correspondence with [17], [42], which demonstrates the high potential of the proposed device.

Viscosity: The acoustic losses of the same six water glycerol mixtures were also studied. To carry out this
experiment, the acoustic path (AP) was modified every 100 um (2*Az) using the same Si-wafer as a reflecting
surface; see the set-up in the Fig. 4b inset. Losses as a consequence of liquid damping have been studied
in [40], [43] where the propagation waves were considered planar waves and then, only losses caused by
the fluid properties affected the signal amplitude. The radiation patterns of small sized PMUTs, such as the
one in this work, are almost omnidirectional [44], and in consequence, the decrease in amplitude is due to
the acoustic path (spherical acoustic wave) and the acoustic medium losses due to the viscosity [45].
Considering this, the signal received by the inner electrode is not only reduced by 1/AP but also exponentially
decays due to viscous losses (e ~%wisc4P; where ap.isc is defined in Eq. 8). To see the influence of this second
term, the product of the peak-to-peak amplitude (Amp) and acoustic path (AP) was used (Eq. 10).

Amp(mVy,) - AP(mm) = e~ pviscAP (10)

Figure 5b shows the experimental points for water (red triangles), 100% glycerol (blue points), and FC-70
(green squares). Measurements were made with the PMUT-on-CMOS covered by 200 um PDMS (for water
and glycerol mixtures) to preserve wire bonding during the experiments. The base point in the acoustic path
(AP) was determined with AP=2*(z1 +hppwms) and z1= (ToF/2- hpoms/Croms)*Ciiquid (Where TOF=7 us is the time
of flight, ciiquia is the sound velocity shown in Fig. 5a, and hpoms= 200 um and ceoms= 1000 m/s correspond
to the thickness and sound velocity of the PDMS). Considering this, the first the acoustic path in water is
10.2 mm, and that in 100% glycerol is 13 mm. When FC-70 is used, the PMUT is not covered with PDMS
(heoms= 0 um), and the ToF is 11 ps, giving an acoustic path of 7.4 mm. To see the influence of viscosity on
acoustic losses, an exponential adjustment was performed according to Eq. 10. The coefficient apisc was
computed using Eq. 8, giving 0.021 m?, 4.76 m?, and 1.85 m™ for water, 100% glycerol, and FC-70,
respectively. These curves are represented by dotted lines on the same graphs. Despite there being some
dispersion in the experimental points, they show the same trend as the theoretical fit, demonstrating the
ability of the PMUT to estimate viscosity.
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Fig. 5: a Left axis (red): Sound velocity versus density-viscosity corresponding to water-glycerol mixtures
(red points) and data published in [35] (green stars); the sound velocity without PDMS is included (purple
circle). Right axis (blue): Compressibility estimation and data published in [17] (orange circles and line)
and in [42] (black stars). b Pulse-echo amplitude versus acoustic path (AP) with the PMUT immersed in
FC-70 (green squares), water (red triangles), and 100% glycerol (blue points). The dotted curves consider
the viscosity losses, dp,isc, giving 0.021 m?, 4.76 m, and 1.85 m for water, 100% glycerol, and FC-70,
respectively

Conclusions

In this article the capabilities of a single AIScN PMUT-on-CMOS for monitoring density, viscosity, sound
velocity, and compressibility of fluids are demonstrated. Based on the PMUT behavior, two approaches are
presented to characterize different fluids. First, working as a resonator, a change in the liquid density causes
a decrease in the resonance frequency, with a sensitivity of 482+14 Hz/kg/m®. Second, the propagation of
an acoustic wave allows the determination of not only the density but also the sound velocity, which allows
the compressibility of the fluid to be characterized. Furthermore, the effect of viscosity is seen in the incoming
Journal: Microsystems & Nanoengineering. Springer Nature
In process of publication, accepted in June 2022. DOI: 10.1038/s41378-022-00413-y



ultrasonic wave, where the theoretical viscosity coefficient adjusts for the exponential decrease in amplitude.
Experimental verification shows that this tiny device, manufactured monolithically on a CMOS substrate, is
an excellent candidate for a single measurement cell unit for use in microfluidic systems that require the
characterization of the properties of small quantities of fluids. Integrated CMOS circuitry with further signal
processing can be easily upgraded to provide smart solutions for demanding industrial and biomedical
applications, with constraints on area, power consumption and cost.

Acknowledgments

This research was partially funded by the Spanish Ministry of Science and Innovation and AEI with project
P1D2019-108270RB-100.

We would like to specifically acknowledge Eloi Marigé Ferrer and all the other members of the SilTerra’s
MEMS and SENSORS technology development team for supporting the fabrication the PMUT-on-CMOS
wafers.

References

[1] G. Nicholas, B. P. Clarke, and R. S. Dwyer-Joyce, “Detection of lubrication state in a field operational
wind turbine gearbox bearing using ultrasonic reflectometry,” Lubricants, vol. 9, no. 1, pp. 1-22,
2021.

[2] A. P. V. Egas et al., “Speed of sound and derived thermodynamic properties of glycerol,” J. Chem.
Thermodyn., vol. 156, p. 106367, 2021.

[3] J. Toledo, V. Ruiz-Diez, J. Velasco, J. Hernando-Garcia, and J. L. Sanchez-Rojas, “3D-Printed
Liquid Cell Resonator With Piezoelectric Actuation for in-Line Density-Viscosity Measurements,”
Sensors, vol. 21, no. 22, 2021.

[4] H. J. Kim et al., “Piezoelectric layer embedded-microdiaphragm sensors for the determination of
blood viscosity and density,” Appl. Phys. Lett., vol. 105, no. 15, 2014.
[5] B. Jakoby et al., “Miniaturized sensors for the viscosity and density of liquids - Performance and

issues,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 57, no. 1, pp. 111-120, 2010.

[6] B. Jakoby and M. J. Vellekoop, “Physical sensors for liquid properties,” IEEE Sens. J., vol. 11, no.
12, pp. 3076-3085, 2011.

[7] R. Paxman, J. Stinson, A. Dejardin, R. A. Mckendry, and B. W. Hoogenboom, “Using
Micromechanical Resonators to Measure Rheological Properties and alcohol content of model
solutions and commercial beverages,” Sensors (Switzerland), vol. 12, no. 5, pp. 6497-6507, 2012.

[8] O. Cakmak, E. Ermek, H. Urey, G. G. Yaralioglu, and N. Kilinc, “MEMS based blood plasma viscosity
sensor without electrical connections,” in Proceedings of IEEE Sensors, 2013.

[9] M. F. Khan et al., “Online measurement of mass density and viscosity of pL fluid samples with
suspended microchannel resonator,” Sensors Actuators, B Chem., vol. 185, pp. 456—461, 2013.

[10] X. Lu, L. Hou, L. Zhang, Y. Tong, G. Zhao, and Z. Y. Cheng, “Piezoelectric-excited membrane for
liquids viscosity and mass density measurement,” Sensors Actuators, A Phys., vol. 261, pp. 196—
201, 2017.

[11] N. E. Weckman and A. A. Seshia, “Reducing dissipation in piezoelectric flexural microplate
resonators in liquid environments,” Sensors Actuators, A Phys., vol. 267, pp. 464-473, 2017.

[12] C. Ayela and L. Nicu, “Micromachined piezoelectric membranes with high nominal quality factors in
newtonian liquid media: A Lamb’s model validation at the microscale,” Sensors Actuators, B Chem.,
vol. 123, no. 2, pp. 860-868, 2007.

[13] M. Olfatnia, Z. Shen, J. M. Miao, L. S. Ong, T. Xu, and M. Ebrahimi, “Medium damping influences
on the resonant frequency and quality factor of piezoelectric circular microdiaphragm sensors,” J.
Micromechanics Microengineering, vol. 21, no. 4, 2011.

[14] S. Cerimovic, R. Beigelbeck, H. Antlinger, J. Schalko, B. Jakoby, and F. Keplinger, “Sensing
viscosity and density of glycerol-water mixtures utilizing a suspended plate MEMS resonator,”
Microsyst. Technol., vol. 18, no. 7-8, pp. 1045-1056, 2012.

[15] R. Beigelbeck, H. Antlinger, S. Cerimovic, S. Clara, F. Keplinger, and B. Jakoby, “Resonant pressure
wave setup for simultaneous sensing of longitudinal viscosity and sound velocity of liquids,” Meas.
Sci. Technol., vol. 24, no. 12, 2013.

[16] Y. Lu, M. Zhang, H. Zhang, Y. Jiang, H. Zhang, and W. Pang, “Microfluidic Bulk-Modulus
Measurement by a Nanowavelength Longitudinal-Acoustic-Wave Microsensor in the Nonreflective
Regime,” Phys. Rev. Appl., vol. 11, no. 4, p. 1, 2019.

[17] J. Yanez, A. Uranga, and N. Barniol, “Fluid compressional properties sensing at microscale using a
longitudinal bulk acoustic wave transducer operated in a pulse-echo scheme,” Sensors Actuators A
Phys., vol. 334, p. 113334, 2022.

[18] L. Zhao et al., “A mems resonant sensor to measure fluid density and viscosity under flexural and
torsional vibrating modes,” Sensors (Switzerland), vol. 16, no. 6, 2016.

[19] S. Marquez, M. Alvarez, D. Farifia Santana, A. Homs-Corbera, C. Dominguez, and L. M. Lechuga,
“Array of Microfluidic Beam Resonators for Density and Viscosity Analysis of Liquids,” J.
Microelectromechanical Syst., vol. 26, no. 4, pp. 749-757, 2017.

Journal: Microsystems & Nanoengineering. Springer Nature
In process of publication, accepted in June 2022. DOI: 10.1038/s41378-022-00413-y



[20]
[21]
[22]
[23]
[24]
[25]

[26]

[27]

(28]

[29]

(30]

[31]
[32]
(33]
[34]
[35]
[36]
[37]
[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Y. Hongbin, L. Liang, and A. G. Yuandong, “Capacitive micromachined ultrasonic transducer
(CMUT) based micro viscosity sensor,” Sensors Actuators, B Chem., vol. 227, pp. 346-351, 2016.
K. Roy et al., “Fluid Density Sensing Using Piezoelectric Micromachined Ultrasound Transducers,”
IEEE Sens. J., vol. 20, no. 13, pp. 6802-6809, 2020.

K. Roy, K. Kalyan, A. Ashok, V. Shastri, and R. Pratap, “A PMUT Integrated Microfluidic System for
Fluid Density Sensing,” J. Microelectromechanical Syst., vol. 30, no. 4, pp. 642—-649, 2021.

M. Thréanhardt, P. C. Eccardt, H. Mooshofer, P. Hauptmann, and L. Degertekinz, “A resonant CMUT
sensor for fluid applications,” in Proceedings of IEEE Sensors, 2009, pp. 878-883.

|. Zamora, E. Ledesma, A. Uranga, and N. Barniol, “Monolithic Single PMUT-on-CMOS Ultrasound
System with +17 dB SNR for Imaging Applications,” IEEE Access, vol. 8, pp. 142785-142794, 2020.
E. Ledesma, |. Zamora, A. Uranga, F. Torres, and N. Barniol, “Enhancing AIN PMUTs Acoustic
Responsivity within a MEMS-on-CMOS Process,” Sensors, vol. 21, no. 24, 2021.

E. Ledesma, |. Zamora, A. Uranga, and N. Barniol, “9.5 % Scandium Doped ALN PMUT Compatible
with Pre-Processed CMOS Substrates,” in Proceedings of the IEEE International Conference on
Micro Electro Mechanical Systems (MEMS), 2021, pp. 887-890.

E. Ledesma, |. Zamora, A. Uranga, and N. Barniol, “Multielement ring array based on minute size
pmuts for high acoustic pressure and tunable focus depth,” Sensors, vol. 21, no. 14, 2021.

M. S. Pandian et al., “Thin film piezoelectric devices integrated on CMOS,” in Proceedings of the
2016 Symposium on Piezoelectricity, Acoustic Waves and Device Applications, SPAWDA 2016,
2016, pp. 167-170.

“SilTerra Malaysia Sdn Bhd,” web. [Online]. Available:
https://www.silterra.com/technology/technology#section03. [Accessed: 28-Jan-2022].

E. Ledesma, |. Zamora, A. Uranga, and N. Barniol, “Monolithic PMUT-on-CMOS Ultrasound System
for Single Pixel Acoustic Imaging,” in Proceedings of the IEEE International Conference on Micro
Electro Mechanical Systems (MEMS), 2021, pp. 394-397.

R. D. Blevins, Formulas for natural frequency and mode shape. New York: Litton Educational
Publishing, Inc., 1979.

Horace Lamb, "On the vibrations of an elastic plate in contact with water," Proc. R. Soc. Lond. A vol.
98, pp. 205-216,1920.

J. J. Bernstein et al., “Micromachined high frequency ferroelectric sonar transducers,” IEEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 44, no. 5, pp. 960-969, 1997.

Y. Kozlovsky, “Vibration of plates in contact with viscous fluid: Extension of Lamb’s model,” J. Sound
Vib., vol. 326, no. 1-2, pp. 332-339, 2009.

C. Prugne, J. Van Est, B. Cros, G. Lévéque, and J. Attal, “Measurement of the viscosity of liquids
by near-field acoustics,” Meas. Sci. Technol., vol. 9, no. 11, pp. 1894-1898, 1998.

N. Cheng, “Formula for the Viscosity of a Glycerol-Water Mixture,” Ind. Eng. Chem. Res., vol. 47,
no. 9, pp. 3285-3288, 2008.

P. Hauptmann, R. Lucklum, A. Piittmer, and B. Henning, “Ultrasonic sensors for process monitoring
and chemical analysis : state-of-the-art and trends,” vol. 67, no. 97, pp. 32—-48, 1998.

J. Holmes, G. Parker, and W. Povey, “Temperature dependence of bulk viscosity in water using
acoustic spectroscopy,” J. Phys. Conf. Ser., vol. 269, no. 1, 2011.

K. Roy, A. Mandal, A. Ashok, H. Gupta, V. Shastri, and R. Pratap, “A Single Cell PMUT as a Bio-
Fluid Density Sensor,” in 2020 IEEE International Ultrasonics Symposium, IUS, 2020, vol. 2020-
Septe, no. ¢, pp. 1-4.

M. S. Hossain, B. Pal, and P. K. Mukhopadhyay, “Ultrasonic Characterization of Newtonian and
Non-newtonian Fluids,” Univers. J. Phys. Appl., vol. 12, no. 3, pp. 41-46, 2018.

L.S. Starrett Company, “Catalog 33 - Section 1 - Micrometers,” https://www.starrett.com/. [Online].
Available: https://www.starrett.com/vdoc/Catalog 33 - Section 1 - Micrometers. [Accessed: 20-Dec-
2021].

L. Negadi et al., “Effect of temperature on density, sound velocity, and their derived properties for
the binary systems glycerol with water or alcohols,” J. Chem. Thermodyn., vol. 109, pp. 124-136,
2017.

F. Behroozi, J. Smith, and W. Even, “Stokes’ dream: Measurement of fluid viscosity from the
attenuation of capillary waves,” Am. J. Phys., vol. 78, no. 11, pp. 1165-1169, 2010.

Y. Lu, A. Heidari, and D. A. Horsley, “A High Fill-Factor Annular Array of High Frequency
Piezoelectric Micromachined Ultrasonic Transducers,” J. Microelectromechanical Syst., vol. 24, no.
4, pp. 904-913, 2015.

L. E. Kinsler, A. R. Frey, A. B. Coppens, and J. V. Sanders, Fundamentals of Acoustics, 4th ed.
John Wily & Sons, Inc., 2000.

Journal: Microsystems & Nanoengineering. Springer Nature
In process of publication, accepted in June 2022. DOI: 10.1038/s41378-022-00413-y



156



ﬂ sensors

Article

Multielement Ring Array Based on Minute Size PMUTs for
High Acoustic Pressure and Tunable Focus Depth

Eyglis Ledesma

check for

updates
Citation: Ledesma, E.; Zamora, I.;
Uranga, A.; Barniol, N. Multielement
Ring Array Based on Minute Size
PMUTs for High Acoustic Pressure
and Tunable Focus Depth. Sensors
2021, 21, 4786. https:/ /doi.org/
10.3390/521144786

Academic Editor: Anthony N. Sinclair

Received: 22 June 2021
Accepted: 10 July 2021
Published: 13 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Ivan Zamora

, Arantxa Uranga © and Nuria Barniol *

Departament d’Enginyeria Electronica, Universitat Autonoma de Barcelona, 08193 Bellaterra, Spain;
eyglis.ledesma@uab.es (E.L.); ivan.zamora@uab.es (I.Z.); arantxa.uranga@uab.es (A.U.)
* Correspondence: nuria.barniol@uab.es

Abstract: This paper presents a multielement annular ring ultrasound transducer formed by indi-
vidual high-frequency PMUTs (17.5 MHz in air and 8.7 MHz in liquid) intended for high-precision
axial focalization and high-performance ultrasound imaging. The prototype has five independent
multielement rings fabricated by a monolithic process over CMOS, allowing for a very compact
and robust design. Crosstalk between rings is under 56 dB, which guarantees an efficient beam
focusing on a range between 1.4 mm and 67 um. The presented PMUT-on-CMOS annular array with
an overall diameter down to 669 um achieves an output pressure in liquid of 4.84 kPa/V/mm? at
1.5 mm away from the array when the five channels are excited together, which is the largest reported
for PMUTs. Pulse-echo experiments towards high-resolution imaging are demonstrated using the
central ring as a receiver. With an equivalent diameter of 149 um, this central ring provides high
receiving sensitivity, 441.6 nV /Pa, higher than that of commercial hydrophones with equivalent size.
A 1D ultrasound image using two channels is demonstrated, with maximum received signals of
7 mVpp when a nonintegrated amplifier is used, demonstrating the ultrasound imaging capabilities.

Keywords: PMUTs; annular array; ring array; ultrasound; AIN; ultrasound imaging; pulse-echo;
PMUT-on-CMOS

1. Introduction

Ultrasound is widely used as an excellent noninvasive diagnostic tool for nondestruc-
tive testing and medical imaging. Nowadays, small ultrasound probes are being extensively
pursued in areas such as in-body controllable catheter-based imaging for intravascular
imaging [1-4], specific heat treatments based on high-intensity focused ultrasound (HIFU
systems) [5,6], or brain stimulation for in vivo experiments [7,8]. In addition to these appli-
cations, power-free implantable prostheses for sensing biological parameters in animals or
humans are also a rapidly evolving field of research towards digital medicine and in view
of elderly population growth. Recently, powering and data transfer for these devices by
ultrasound is being studied and presented as one of the alternatives in comparison with
radiofrequency and inductive links [9-11].

For all these cases, tiny ultrasound transducers with very controllable and tunable
focus depth are required. Among the different ultrasound probes, annular rings provide by
layout this capability. Their dynamic focusing along the axial direction and their symmetry
produce an acoustic pattern with a high spatial resolution (lateral and axial) and high
levels of output pressure which have been efficiently used in most of the above-mentioned
applications [1,3-6,8,9].

Annular rings for ultrasound systems have been fabricated with bulk piezoelectric
materials in their thickness vibration mode. However, their complex fabrication process
would limit their use in advanced ultrasound systems which require minute sizes, high
reproducibility, cost-efficiency, and low power consumption [12,13]. Advances in the fabri-
cation of micromachined ultrasonic transducers using MEMS-based technologies, either
capacitive (CMUTs) or piezoelectrical (PMUTs) with the capability of direct integration
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with CMOS, in a batch processing approach, decrease manufacturing cost and allow a
reduction in size and increase in compactness of the overall ultrasound system [12,14,15].
Ring-shaped CMUT arrays have been widely described in the literature [3-5,12,14]. How-
ever, their eligibility can be affected by the high power consumption needed in the CMUT
transducers. On the contrary, monolithic ultrasound systems based on PMUTs open the
way to power-efficient single-chip ultrasound systems [15,16].

In PMUTs, the ultrasound wave is produced due to the flexural movement of the
membrane, and its operational frequency will depend on both the different thicknesses
of the material and the size of the transducer, allowing in this way different operation
frequencies using different device layouts but with the same technological approach. Few
examples of continuous annular rings under this flexural approach have been reported [6].
However, continuous annular array fabrication could be a challenge due to its dimensional
constraints. In order to avoid this and increase the achievable output pressure at the
acoustic axis, a finite number of small ultrasound transducers configured in an annular
ring can be used (see for example [1,17]). The main advantage in this multielement ring
configuration is given by the capability to decouple the acoustic wave frequency, due
exclusively to the single element, from the overall ring diameter, keeping a longer-range
tunable focus depth, as is shown in Section 2. Taking these demands into consideration,
we have designed a multiple concentric annular ring ultrasonic transducer composed of
multiple high-frequency piezoelectrical micromachined ultrasound transducers (PMUTs)
capable of being monolithically integrated with CMOS technology [16]. The fabricated
multielement ring ultrasound array provides high accurate tunable focus depth, high
acoustic output pressure, and minute size which is operable in the 10 MHz frequency range
in a liquid environment and can be a candidate for the above-mentioned applications.
In addition, we have characterized the central ring of the array as an ultrasonic receiver,
showing higher receiver sensitivity with smaller spatial averaging effects than commercial
hydrophones with similar size.

This paper is organized into four sections: Section 2 explains the multielement ring
array design and its benefit over the continuous ring array using analytical equations
and FEM simulations (COMSOL Multiphysics); predictions of the acoustic performance
with Field II software are also provided. Section 3 shows the experimental results, in-
cluding the electrical and acoustic characterization and line-scan ultrasound imaging as
a demonstration of the full transceiver ultrasound system. Finally, Section 4 concludes
the paper.

2. Materials and Methods
2.1. Multielement Ring Array Design

As already explained, the main advantage of an annular ring is its capability to be
axially focused; focus depth tunability, beam diameter at the focus point, and range of
achievable pressure are its main parameters. The focus depth, F, is defined by Equation (1),
where S is the transducer area (whatever its shape), A is the wavelength, f is the frequency,
and c is the sound velocity in the propagation medium [18]. It is evident that transducers
with the same area will produce a greater focus depth with higher frequency.
S Sxf

Fd:ﬁi4><c

M

For the design of an efficient annular ring, the first question is how we can achieve
the highest frequency using the same transducer area, which will give us the greatest
focus depth. In our approach, we must consider flexural resonators as we are using a
MEMS-based approach with AIN as the piezoelectrical material. We will analyze this
focus depth capability considering a continuous annular ring array in comparison with
a multielement annular ring array. Figure 1 top inset shows a conceptual schematic of a
single element from a continuous annular ring array (green) and a single element (squared
PMUT) that will form a multielement ring array, (blue). Here 2D, 2d, and [ are the outer
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diameter, inner diameter, and width of each ring in the annular array; a and w are the side
and diagonal of each square PMUT in the multielement array.

PMUTs

/f
squared "annular

f

. = , .
0.0 0.2 0.4 0.6 0.8
a/D

Figure 1. Theoretical frequency ratio, fs/fs, from two single elements of an annular array and a
multielement multiring array with the same area according to Equation (4). Inset: Only one annular
ring and one single square PMUT from the annular and multielement ring arrays are shown.

First, the resonance frequency for the first flexural mode for the annular ring array
is giving by Equation (2), where A;; guuqr is @ dimensionless parameter associated with
the vibration mode (i, j), D, is the flexural rigidity, and yu is the mass per unit area [19].
Intuitively, higher resonance frequencies could be obtained with smaller devices, but
the parameter A;;_gnuler is dependent on the ratio of d/D and boundary conditions, so in
consequence, the same frequency can be obtained for rings with the same width (no matter
how big the outer diameter is), even in the case of flexural resonant rings.

/\ij_annularz D . .
f”:W 7’ i=12,...j=12,... )

Second, for a multielement ring array, the resonance frequency is fixed by the in-
dividual PMUTs, defined by Equation (3) for the first flexural mode considering square

PMUTs [20].
3599 (D,
fo = 2ma?\| w ®)

Using Equations (2) and (3), the ratio f;/f, for the same layer stack is given by Equation
(4) and computed in Figure 1 for different d/D ratios considering clamped boundaries where
the parameter A,-]-J,mu,,,,z has been extracted from Table 11-2 in [19]. The multielement ring
array achieves frequencies higher than the annular array when the PMUT side is much
smaller than D. Dotted lines show the case when the ring width is equal to 4 (minimum
side of the squared PMUT) or w, giving for all /D ratios an improvement in multielement
multiring frequency of 1.6x or 3.3 %, respectively. This increase in the resonance frequency
is translated into a higher focal length.

35.99

5lfp= —————
(a/D)Z X )‘ij,unnularz
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Figure 2a shows an optical image of the proposed multielement ring array ultrasound
transducer. The PMUTs are arranged in irregular polygons that are connected through the
top electrode forming five concentric channels. The bottom electrode is common for all
PMUT devices, and the gap between consecutive elements is 25 pm.

r
/
/
I
A
.

=i

M SisN: HMAIN Al WSiO:

Figure 2. (a) Optical image of the multielement ring array transducer and schematic representation
of the continuous rings over it; (b) zoom of the individual 40 um AIN PMUT; (c) AA’ cross-section
of AIN-PMUT.

Every single element consists of a squared AIN-PMUT with a 40 um side, fabricated
using the MEMS-on-CMOS SilTerra technology [16,21]. The top electrode size was op-
timized to maximize the membrane velocity and consequently the output pressure. A
1.3 um AIN piezoelectric material was deposited by physical vapor deposition (PVD)
and sandwiched between two Al electrodes (0.35 pm thickness top electrode and 0.4 pm
thickness bottom electrode). A 1.5 um Si3Ny layer was deposited with a low-temperature
plasma-enhanced chemical vapor deposition (PECVD) process; it acts as the elastic layer
and seals the cavity. Figure 2c shows a cross-section profile (AA’) of the square PMUT
device, and Table 1 summarizes the material properties used in FEM COMSOL simulations
and the principal geometric dimensions.

Table 1. Material properties and thickness used in FEM simulations.

Properties Geometric
PMUT Layer
Mat. Young’s Modulus (GPa) Density (kg/m®) Side (um)  Thick. (um)

Substrate SiO, 70 2200 60 2
Bottom Elec. Al 70 2700 46 0.4
Piezoelectric AN 279 3230 60 13

Top Elec. Al 70 2700 283 0.35

Passive SizNy 250 3100 60 15

! The piezoelectric coefficients es3 and e3; used in COMSOL are 1.55 C/m? and —0.6 C/m? respectively.

The first mode shape and its resonance frequency for a square 40 pm AIN PMUT
were obtained in COMSOL Multiphysics; the value of 27.7 MHz was given, which is close
to the value computed using Equation (3), 27.8 MHz. Dynamic simulations in a liquid
environment (Fluorinert, FC-70, with a density p = 1940 kg/m? and the sound velocity
¢ =685 m/s) give a maximum displacement at 13 MHz.
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In order to compare the performance of this multielement ring array transducer with
an equivalent continuous concentric ring, we considered the circles that surround the
single-PMUT elements. The shape of each ring is close to an irregular polygon, and it is not
possible to obtain rings that include all PMUTs of the polygon exactly. Figure 2a shows in
different colors the geometric representation corresponding to each continuous ring, where
D and d are the outer and the inner radii, respectively, and w is the width. The values of
D and d were computed trying to include the highest number of PMUTs of each irregular
polygon into the continuous ring. The width, w, corresponds to the PMUT diagonal (the fur-
thest PMUT point inscribed in the continuous ring) and is 56.6 um (v/ (40 um)? + (40 um)?)
(see Figure 2b). A gap of 8.4 um between rings is obtained. Decreasing the ring width to
w = a, higher resonance frequency for the continuous ring can be achieved at the expense
of not including the largest number of PMUTs within it. Table 2 summarizes the computed
dimensions taking into account all these considerations.

Table 2. Focus depth comparing multielement ring array with an equivalent continuous ring array
using Equation (1) and the resonance frequencies obtained from the COMSOL simulations. The F, is
calculated with all actuated smaller rings. (c = 685 m/s).

Dimensions Focal Point — Fd (um)
Number of Rings D (um) d (um) Continuous Ring; Multielement Ring;
Hm i =23 MHz £=113 MHz
1 74.28 17.68 13.7 67.4
2 139.28 82.68 50.3 247.3
3 204.28 147.68 109.2 536.6
4 269.28 212.68 190.4 935.4
5 334.28 277.68 293.8 1444

As the parameter Ajj in Equation (2) and the added virtual mass are only known
for defined d/D ratios [19,22], we performed some FEM simulations with COMSOL to
find the resonance frequencies for the first continuous ring in air and liquid, obtaining
8.9 and 2.3 MHz respectively. The resonance frequency for the continuous ring is 3 times
lower than that of the multielement ring (27.8/8.9), which is close to the fsguared/fannutar ratio
when the annular width corresponds to the square PMUT diagonal (see Figure 1 when
I = w). Figure 3 shows the frequency response in liquid for the first ring corresponding to
the continuous ring and the multielement ring array. The normalized pressure maps for
both rings, considering a propagation medium of 200 um radius, are shown in Figure 3b,c.
The multielement array achieves a higher focus depth in comparison to a continuous
ring (considering the same actuated rings) due to its higher operation frequency (see F;
in Table 2), concentrating the acoustic pressure in a narrower beam, but it is affected by
side lobes. The focus depth (F,) is presented in Table 2 for both the multielement ring
array device and the continuous concentric ring device considering the same area in both
cases. The advantage of focus depth control for the multielement ring array from 67 pum to
1.44 mm is clearly demonstrated.
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Figure 3. FEM COMSOL dynamic simulation in liquid for the first continuous ring and the first multielement ring:
(a) frequency response where left-bottom (red curve) corresponds to continuous ring and right-top (blue curve) corresponds
to multielement ring; (b) continuous ring pressure map at 2.3 MHz; (c) multielement ring pressure map at 11.3 MHz.

2.2. Acoustic Performance Simulation for the PMUT Array

Acoustic simulations using Field II [23,24] were performed to predict the acoustic
performance of the multielement ring array working in liquid (FC-70, ¢ = 685 m/s) at
a center frequency of 11.3 MHz (according to the FEM COMSOL simulations shown in
Figure 3).

Figure 4 shows the 2D normalized pressure map from 20 pm to 3 mm along the
axial direction and from —500 pum to 500 um laterally, keeping the array center at (0, 0)
coordinates. Note that, as Table 2 shows, by playing with the number of active rings, the
focal point can be changed without any extra delay. The beam focusing range from these
Field II simulations is a bit higher, reaching 1.6 mm, due to the simulation considering the
real element distribution inside the multielement ring array (gap spaces between elements),
which is small and is not considered in Equation (1).

Ring#5 - Ring#1 Ring#4 - Ring#1 Ring#3 - Ring#1 Ring#2 - Ring#1 Ring#1

@ (®) () (@ (e)

Figure 4. Field II simulated pressure map for the multielement array when transmitting with (a) all rings, (b) four rings
(ring #1 to ring #4), (c) three rings (ring #1 to ring #3), (d) two rings (ring #1 to ring #2), and (e) one ring (ring #1). Axis: Scan
in x-direction from —0.5 to 0.5 mm, z-direction from 0.02 to 3 mm.

On the other hand, controlling the applied signal phase, the focal point can also be
modified (electronic focusing), achieving higher pressure levels than at the natural focus.
In Figure 5a, the red axis shows the dependence of the transmission improvement on the
acoustic focusing factor (Sac), defined as Sac = Fac/N( where Fac is the actual focus and
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Nj is the natural focus (1.6 mm). In the simulations, the delays were applied to all the
elements that make up each ring. As expected, when the focus point is close to natural
focus, there is no transmission sensitivity enhancement (value close to 1), so to ensure
at least twice as much the transmission pressure, the acoustic focusing factor should be
0.8 (and consequently the focal point will be 1.3 mm). Furthermore, when it is focused,
the acoustic energy is concentrated in narrow beams, decreasing the focus width, and
consequently improving the capability to detect small targets. On the other hand, in
Figure 5a, the blue axis shows the dependence of the beamwidth at —6 dB on the acoustic
focusing factor. In this case, the beamwidth is wider when the acoustic focusing factor is
close to 1, as expected.

|5 5
257 . A {20
[ LR ’
§ \'\\l S
S 4 i =
£ . 200 g
> LN ]
= L) _1:“D
33 L J150 B
c S s
3 S 5
c - N
o 24 . (]
22 " 4100 @
g w’ ‘\\
c v N
E 14 w’ " " -~ 50
T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Acoustic Focusing Factor
(@
0

— Natural Focus
—o— Focusing at 700 um

-3 1——Focusing at 500 p BW =254 ym

BW =80 um

Normalized amplitude (dB)
©
1

T T T T T
-0.4 -0.2 0.0 0.2 0.4
Lateral direction (mm)

(b)

Figure 5. Field II simulations: (a) dependence of the transmission sensitivity improving factor (red
curve) and the beamwidth (blue curve) on the acoustic focusing factor; (b) cross-section in lateral
direction at two different focal points (500 and 700 um, corresponding to acoustic focusing factors of
0.3 and 0.44, respectively).
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Figure 5b shows the acoustic pressure field profile along the lateral direction at dif-
ferent focus points, including the natural focus (Np). As can be seen, the multielement
ring array is affected by the generation of unwanted lobes (side lobes). For focus depths
greater than 500 pum, these side lobes are below —15 dB, which is proven to be the required
dynamic range for imaging [25].

3. Experimental Results and Discussion
3.1. Electrical Characterization

The electrical characterization in the air was done using the multiring PMUTs bonded
to a PCB and using a network analyzer (Agilent Technologies, Santa Clara, CA, USA).
Figure 6a left inset shows a schematic of the experimental set-up. Each ring was powered
with 10 dBm continuous wave to obtain the S-parameters. The frequency response, S;1, for
each ring, gives a center value of 17.5 MHz, which corresponds to the resonance frequency
of an individual PMUT (single clamped square PMUT, as reported in [26]).

-20
Ring 4
Ring 5
30 g {57
T 0 &
£ 58 2
] o~
D 907 f e w
604 -59
-70 T T T T T
160 165 170 175 180 185 190
Frequency (MHz)
(@
-58.0
-58.4

S21 (dB)

—o— 845

Envelope
Ll ) ) I L)

6 7 8 9 10 11 12
Frequency (MHz)

(b)

Figure 6. Scattering parameter measurements (a) in air (Sy;, red and blue curves with left axis;
Sq2, green and rose curves with right axis) using rings #4 and #5 and (b) in Fluorinert, Sy, using rings
#4 and #5.
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In Figure 6a, the red curve shows the frequency response corresponding to ring #4,
and the blue curve shows the ring #5 response. The multiple peaks are a consequence of
the multiple individual PMUTs forming the ring.

In order to analyze the electrical crosstalk effect in the proposed device, the Sy;
magnitude between pairs of rings was obtained [27]. In Figure 6a, the dotted graph (green
curve) corresponds to the measurements between ring #5 and ring #4. The crosstalk level
was obtained considering the Sy; at 19 MHz (out of the resonance peak), giving for this
case —59.4 dB which represents 2.1 mVpp (for a 10 dBm input signal). Even if the crosstalk
level during the resonance is considered, there would be no significant actuation voltage in
the non-actuated rings, decreasing the risk of acoustic interferences. Table 3 summarizes
the obtained crosstalk between rings. Note that the lowest level, —77 dB, is between ring #1
and ring #4 and not between the most widely spaced rings (ring #1 and ring #5). This can be
attributed to the specific layout of the electrical pads (consecutive pads for rings #1 and #5).
The low crosstalk levels (below —56.8 dB) between multielement rings will allow driving
each ring independently, ensuring a well-controlled and efficient axial beam-focusing.

Table 3. Crosstalk between rings, according to S21 experimental magnitude at 19 MHz in air.

dB 1 2 3 4 5
1 X —56.8 —76 -77 -70
2 X —69.5 —74 —72.5
3 X —62 —69.5
4 X —59.4
5 X

The variation of resonance frequencies for each of the individual resonators due to
mismatching during the fabrication can be a drawback. This problem can be alleviated
when the system is under liquid operation due to the acoustic radiation mass loading
effect from the liquid which widens the resonance frequency curve. For a square PMUT
transducer under liquid operation in one side, this mass load damping can be quantified
according to Equation (5) (where pjigy; is the liquid density, a is the transducer side, and y
is the mass per unit area) [28], which gives B = 2.46.

B — 0342 tigia X 1 )

Then, the expected resonance frequency in liquid will be approximately half the air
resonance frequency, i.e., 9.4 MHz (fair/ /(1 + B)). Figure 6b shows the electrical frequency
response of the crosstalk between ring #5 and ring #4 in FC-70. The resonance peaks appear
between 8 and 10 MHz, being in correspondence with the expected value (9.4 MHz). On the
other hand, in liquid, the high acoustic radiation damping is translated into a low quality
factor and consequently to higher fractional bandwidth, hence lowering the S»; magnitude
at resonance and smoothing the single-element frequency peaks of the same ring.

3.2. Output Pressure Measurements

The multielement ring array was immersed in Fluorinert (c = 685 m/s, p = 1940 kg/m?)
and each ring was driven by a signal generator (Keysight, Santa Rosa, CA, USA) with
four sine cycles with 24 Vpp. The acoustic pressure was measured with a commercial hy-
drophone from ONDA (Santa Clara, CA, USA) and displayed in an oscilloscope (Santa Rosa,
CA, USA); Figure 7 shows the set-up. The experimental resonance frequency (tuned to
maximize hydrophone signal) was 8.7 MHz in accordance with the electrical measurements.
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Figure 7. Set-up for the acoustic characterization as actuator in liquid environment (a) schematic set-up and (b) photo of the

experimental set-up.

In order to avoid artifacts on the pressure field characterization due to spatial averag-
ing effects (consequence of the influence of the hydrophone’s diameter), there is a limitation
on the minimum axial distance between the hydrophone and the ultrasound transducer.
Equation (6) should be used [29] to estimate the maximum effective hydrophone radius
(a3), taking into account the transducer radius (a1), the wavelength in the acoustic media
(A = c/f), and the distance between the hydrophone and the transducer (/). In our experi-
mental set-up, a;, =100 um (HNC-0200 radius), ¢ = 685 m/s, and f = 8.69 MHz, giving the
ratio //2a; = 5.06, which means different minimum distances depending on the ring size;
Table 4 summarizes these values for all cases (Lmin represents I/ in Equation (6)).

a, = 8%1(\/12+a%> (6)

Therefore, in the experiments, the hydrophone was placed at the distances detailed
in Table 4 and raised every 50 um to obtain the axial pressure at different heights without
distortion. These distances are in the far-field, which allows defining the acoustic pressure
by Equation (7) [18] (where Ry is the Rayleigh distance, Py is the surface pressure, and z is
the axial distance).

_ PR
Tz

P(z) @)

Table 4. Individual ring characterization as actuator in FC-70 using HNC-0200 from ONDA (at
8.69 MHz). Lmin is computed from Equation (6); NP is experimentally measured.

Ring Lmin (mm) NP (kPaxmm) Pressure (kPa)

at 1.2 mm
1 0.531 6.33 5.28
2 1.19 10.04 8.37
3 1.84 14.92 12.43
4 22 15.41 12.84
5 3.16 14.2 11.79

The measured points were fitted according to Equation (7), obtaining from the slope
the normalized pressure with the distance NP = PyRy (Paxmm) for each ring (see the
results in Table 4). From these measurements, the maximum attainable pressure at the
natural focus (~1.2 mm according to Field II simulations at 8.69 MHz) can be computed,
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evaluating the NP for each ring at 1.2 mm and adding them because, at this point, all
acoustic waves are in phase, allowing constructive interference. Finally, the computed
total pressure is 50.71 kPaypp,. This output pressure could be increased until 4.8 times, for
example, focusing at 200 pm (see the improvement factor in Figure 5a).

The normalized acoustic pressure (ST) at 1.5 mm from a 1 mm? PMUT array area
when it is driven with 1 V was used to compare the multielement ring array with other
ultrasound transducers. Taking the previously computed pressure when all rings are
excited, 50.71 kPapp, and normalizing with the distance (1.2 mm) and the applied voltage
(24 Vpp), we obtain a surface pressure of 2.54 kPayp, xmmx V1. According to this and
considering the entire area of the multielement ring array (7 x (D52 — d;2) = 0.35 mm?),
the normalized pressure at 1.5 mm is 4.84 kPa/V/mm?. Table 5 compares the multielement
ring array performance as an actuator with the state-of-the-art approaches, demonstrating a
promising performance with a minute area. The normalized output pressure is 55% higher
than that reported for arrays of annular AIN flexural rings (2.2 kPa/V/mm? using five-
channel ring [6]) and even 92% higher than that for a system for intravascular imaging [2].

Table 5. Comparison of ring arrays with different technological approaches.

[30] [2] [6]

Parameters This Work
2011 2018 2019
Transducer CMUT PZT matrix AIN PMUT AIN PMUT
technology
Configuration Multielement ring ~ Multielement ring Continuous ring Multielement ring
Medium Vegetable oil Water Mineral oil FC-70
Frequency (MHz) 12 14 6 8.69
Area (mm?) 12.76 1 6.281 7.071 0.35
Pressure 13.2 0.4 2.8 211
(kPa/V@mm) @152 @6 @5.4 @1.2
NP (kPaxmm/V) 19.8 24 15.2 2.54
ST (kPa/V/mm?) 1113 0.383 2183 4.84

! Computed considering the transducers’ dimensions. 2 Taking the peak-to-peak pressure (2 x 66 kPa) and the
applied voltage (10 V). > Computing as the ratio between NP evaluated at 1.5 mm and the area.

In order to complete a deeper characterization of the performance of the system as an
actuator and compare the presented multielement array system with a continuous AIN
flexural PMUT array [6], the pressure normalized with the area and energy density, (p),
defined in Equation (8) was computed (where V is the applied voltage (24 V), Ay is the
area (0.35 mm?), e3; £ is the piezoelectric coefficient (315 = €31 — v X e33 = —1.065 C/ m?2), A
is the wavelength (A = ¢/f = 79.86 um), and p is the total pressure (50.71 kPa at 1.2 mm)).

oo
V x Aap X 63]’)«

P=v ®

Applying this expression at 1.2 mm (the natural focus) when the multielement five-ring
array is used, a normalized pressure per area per energy density of 453 kPaxmm ™2 /] xcm ™3
is obtained, which is 2.5x better than that of the five-channel continuous ring array without
delays presented in [6] (184 kPax mm~2/Jxem™3). Compared with the result when the
same system is focused at 1.9 mm (588 kPa xmm~2/Jxcm ™3, [6]), our multielement ring
array still exhibits a competitive value and will allow higher pressure output at shorter
focus depths if some phase-beam focusing is used.

3.3. Pulse-Echo Measurements

Thanks to its reduced area, the multielement ring array can be a candidate for catheter-
based ultrasound imaging; consequently, it was also characterized as a pulse-echo acoustic
system. In this case, the central ring was used as a receiver, and the rings #5, #4, and #3
were used as transmitters. The same signal generator was used to drive the transmission
with four sine cycles at 8.69 MHz with 24 Vpp. The receiving ring was externally connected
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SIGNAL GENERATOR

FC-70 [y

Wave Tx %§Wave Rx

PCB wire bonded to PMUT

to an integrated CMOS voltage amplifier with a gain of 25 dB [31]. The liquid thickness
over the PMUT chip was tuned to obtain different times of flight (ToFs) and consequently
different acoustic paths (AP = ToF x c) giving a round trip from 1 to 5 mm; Figure 8 shows
the set-up.

Oscilloscope

L

OSCILLOSCOPE

POWER SUPPLY

PCB wire bonded to PMUTs [l

PCB wire bonded to CMOS

@ ()

Figure 8. (a) Schematic set-up for pulse-echo measurements; (b) photo of the experimental set-up.

Figure 9 shows the measured echo voltage and its dependence on the acoustic path
using ring #3 (blue points) (same measurements were also acquired for ring #4 and ring #5).
Taking the fitting results, the receiving sensitivity (SR) can be computed as Rx/Pt (where
Pt is defined by the normalized pressure, NP/z, in Table 4), giving an average value of
441.6 nV/Pa ((RXcentral / Pt3 + RXcentral /Pts + RXcentral/Pts5)/3). This receiving sensitivity
is affected by the parasitic capacitances between the PMUT and voltage amplifier (PCB,
connectors, cables, etc.) according to Equation (9) [32]:

SR = SRpoc X G x CcenfralRing

©)

ccentrulRing + Cinna + Cpamsitic

where SRgoc is the “end-of-cable open-circuit sensitivity”; G is the amplifier gain (25 dB);
CeentralRing 18 the receiving element capacitance (254.9 {F extracted from COMSOL); Ciyrna
is the voltage amplifier equivalent capacitance (609 fF) [16]; and Cpyygsitic is the parasitic
capacitance associated with PCBs, connectors, cables, etc. (at 6.5 pF). Hence, the intrinsic
sensitivity (SRgoc) for the smaller inner ring is 717.8 nV /Pa. This value is very competitive
in comparison with some commercial hydrophones with sizes comparable to our ring
#1 (diameter of ~149 pm) but with smaller nominal SRgoc pressure sensitivities: HNC-
0200 from ONDA (200 um diameter, SRgoc = 28 nV /Pa [32]) or NH0200 from Precision
Acoustics (200 um, 55 nV/Pa with amplifier [33]).

The time-domain response shown as the red curve in Figure 10 corresponds to pulse-
echo measurement when ring #4 is used to transmit and the central ring is used to receive.
The time-of-flight of the received echo is 2.34 us, which gives an FC-70 thickness of 800 um
(FC70thickness = ToF x ¢/2). Taking the ringdown, the fast Fourier transform was computed
(see Figure 10, blue curve), giving a resonance frequency (fy) of 8.8 MHz with fractional
bandwidth at —6 dB close to 54%.
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Figure 9. Pulse-echo experiment with ring #3 as transmitter and ring #1 as receiver. The received
signal is plotted as a function of the acoustic path, AP, using FC-70-air interface as reflecting surface.
Error bar = £200 uV. Inset: Time-domain signal at 2.8 mm round trip.
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Figure 10. Acoustic pulse-echo measurement using ring #4 to transmit and central ring to receive
(FC-70 thickness at 800 pum). Red curve (top-right red axis): time-domain response. Blue curve
(left-bottom blue axis): FFT from the ringdown.

The acoustic beamwidth was determined through a pulse-echo experiment where
ring #3 and ring #4 were used as transmitters and the central ring was used as the receiver.
A 150 um diameter conductive wire was used as a reflecting surface and was placed at
790 um over the array’s surface. The wire covered all PMUTs in one lateral direction, and
in the other direction, it was mechanically displaced 500 pm to each side from the center
of the array (see Figure 11 inset). Figure 11 provides experimental and simulation results
(using Field II) for when only ring #3 or ring #3 + ring #4 were excited. According to the
simulations, the beamwidth at —6 dB is around 160 um when ring #3 + ring #4 are used
(blue lines in Figure 11) and is 180 um when only ring #3 is used (red lines in Figure 11).
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Moreover, the maximum amplitude increases by about 6 dB when both rings are used. The
experimental points demonstrate a very good agreement with the simulated ones.
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Figure 11. Simulated and experimental behavior along the lateral direction at 790 um axial distance.
Red curves correspond to ring #3 as transmitter and blue curves correspond to ring #3 + ring #4 (dots:
experimental points; lines: Field II simulations). Inset: Experimental set-up.

3.4. Focusing Capabilities

The focusing capabilities were demonstrated through a pulse-echo experiment using
ring #3 and ring #5 as transmitters and the central ring as a receiver (see set-up in Figure 8).
The acoustic path was tuned in the same way, changing the FC-70 thickness and measuring
the time-of-flight corresponding to ring #3 (nearest to receiver element).

Figure 12 (inset) shows the signal received by the central ring when ring #3 and ring
#5 are used separately. As can be seen, the received acoustic waves from ring #3 and
ring #5 are not in phase; in consequence, when both rings are driven together, the total
acoustic pressure is less than the sum of both echoes. The behavior without any delays is
shown in Figure 12 (green points), giving a maximum level of 6.59 mVpp close to 1.5 mm
round trip (natural focus). Considering this value and the computed receiving sensitivity
(441.6 nV /Pa), the pressure on the array’s surface is 14.9 kPapp.

For electronic focusing or phased-array rings, 34 ns was applied to ring #3 during
transmission to allow both acoustic waves to arrive in phase, achieving a maximum acoustic
pressure at 0.6 mm (see Figure 12, orange points). Computing the focusing improvement
factor as the ratio between maximum received echoes (8.4 mVpp/6.59 mVpp), a 1.3x
improvement factor is obtained, which is translated into an acoustic pressure of 19.4 kPap,,
(1.3 x 14.9 kPapp).
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Figure 12. Voltage measured by the central ring when ring #3 and ring #5 are driven at the same time
(green points) or electronically focused (orange points). Inset: Time-domain response of the echo
signal from ring #3 and ring #5 to determine the needed time delay (34 ns).

3.5. 1D Line-Scan Imaging

The imaging capability was tested using a Cu grating phantom with three holes with
different widths (600, 900, and 1040 pum) and gaps (1.2 and 1 mm) between them (see
Figure 13 inset). The sample was immersed in FC-70 and placed at 790 um on top of the
multielement ring array. A micrometric system was used to displace it along the x-direction
(perpendicular to the holes) with steps of 50 um, while the y-direction was fixed at the
sample’s center. Two rings (#3 and #4) were driven with four cycles at 8.69 MHz with
24 Vpp, and the central ring (connected to the CMOS voltage amplifier as before) was used
to detect the reflected echoes (see the set-up in Figure 8).

Figure 13 (red points) show the experimental peak-to-peak amplitudes received by
the central ring, giving a maximum value of around 7.5 mVp, and clearly reproducing the
AA’ profile with the three holes.

On the other hand, a scatter phantom close to the grating was modeled in Field II
with the purpose of obtaining the scanning pattern under the same assumptions. The
normalized signal received by the central ring when rings #3 and #4 are excited is shown
in Figure 13 (blue points), demonstrating a good agreement with the experimental one
and validating the capability to perform acoustic imaging with the multielement ring
PMUT presented.
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Figure 13. Pulse-echo ultrasonic 1D image of a grating phantom. Red curve: experimental points;
blue curve: Field II simulations. Inset: Grating phantom with A-A’ scanned profile.

4. Conclusions

This paper presents a multielement ring ultrasound transducer array based on AIN
PMUTs fabricated with a MEMS-on-CMOS process. The presented multielement ring array
eliminates the dependence of acoustic wave frequency on the diameters of the annular
array and achieves accurate control of the focus depth (from 67 um to 1.4 mm), which
is 4.9 times greater than that of the equivalent continuous ring array. The low crosstalk
between different rings (levels under —56.8 dB) allows it to be used in modern ultrasound
applications where the maximum of the ultrasound beam must be controlled efficiently in
the axial direction. The PMUT-based ring array, with a very reduced area, generates high
pressure levels (4.84 kPa/V/mm? at 1.5 mm) at 8.7 MHz in a liquid environment, being very
competitive with other annular arrays using bulk piezoelectric, CMUT, or PMUT fabrication
approaches. The pulse-echo experiments with a voltage amplifier (gain of 25 dB) externally
connected to the central ring gave a receiving sensitivity of 441.6 nV/Pa, which could be
increased around 700 nV/Pa when the PMUT is monolithically integrated on the CMOS
circuitry. The 1D imaging test through mechanical scanning demonstrates the possibility
to obtain high-performance ultrasound imaging systems. With this performance and
considering its small size (below 1 mm?), the presented multielement ring array fabricated
with a PMUT-on-CMOS technology becomes an interesting ultrasound transducer for
applications in which size, cost, reliability, and performance are a must, such as wearables
and catheter-based systems. Greater focal depth and output pressure can be achieved at
the same frequency by increasing the number of rings within the same technology.
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