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Summary

Acoustic wave technologies and devices have been in commercial use for
telecommunications, pressure sensing for automotive, non-destructive testing and
healthcare for more than 60 years; their application also extends to industry and academia,
where dozens of physical, chemical, and biological sensors can be found. Most acoustic
wave devices can be used as sensors because they are sensitive to mechanical, chemical, or
electrical perturbations on their surfaces, being able to monitor not only mass/density
changes, but also changes in elastic modulus, viscosity, dielectric and conductivity
properties. Examples of sensors based on acoustic waves include: temperature sensors,
moisture, strain, pressure, shock, acceleration, flow, viscosity, ionic contaminants, pH
levels, electric, magnetic and radiation fields, gas and explosives.

The Quartz Crystal Microbalance (QCM), a resonator made of a piezoelectric material
sandwiched between two metallic electrodes, embodies the typical operating mechanism of
most acoustic wave devices: By applying an alternate voltage to its electrodes, the structure
experiences deformations at a determined resonant frequency, which may change
depending on disturbances on its surface such as addition or removal of mass or changes on
their environment such as temperature drift. Despite the extensive use of QCM in various
disciplines of science and technology in past decades, current thin film acoustic wave
devices fabricated with MEMS technology are smaller, thinner, can reach higher
frequencies for improved resolution and can be monolithically integrated with CMOS
circuitry, thus offering low-cost and mass production of acoustic wave microsensors ready
to be integrated in Lab-on-a-Chip systems. The Thin Film Bulk Acoustic Resonators
(FBAR) are the latest development thin film acoustic wave devices; they have a structure
similar to QCM devices but with the advantage of being several orders of magnitude
smaller and capable of work in the GHz range, which provides them with superior
sensitivity. Unfortunately, membrane-type FBARs have low yield at fabrication due to
residual stress and when operating as sensors they tend to be brittle when submerged in
liquid environments, whereas FBARs using Bragg acoustic mirrors require multiple
precisely controlled deposition steps for the acoustic mirrors, raising complexity of the
device and causing its performance to be dependent on manufacturing defects. The output
signal of most acoustic wave sensors is frequency shift of their resonance modes, which are
correlated with quantitative measurement of physical changes on the detection surface or
chemical or biological molecules bound to the chemically modified surface in the case of
biosensors.
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The latter represents one of the main drawbacks of current acoustic wave devices; most of
them require elaborate mechanisms for signal control and relatively complex read-out
circuitry capable of detecting frequency shift in the impedance curve caused by changes of
the acoustic load coupled to the resonator. To overcome that problem, this work describes
the design, simulation, characterization and tests of a BAW sensor operating in longitudinal
mode capable of studying the compressional properties of fluids by interrogating the liquid
samples with short pulses of ultrasound. This would allow applications such as
identification and classification different liquids at microscale or studying concentration
changes of mixtures simply by measuring difference in output voltage level.

This contribution overcomes current restrictions of film acoustic resonators such as fragility
of operation in liquid environments, high manufacturing cost or limitations regarding
narrow microchannels; offering an alternative to applications that demand ultra-low
consumption, miniaturization, versatility and ease of readout.
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CHAPTER 1

Introduction

1.1 Introduction

Portability, faster reaction time and minimal reagent consumption are some of the future landscapes
expected by the bio and chemical analysis at the microscale [1]. The term “Lab-on-a-chip” (LOC)
refers to a developing technology entangled in scaling analytical laboratory processes down to a
chip-format; it involves the manipulation and study of minute amounts of liquid samples flowing
along channels with narrow dimensions ranging from tens to hundreds of micrometers. Nowadays,
miniaturization techniques allow fabrication of structures, sensors and actuators with sub-
micrometer precision (Figure 1.1), which has paved the way for emergent microfluidic applications
such as point-of-care diagnostics, genomic and proteomic research, analytical chemistry,
environmental monitoring, and the detection of biohazards [2].
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Figure 1.1: SEM image of a mite approaching to microscale gears
(Image: Sandia National Laboratories, www.mems.sandia.gov).

The term "sensor" refers to devices that detect and monitor a physical or chemical parameter (i.e.
vibration, pressure, and flow), and provide an output signal that is a function of changes in the
measured physical phenomenon [3], whereas “actuator” refers to a devices driven by an input signal



in order to produce stress/strain, force/torque or mechanical motion. Both sensors and actuators are
collectively categorized as "transducers", which refers to devices that convert energy from one
domain to another [4]. Currently, transducers can be fabricated at micro/nanoscale using
microelectromechanical systems technology (MEMS), which takes advantage of the well-
established semiconductor fabrication processes to create microactuators, microsensors, electric and
electronic components and diverse other mechanical devices at a chip-level [S]. MEMS transducers
comprise a multi-billion industry ranging from tire pressure automotive sensors to the
accelerometers and gyroscopes included in almost every consumer electronic device [6].

One of the world's largest and fastest-growing industries for MEMS research is the healthcare
industry, where multiple medical applications such as microneedles [7, 8], cardiac devices [9, 10],
in-vivo drug delivery systems [11-14], and lab-on-a-chip systems [15-17] for fast
chemical/biological analysis have been demonstrated. The key technology behind a “lab-on-chip”
is microfluidics, a class of MEMS devices meant to handle tiny volumes of liquids (typically from a
few picolitres to a few of microliters), enabling point-of-care diagnosis and providing a portable
solution to analyze body fluids in a very cost-effective way [18].

Microfluidic technology is more than microchannels, such systems typically involve: Methods for
introducing reagents and samples (micro-valves and/or micropumps [19]), methods for moving
these fluids around the different stages of the chip and for combining and mixing liquids (micro-
mixers, micro-filters [20]), and various other components for detection and analysis (micro-sensors,
and micro-reservoirs [21, 22]). However, one of the major challenges is that sensing and actuating
functions are done through different mechanisms which are often fabricated using different
processes and materials [23]. In this regard, acoustic wave devices offer the possibility of being
used for both sensing and actuation; therefore, most of the preparation and sensing tasks can be
implemented solely using acoustic devices, reducing costs and complexity of the whole system.

1.2 Acoustic wave technology overview

Acoustic wave technologies and devices have been in commercial use for telecommunications [24,
25], pressure sensing for automotive [26—28], environmental sensing [29—-33] and healthcare [34—
38] for more than 60 years [39]; their application also extends to industry and academia, where
dozens of physical sensors for humidity, temperature, mass, etc. can be found [40-45]. In the case
of biosensors, acoustic sensors stand out from other label-free approaches such as the Surface
Plasmon Resonance spectroscopy (SPR) [46], sensors based in nanowires [47] or nanotubes [48],
microcantilevers [49], and photonic techniques such as sensors based in photonic crystals [50],
optical microcavity resonators [51], reflective interferometry [52], and imaging ellipsometry [53];
as they can be used for both bio-sensing and microfluidics applications (actuation), which are the
major components in lab-on-a-chip systems, thus offering simple operation (electrical signal), high
sensitivity, small size, low cost, and no need for bulky optical detection systems [54]. Modern
sensor research is largely focused on label-free detection protocols [55] since the labeling process
(typically performed using fluorescent markers, enzymes, radioactive species, or quantum dots)
impede real-time binding kinetics, as well as they require additional time and imply increased costs
[56].



Acoustic wave transducers are so named because their detection mechanism is a mechanical or
acoustic wave generated by a piezoelectric element included in the device. Piezoelectricity refers to
the production of electrical charges in a material when it is subjected to mechanical stress (direct
piezoelectric effect) and vice versa; when an electrical field is applied the material undergoes
mechanical deformation (inverse piezoelectric effect) [57]. This occurs in anisotropic materials
whose internal structures lack a center of symmetry. Some piezoelectric materials include: quartz
(Si0,), lithium tantalite (LiTaOs), lithium niobate (LiNbO;), sapphire (AI20s;), lead zirconate
titanate (Pb (Zr,Ti)O;, PZT), barium strontium titanate (BaxSr1xTiO;, BST), AIN, ZnO, GaN, SiC
and InN [58]. Figure 1.2 offers an example of a MEMS device based on the direct piezoelectric
effect.

. . Deformation of the . .
Electrical output signal  piezoelectric layer Electrical output signal

«- -

Sound pressure
(input)
Figure 1.2: Piezoelectric Microphone. This type of microphone exploits the direct piezoelectric effect, in
which incoming pressure sound waves deflect the material generating electrical charges on the plates. That is
converted to a voltage output signal (Vesper Technologies Inc.).

As generated acoustic waves propagates through or on the surface of the material, changes to the
characteristics of the propagation path affect the velocity or amplitude of the wave. Changes in
velocity can be monitored by measuring the frequency or phase characteristics of the sensor and can
then be correlated to the corresponding physical quantity being measured. Wave variations can be
attributed to: a) Intrinsic factors such as material properties: density, elasticity, phase
transformation, viscosity, conductivity, permittivity, changes in carrier concentration and mobility.
b) Extrinsic factors such as mass loading, temperature, deformation, pressure, strain, stress,
humidity, pH wvalues, ultraviolet (UV) and infrared (IR) sources, externally applied
electric/magnetic fields and charge injection [23].

Most acoustic wave devices can be used as sensors because they are sensitive to mechanical,
chemical, or electrical perturbations on their surfaces, being able to monitor not only mass/density
changes, but also changes in elastic modulus, viscosity, dielectric and conductivity properties [39].
Examples of sensors based on acoustic waves include: temperature sensors, moisture, strain,
pressure, shock, acceleration, flow, viscosity, ionic contaminants, pH levels, electric, magnetic and
radiation fields, gas and explosives [59].



1.2.1 Propagation modes of acoustic waves

Acoustic waves are elastic waves propagating through gases, liquids and solids; its propagation in
bulk solids is divided in two main categories: Longitudinal (compressional) waves, and transverse
(shear) waves [60]. In longitudinal waves, also known as compressional or pressure waves, the
particle displacement is parallel to the direction of wave propagation i.e. particles oscillate back and
forth relative to their individual equilibrium positions and in the same direction of wave propagation
as depicted in Figure 1.3a, that is, energy propagates through rarefaction and compression of an
elastic medium. On the other hand, particle displacement in transverse waves occurs perpendicular
to the direction of wave propagation, that is, particles do not move along with the direction of wave
propagation as represented in Figure 1.3b. Other elliptical or complex vibrations of particles are
possible in solids, such as the surface (Rayleigh) waves and the Lamb (plate) waves. Rayleigh
waves are perturbations traveling along the surface of solid materials; in this case particle motion is
described as a combination of both longitudinal and transverse components [61], moving in an
elliptical path as shown in Figure 1.3c.
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Figure 1.3: Propagation modes of acoustic waves in bulk solids. a) In longitudinal waves the particle
displacement is parallel to the direction of wave propagation; particles oscillate back and forth relative to their
individual equilibrium positions and in the same direction of wave propagation. b) In shear waves the particle

displacement is perpendicular to the direction of wave propagation; particles oscillate up and down whereas
the wave propagation is left to right. ¢) In surface waves (Rayleigh) particle motion describes elliptical paths;
it is a combination of both longitudinal and transverse waves.

It is important to emphasize that compression waves (longitudinal) are the only mode of
propagation in liquids and gasses [60], so transducers operating in shear mode are considered to be
better for operation in liquids than those operating in longitudinal mode since a shear acoustic
transducers does not displace molecules perpendicular to the resonator surface, and there is
considerably less energy radiated into the liquid than the case of longitudinal devices [56].



Acoustic wave transducers are mainly categorized in two classes: a) Bulk Acoustic Wave devices
(BAW), where the generated acoustic waves propagate through the material, and b) Surface
Acoustic Wave devices (SAW), where acoustic waves propagate on the surface of the material.
Figure 1.4 shows the different modes of BAW and SAW devices [23].

| Acoustic wave devices |

BAW SAW

I I | | |
| SSBAW | | FBAR | | L-BAW | | Lamb | | Lamb | | PSAW | | SAW

I I I LSAW

TSM [_apw | [ FPW |

(QCM)

[ I [

' TEM || TSM || LFE | | R-SAW | | Sezawa | | SH-SAW | | Love |

Figure 1.4: Classification of acoustic wave devices. On the one hand, the main types of BAWs are
Longitudinal BAW (L-BAW), shear BAW (S-BAW), acoustic plate Love wave (APW) and the Thin-Film
Bulk Acoustic Resonator (FBAR) working on thickness extension mode (TEM), thickness shear mode (TSM)
or lateral field excitation (LFE). On the other hand, the main types of SAWs are the pseudo-surface acoustic
waves (PSAW) or Leaky SAWs (LSAW), the flexural plate Love wave (FPW), and different modes of SAW
such as the Rayleigh SAW (R-SAW), Sezawa mode waves, shear-horizontal SAWs (SH-SAWs) and SAW
producing Love waves.

1.2.2 The Quartz Crystal Microbalance (QCM)

The most commonly reported BAW device is the quartz crystal microbalance (QCM) [62]. It is a
thickness shear mode (TSM) resonator made of a piezoelectric material (typically quartz)
sandwiched between two metallic electrodes. On applying an alternate voltage signal to its
electrodes, the structure experiences shear deformations at a determined resonant frequency. That
frequency is modified depending on disturbances on its surface such as addition or removal of mass
or depending on their environment (exposure to air or liquid, temperature, etc.) [63]. QCM is
suitable for both gas and liquid operation because it works on thickness shear mode, which
minimizes radiation of energy in liquid media. Figure 1.5a offers a 3D representation of this device.
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Figure 1.5: A schematic view of quartz crystal microbalance (QCM). a) 3D representation showing the quartz

piezoelectric material and its top electrode. b) 2D representation of the QCM working in thickness shear
mode, where individual particle movement is perpendicular to wave propagation.



The typical application of QCM is as a thickness monitor for deposited solid thin films [64], but it
have been used in diverse applications in various disciplines of science and technology: Detection
of metals in vacuum, vapors, chemical analytes, environmental pollutants, biomolecules [66, 67],
disease biomarkers, cells, and pathogens, corrosion studies, detection in gas chromatography, and in
industry for controlling thickness and composition of sputtered materials [63]. The frequency shift
Af due to mass deposition Am of elastic subjects, which do not dissipate any energy during
oscillation, is explained by the Sauerbrey equation as [65]:

2f5

B SA\/ pq l’lq

Where: f, is the resonant frequency of the fundamental mode in Hz (typically 10 MHz [55]), S, is

Af Am

the electrode area in cm’, and Pq and uq are density and shear module of quartz respectively. This
equation shows a linear relationship between the resonant frequency shift and mass loaded onto any
resonator as long as the deposited mass is rigid, distributed evenly in the surface, and the frequency
change is less than 2%. Sauerbrey’s equation dictates that mass sensitivity is subjected to the
fundamental resonance frequency of the device. The fundamental mode f;, of a cavity of thickness t
is t = A/2, and in turn the frequency is related to the velocity of sound waves in the material as
v = f /A, therefore the resonance frequency depends on the thickness of the quartz wafer:

v

fo=E

Unfortunately, resonance frequencies for QCM are limited to tens of MHz because the thickness of
practical devices typically ranges 0.5 — 1 mm; reducing thickness beyond this point would make
them mechanically unstable and fragile, limiting the achievable mass sensitivity [68]. Moreover,
their large surface area (~ 1 cm?) and their bulk structure nature are not ideal for integration with
CMOS circuitry, limiting their applications as biosensors in terms of cost, operation, scalability and
miniaturization [62]. Recently there has been an accelerated development of MEMS fabrication and
piezoelectric thin film deposition technologies mainly driven by the mobile communications
industry. As the thickness of the piezoelectric determines the frequency of resonance in thickness-
mode resonators, current thin film devices with sub-micrometer thickness are able to reach resonant
frequencies of tens of GHz [69].

1.3 MEMS based acoustic wave devices (thin film piezoelectric MEMS)

The study of acoustic resonators based on piezoelectric thin films began in the 1980s, with
suspended piezoelectric membranes creating bulk longitudinal acoustic waves, achieving resonance
frequencies of hundreds of MHz [70]. However, enthusiasm waned in the early 1990s due to the
fragility of the membranes and low reproducibility of the device [68]. Years later, with the
development of MEMS micromachining techniques and the improvement in piezoelectric material
deposition techniques, the strength issues vanished allowing the arrival of novel applications such
as micrometric accelerometers, ultrasonic and force microsensors, microactuators, MEMS
microphones, and energy harvesting transducers [71]. Currently, lithography techniques inherited
from the semiconductor industry allow accurate thickness control and selective deposition of
piezoelectric material [72]. In this way, other components, such as microchannels, can be directly



fabricated on the same substrate without presence of the piezoelectric material. Furthermore, thin
film acoustic wave devices can be monolithically integrated with standard CMOS technologies in
the same wafer, improving the system performance whereas cost and footprint is reduced.

Thin film acoustic wave devices fabricated with MEMS technology are smaller, thinner, can reach
higher frequencies and can be monolithically integrated with CMOS circuitry, allowing low-cost
mass production of acoustic wave microsensors. The Surface Acoustic Wave devices (SAW) and
the Thin Film Bulk Acoustic Resonators (FBARs) are the most used acoustic wave devices based
on MEMS.

1.3.1 Surface Acoustic Wave devices (SAW)

A typical Surface Acoustic Wave device based on MEMS technology consists of metallic
interdigitated transducers (IDTs) lithographically patterned over a piezoelectric substrate. They
could be used as resonators or as delay lines depending of the design of the IDTs; SAW resonators
IDTs are fabricated in a central position with acoustic reflectors on both sides to trap the acoustic
energy within a cavity, whereas SAW delay lines consist of a transmitter IDT to generate surface
acoustic waves and a receiving IDT to detect those waves [73]. Figure 1.6a presents a 3D schematic
of a Rayleigh mode SAW (R-SAW) sensor in the delay line configuration.

Detection

b) A/ 2 Surface

wave

u[ﬁ]ﬂul] A

= Surface wave

Piezoelectric Substrate

Figure 1.6: Schematic of a SAW sensor in the delay line configuration. a) 3D representation of the device
consisting of metallic IDTs lithographically patterned over a piezoelectric substrate. b) 2D cross-sectional
schematic showing the operation mechanism; when an alternating electric signal is applied to the Tx IDT, a
Rayleigh wave is generated in the piezoelectric substrate. ¢) The analyte is located in the path of the wave;
changes in the output signal are correlated to physical or chemical changes in the detection surface.



In the delay line configuration, each IDT is an array of comb-shaped electrodes connected to an
alternating voltage source to create alternating positive and negative electric fields between its
metallic fingers. Due to the inverse piezoelectric effect, these alternating regions induce mechanical
strains between the fingers of the electrodes producing Rayleigh waves on the surface of the
substrate [74]. The 2D cross-sectional representation of the transmitter transducer (Tx IDT) in
Figure 1.6b shows a simplified schematic of the operation mechanism; when the alternating electric
signal is applied to the Tx IDT, the alternate polarity of the half-wavelength-separated electrodes
causes compression and rarefaction of the piezoelectric material and thereby an acoustic wave that
travels along the substrate surface is generated [75].

As shown in Figure 1.6c, the produced Rayleigh wave propagates along the surface until it reaches
the receiving transducer (Rx IDT), which is another set of interdigitated electrodes that uses the
direct piezoelectric effect to produce an output electrical signal in response to the received
mechanical perturbation. Since the surface wave has to cross the detection surface on its way from
the Tx IDT to the Rx IDT, the recorded changes in the output signal such as a time delay in the
acoustic wave propagation, frequency shift or amplitude attenuation are correlated to physical or
chemical changes in the detection surface.

R-SAW devices could offer frequencies in the GHz range, and thus enhanced sensitivity compared
to QCM [55]. They have found a large number of applications as sensors, including viscosity and
density sensors [76, 77], temperature sensors [78, 79], gas sensors [80-82], and also for
microfluidics (actuators) [83—86], however, they are unsuitable for liquid phase sensing or humid
conditions due to dissipation of the acoustic wave energy into the liquid. This problem is addressed
by the shear SAW devices (SH-SAW) and the Love mode devices; in SH-SAWSs the cutting angle
of the piezoelectric is adjusted in such way that the particle displacement is changed to the shear
mode, which does not significantly couple acoustic energy into the liquid, whereas the Love mode
devices use the same SH-SAW structure adding a thin wave-guide layer over its surface causing
acoustic energy to remain trapped within this thin layer. Both approaches allow real-time sensing in
liquid media [87, 88], but are inefficient actuators for microfluidic applications [23].

Since diffraction is related to the length of the fingers in IDTs [75] and due to the requirement of
both an input IDT and an output IDT, the footprint of these devices is large compared to other
MEMS acoustic devices such as the Thin Film Bulk Acoustic Resonator (FBAR), limiting its use in
miniaturized systems

1.3.2 Thin Film Bulk Acoustic Resonators (FBARs)

Similarly to the Quartz Cristal Microbalance, Thin Film Acoustic Resonators (FBARs) are Bulk
Acoustic Wave devices with similar structure and operation principle, however, the thickness of the
piezoelectric layer in FBARs is several orders of magnitude thinner due to current advances in
microfabrication and deposition techniques; allowing the creation of sub-micron thick piezoelectric
layers [62]. Since the fundamental mode f, of a BAW resonator in longitudinal mode depends on
both the thickness t and the sound velocity v in the material (f, = v/2t), resonance of FBARs
ranges from sub-GHz to tens of GHz, enabling higher sensitivity as sensor than QCM and SAW
according to the Sauerbrey equation [68].



The basic configuration of FBAR consists of a thin piezoelectric film membrane sandwiched
between two metallic electrodes of negligible thickness as depicted in Figure 1.7a. The active layer
is acoustically isolated from the supporting substrate in such way that when applying an alternating
electric voltage across the electrodes a standing wave is generated within the piezoelectric as shown
in Figure 1.7b. The acoustic energy remains confined in the piezoelectric material due to the large
acoustic impedance mismatch between the solid materials of the resonator and the air [89]. There
are two basic resonating modes in FBARs devices; the thickness longitudinal mode (TLM), which
confines a longitudinal wave between the electrodes and the thickness shear mode (TSM), which
confines a shear wave [55]. The key difference is the 34.5° orientation of the piezoelectric crystal in
thickness shear mode FBARs [90].

a) b)

Ultrasound

electrodes /

Yl Piezoelectric sacrifice | -
Air
Substrate

Figure 1.7: 2D cross-section schematic of an FBAR operating in longitudinal mode (thickness extension).
a) Basic configuration of a FBAR device; it consist of a thin piezoelectric layer sandwiched between two
metallic electrodes of negligible thickness, acoustically isolated from the supporting substrate. b) By applying
a voltage signal to its electrodes, a standing mechanical wave is generated within the active layer and it
remains trapped due to acoustic impedance mismatch between solids and air.

The most important application of FBARs is as filters and duplexers in smartphones and
telecommunications equipment; however, they have been extensively studied for sensing
applications recently [73]. The detection principle as a sensor is similar to QCM and it follows the
Sauerbrey equation; the resonance frequency f; decreases when additional mass is loaded to the
sensing surface, which is typically located on the upper electrode. The output signal of FBAR
sensors is usually frequency, therefore resonant frequency shift can be correlated with quantitative
measurement of physical changes on the detection surface or chemical or biological molecules
bound to the chemically modified surface in the case of biosensors. Due to the reduced base-mass
and higher operation frequency respect to QCM and SAW, small changes on the detection surface
cause large frequency shifts (typically in the MHz range), making the signal easily detected with
electronic circuitry [62].

Typical applications of FBARs as sensors are detection of mass changes to calculate concentration
of an analyte (gravimetric measurements) [91, 92], however, multiple applications have recently
emerged such as: pressure and temperature sensors [93-95], viscosity sensors [96, 97], humidity
[98, 99], electromagnetic waves [100, 101], etc., being the TLM FBARs mainly used in gaseous
phase sensing, while the TSM devices are able to work in both dry and liquid environments due to
their lower dissipation of acoustic energy in the liquid media [102].
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FBARs are typically manufactured either by using bulk micromachining (trench-type FBAR), or by
etching a sacrificial layer (air-cavity FBAR). In the former, a suspended piezoelectric membrane
and its excitation electrodes are left after etching away the bulk substrate underneath as depicted in
the cross section representation of Figure 1.8a. Contrarily, the air-cavity FBARs require etching of a
sacrificial layer previously buried below the piezoelectric material, as shown in Figure 1.8b. Both
structures allow confinement of acoustic energy within the piezoelectric because it is effectively
isolated from the substrate.

a) b)

O Piezoelectric
O Electrodes
@ Sacrificial
O Substrate

| O Air

Cavity
Trench
back-trench FBAR air-cavity FBAR

Figure 1.8: Schematics of membrane type FBARs with air boundaries to confine acoustic energy. a) Trench-
type FBAR created from etching away the underlying substrate. b) Cavity-type FBAR created after selective
etching of the sacrificial material previously deposited on the substrate

FBARs present various advantages over QCM or SAW, such as smaller footprint, reduced power
consumption, increased sensitivity due to its operating frequency in the GHz range, and they can be
fabricated monolithically together with RF circuitry [103]. However, membrane-type FBARs have
low yield at fabrication due to residual stress and when operating as sensors they tend to be brittle
when submerged in liquid environments [23]. A third type of FBARs known as Solidly Mounted
Resonators (SMR) address these issues related to fragility of suspended membranes; in this case the
resonator is acoustically isolated from the substrate by adding a Bragg Reflector to its structure,
resulting in a completely solid structure of improved mechanical robustness as depicted in the
scheme of Figure 1.9. The Bragg acoustic mirror in SMRs is composed of multiple pairs of quarter-
wavelength layers with high acoustic impedance (Z,.) contrast that effectively confines the acoustic
energy within the transducer layer [104]. Since there are no air gaps in this structure, SMRs are
useful when improved mechanical robustness and better heat dissipation capabilities are required.
The Bragg mirror acts as an effective acoustic reflector so that standing waves can be similarly
formed between the two metallic electrodes. In terms of sensitivity, the performance of an SMR is
slightly lower compared to an identically designed FBAR resonating at the same frequency [105].
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Figure 1.9: Schematic of a Bragg reflector type FBAR (SMR). The resonator is acoustically isolated from the
substrate by adding a Bragg Reflector to its structure, resulting in a completely solid structure of improved
mechanical robustness.

Unfortunately, SMRs require multiple precisely controlled deposition steps for the acoustic mirrors,
raising complexity of the device and causing its performance to be dependent on manufacturing
defects.

Table 1.1 offers a comparative of the key parameters of QCM, SAW, and FBAR.

QCM

SAW

FBAR

Typical constitutive

Quartz

Piezoelectric: ZnO,
AIN, PZT Substrate:

Piezoelectric: ZnO,
AIN, PZT Substrate:

materials Au electrodes Quartz, LINbO3 Si. Si3N4, Si02
Rayleigh, Sezawa, o
Wave mode Shear Shear, Love, Lamb Longitudinal, Shear
Operating Hundreds of MHz to Hundreds of MHz to
frequency kHz toa few MHz tens of GHz tens of GHz
Relative sensitivity Low Medium High
Typical size millimeters Hyndreds of Tens of micrometers
micrometers
Moqollthlc CMOS No Yes Yes
mtegration
. Frequency shift, Time .
Readout method Frequency shift delay Frequency shift
Advantages Detection indry e  Low power e Higher sensitivity
and wet consumption than QCM and
environment o  Wireless SAW
Highly available capabilities e Low power
Low cost e Multiple consumption
Mature propagation modes e  Wireless
technology e  Operation in wet capabilities
and dry e  Size is much
environments smaller than

e Higher sensitivity

than QCM

QCM and SAW
Small base mass

Table 1.1: Comparison of the key parameters of QCM, SAW, and FBAR, related to sensing applications.
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QCM SAW FBAR

Problems e Limited e Higher cost e Fragile
detection compared to QCM membrane (Air-
resolution dueto e  Affected by gap FBARs)
its lower temperature drift e Performance is
operating e Not a pure shear dependent of
frequency mode, causing accuracy of

e Difficult attenuation in fabrication
integration with liquid operation (SMR)
miniaturized e Higher cost
systems due to e Lower
its larger availability
dimensions o Difficult signal

control and
measurement

Table 1.1: (Continued)
1.4 High-overtone Bulk Acoustic Resonator (HBAR)

Table 1.1 has presented the advantages of FBARs compared to QCM and SAW technologies, such
as their lower footprint in the wafer and their higher frequency of operation/sensitivity, however,
the fragility of their thin membrane limits their application as a sensor in harsh environments and
their yield at fabrication. These drawbacks of FBARs could be solved by another type of bulk
acoustic wave device called High-overtone Bulk Acoustic Resonator (HBAR), which is also
simpler to manufacture than FBARs or SMRs.

The HBARs or OMR (overmoded resonators) are acoustic wave devices composed of a
piezoelectric film, equipped with top and bottom electrodes, deposited on a thicker substrate of low
acoustic losses (Figure 1.10a). Unlike the case of FBARs, the piezoelectric is not acoustically
isolated from the substrate that supports it, but rather the acoustic energy is allowed to leak into the
substrate generating standing waves through the whole thickness of the device, i.e. the substrate is
used as a cavity resonator for the acoustic wave (Figure 1.10b) [106].

a) b)

electrodes
Yl Piezoelectric

Substrate

punosenjn

HBAR

Figure 1.10: 2D representation of an HBAR operating in longitudinal mode (thickness extension). a)
Materials and layers involved. b) Standing wave of ultrasound trapped in the thickness of the device whenever
the piezoelectric is driven by an RF source.
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The origin of these structures is found in the first bulk wave delay lines; the piezoelectric layer
emits an acoustic bulk wave package that propagates in the substrate, reflects on its back, and
returns to the transducer that reconverts it into an electric signal [107]. The study of HBAR devices
was mainly related to the replacement of SAW devices in passive RF applications, such as filters
and oscillators, due to their smaller size and higher frequency of operation [108], but several sensor
applications have been achieved recently: environmental [109, 110], temperature [111, 112],
gravimetric [113, 114], pressure [115], viscosity [116], and also applications for quantum
mechanics research [117-119] and consumer electronics, such as impedance imagers for fingerprint
sensing and computing applications using HBAR devices under a pulse-echo regime [120-122].
The latter is of remarkable interest since pulse-echo mode of operation could provide potential
physical sensors with ease of reading, since they will only require measurement of output peak
voltage instead of the frequency shift detection necessary for the case of sensors operating as
resonators.

1.5 Motivation and contributions of this thesis
1.5.1 Motivation of the thesis

The previous sections have offered an overview to the main acoustic wave technologies and devices
used for the construction of sensors and actuators in telecommunications, automotive,
environmental sensing, and healthcare. Devices such as the Quartz Crystal Microbalance (QCM),
the Surface Acoustic Wave technologies (SAW) and the Thin-Film Bulk Acoustic Resonators
(FBAR) stand out due to their possibility of label-free detection, tiny size, high sensitivity and wide
availability, however, they remain some areas of opportunity to be solved as Table 1.1 has shown.
From the reviewed art some remarks can be made:

e QCM: It is a mature and widely adopted technology whose detection resolution is limited
due to the operating frequency that finely thinned substrates can reach before becoming
mechanically unstable. Its relatively large dimensions make its integration with modern
miniaturized systems difficult.

e SAW: A micromachined technology offering higher sensitivity than QCM (higher
operating frequency), low power consumption and wireless capabilities. It requires
patterning of several metallic interdigitated transducers (IDTs) on the wafer surface, using a
relatively large area of the chip for its implementation. It is not possible to excite a pure
shear mode, causing severe attenuation during liquid operation.

o FBAR: It offers higher sensitivity than both QCM and SAW due to its operating frequency
in the GHz range. It is also a micromachined technology of low power consumption and
wireless capabilities, unfortunately, devices based on thin membranes (air-gap FBARs) are
fragile when operating as sensors in liquid media, whereas performance of Solidly Mounted
Resonators (SMRs) is dependent of their manufacture since it is required a precisely
controlled deposition of the layers constituting their acoustic reflector.

The readout method of these devices consists of detecting changes in their resonance frequency in
response to chemical or physical stimuli of the study analyte, therefore it is required mechanisms
for signal control and relatively complex read-out circuitry capable of detecting frequency shift in
the impedance curve caused by changes of the acoustic load coupled to the resonator [23]. Taking
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the previous remarks into account, the motivation of this work is the development of miniaturized
acoustic sensors that offer:

e Simpler readout method: The system output is voltage level.

e  Mechanical robustness: The sensor must be completely solid, i.e., avoid thin membranes
that break during operation.

e Easy manufacture and high yield: The sensor must not require release of moving
elements that may affect the yield during its manufacture nor require controlled deposition
of multiple layers as in the case of mirrors in SMRs.

o Reduced footprint: At GHz it is possible to build transducers with lateral dimensions
smaller than 100 um that avoid diffraction of ultrasound pulses.

e Low power consumption: Low operating voltage improves its ability to be included in
portable systems. An operating voltage of less than 1 Volt is intended.

e Compatibility with CMOS: Piezoelectric materials deposited at low temperature (such as
Aluminum Nitride) have demonstrated the capacity for monolithic integration of
piezoelectric transducers and their CMOS circuitry for excitation and reading.

e Low input impedance: The input impedance should be close to 50 ohms to facilitate its
integration with commercial radio frequency equipment.

1.5.2 Contributions to the art

In regard to the foregoing, the contribution of this work to the state of the art consists of provide an
alternative for the noninvasive study of liquid samples at microscales; envisioned for real-time
applications where low-power consumption, easy readout method and size matters. The latter will
be accomplished using an HBAR microstructure working under a pulse-echo regime to study
compressional properties of liquids by interrogating those samples with short pulses of ultrasound.
This would allow applications such as identification and classification different liquids at
microscale or studying concentration changes of mixtures simply by measuring difference in output
voltage level.

1.5.3 Academic contributions

The project has been presented at four International Conferences, whose conference proceedings
papers are available as:

e J. Yanez, E. Ledesma, A. Uranga and N. Barniol, AIN-based HBAR ultrasonic resonator
for fluid detection in microchannels with multi-frequency operation capability over the
GHz range, IEEE International Ultrasonics Symposium (IUS), China 2021, pp. 1-4,
https://doi.org/10.1109/1US52206.2021.9593369

e J. Yanez, A. Uranga and N. Barniol, Multi-frequency thin film HBAR microtransducer for

acoustic impedance sensing over the GHz range, 21st International Conference on Solid-
state sensors, Actuators and Microsystems (Transducers), EEUU 2021, pp. 1347-1350,
https://doi.org/10.1109/Transducers50396.2021.9495750

e J. Yanez, E. Ledesma, A. Uranga and N. Barniol, Improved Electromechanical
Transduction for PiezoMUMPS HBAR Impedance Sensors, 2020 Joint Conference of the
IEEE International Frequency Control Symposium and International Symposium on

14



Applications of  Ferroelectrics (IFCS-ISAF), EEUU 2020, pp- 1-5,
https://doi.org/10.1109/IFCS-ISAF41089.2020.9234913
e J. Yanez, F. Torres, A. Uranga and N. Barniol, A feasibility study of AIN ultrasonic

transducers fabrication using the multi-user PiezoMUMPs process for fingerprint scanning
at GHz range, 15th Conference on Ph.D Research in Microelectronics and Electronics
(PRIME), Switzerland 2019, pp. 293-296, https://doi.org/10.1109/PRIME.2019.8787767

This work also resulted in the following Journal Paper:

e Jesus Yanez, Arantxa Uranga, Nuria Barniol, Fluid compressional properties sensing at
microscale using a longitudinal bulk acoustic wave transducer operated in a pulse-echo
scheme, Sensors and  Actuators  A: Physical, vol. 334 (2022),
https://doi.org/10.1016/j.sna.2021.113334

1.6 Thesis outline

Chapter 2: Theory. This chapter describes the proposed system based on a 'High-overtone
Acoustic Resonator' (HBAR). Later is described the operating mechanism (pulse-echo) and also an
alternative detection mechanism (the HBAR sensor used as an acoustic resonator). Finally, it is
presented an analytical review of the operating principle and the interaction between longitudinal
acoustic waves and liquids; presenting analytical models that will be used for the sensor design and
also analytical models that predict operation.

Chapter 3: Design, Simulation, and Fabrication. This chapter offers justification of the selected
piezoelectric material by discussing advantages and disadvantages of several piezoelectric materials
used in manufacture of MEMS microtransducers. Next, the acoustic characteristics of the materials
used in the manufacturing process are presented and analytical predictions of the impedance curve
of the device are made. Later, the analytical models reviewed in the previous chapter are used to
establish the lateral dimensions of the transducer and to predict the path of the ultrasound pulse
from emission to reception. In this chapter are presented the Finite Element models that were
constructed to perform Frequency Domain & Time Domain multiphysics simulations to support
analytical predictions. The complementary part of the chapter presents the selected manufacturing
process and describes the main manufacturing rules that have been used to guarantee the correct
manufacture and operation of the sensors. The “step-by-step” description of the flow used to
fabricate the devices is presented, as well as the design for lithography masks.

Chapter 4: Characterization & Experimental Setup. The first part of this chapter details the
procedures followed to validate that the manufactured resonators work according to design. Next is
described the process to isolate mathematically the electrical response of the resonator from
parasitic contributions of cables and connectors. The complementary part of the chapter details the
procedure to validate the pulse-echo devices and describes in detail the experimental setup to drive
and read the pulse-echo transducers. The digital post-processing tools are also presented.

Chapter 5: Results & Conclusions. The first part of this chapter compares the performance of the
fabricated pulse-echo device to the analytical predictions and Finite Element Analysis simulations.
It continues with demonstration of applications such as: Detection of presence of liquids in
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microchannels, impedance imaging (fingerprint sensor), identification and classification of liquids
by their specific acoustic impedance, detection of concentration change in solutions, and sensing of
compressional properties of liquids (Acoustic impedance and Bulk Modulus). Later, an application
for the alternative readout method (as resonator) is presented. This chapter ends with Conclusions.
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CHAPTER 2

Theory

2.1 System description

Figure 2.1 shows the concept of the measurement system; this representation show a typical micro
analysis system using MEMS technologies for its implementation over one side of a silicon wafer,
carrying liquid samples of interest. While traditional approaches for liquid detection, such as SAW,
require large areas of the system’s layout to be implemented, the HBAR approach studied in this
work requires no area of the microfluidic system since its piezoelectric transducer is patterned at the
opposite face of the wafer, generating bulk acoustic waves that travel across the thickness of the
silicon substrate to interact with liquid samples.

Material to analyze
(upper face of the wafer)

Silicon wafer

Transducers
(opposite face of the wafer)

Figure 2.1: 3D representation of the measurement system. The upper face of the chip contains a liquid sample
to analyze, while the acoustic sensors are located on the opposite (lower) face of the die, generating bulk
waves through the silicon substrate to interact with the sample.

26



The operating mechanism is based on interaction of longitudinal bulk acoustic waves traveling
across the thickness of the silicon substrate and liquid samples placed at the upper face of the chip.
This Chapter describes the main operation mode, the sensor working under a pulse-echo regime,
and also is presented an alternative approach using a similar structure as resonator. Later, theoretical
models to predict the operation of both approaches are presented, as well as useful equations for
their design.

2.1.1 HBAR sensor working as a Pulse-Echo Transducer

Chapter 1 presented the simplest HBAR; a bulk acoustic device consisting of a thin piezoelectric
layer coupled to an acoustic substrate. Unlike FBARs or SMRs, this device allows leakage of
acoustic energy into the substrate, enabling the thickness of the substrate to be used as a transport
medium for ultrasound packets emitted by the transducer to interact with materials placed on the
opposite side of the chip [1]. The zoomed section in Figure 2.2 shows a 3D representation of such
system: the lower face of the chip carries the piezoelectric transducer that emits and receives the
ultrasound packets that travel across the silicon thickness to interact with the sample placed at the
opposite face of the chip.

Substrate
thickness

Transducer
(opposite face of the wafer)

Pulse of bulk
acoustic waves

Transducer

Figure 2.2: A 3D transparent slice representing the concept of the sensor: The lower face of the wafer carries
the transducer that emits and receives pulses of bulk waves through the thickness of the wafer while the upper
face remains free of electronics and cables and is used as a detection surface carrying liquid samples.

The detection mechanism consists of measuring the degree of acoustic impedance mismatch
between the silicon body and the liquid samples. Depending on the physical properties of each
sample, a different amount of acoustic energy will be reflected back towards the transducer,
according with equation 1 [2].

ll..l _ |Zmaterial B Zsubstratel

(1)

Zmaterial + Zsubstrate

With Zg,pstrate @s the acoustic impedance of the substrate, and Z,,4¢eriqr @S the acoustic impedance
of material to be evaluated. Figure 2.3 describes the operation at different slices of time: a) The
pulse of ultrasound has been recently emitted and travels (with direction indicated by the blue
arrow) across the thickness of the substrate to reach the liquid sample at the opposite face of the
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wafer. b) Once the acoustic packet has reached the sample, the acoustic impedance discontinuity at
the solid-liquid interface causes a part of the pulse to be reflected back towards its emitting
piezoelectric element. The latter provides information about the analyte, since the amount of energy
reflected corresponds with the acoustic impedance mismatch between the silicon substrate and the
material to study, and therefore, depends on the physical properties of each sample.

a) Microchannel | b)

Material to study Material to study

2

Substrate
thickness

.
Acoustic Transducer
Figure 2.3: 2D representation of the device’s operation at two different moments in time: a) The pulse of

ultrasound has been recently emitted and travels (with direction indicated by the blue arrow) across the
thickness of the substrate to reach the liquid sample at the opposite face of the wafer. b) Once it has interacted
with the sample, the acoustic pulse begins its journey back towards its source to be recorded.

Assuming that such sensor is able to classify reflected acoustic pulses according to their amplitude
(differences caused by physical or biochemical changes in the liquid sample), the readout
mechanism would simply consist of measurement of the voltage level produced by the transducer
every time it is hit by an acoustic echo in a determined time-of-flight (ToF).

2.1.2 HBAR sensor working as an Acoustic Resonator

Figure 2.4a shows the representation of the alternative sensor; a structure similar to that shown in
Figure 2.2, but working as an acoustic resonator. When a continuous low-power RF signal is
applied to this HBAR it produces standing pressure waves in the thickness of its silicon substrate
(assuming constituting materials with acoustic impedances in the same order of magnitude). If the
microchannel is empty, i.e. filled only with the air that surrounds the sensor, equation 1 predicts
99.996 % of reflection at the solid/air interfaces, considering Zg,,;,s = 19.7E + 6 Rayl and Z,,,,; =
400 Rayl as the acoustic impedances of the silicon substrate and the gas (air), respectively. The
latter indicates that the acoustic energy generated by the transducer will remain trapped within the
thickness of the substrate because of the acoustic impedance mismatch between the solid materials
constituting the sensor and the air present at both the upper and the lower faces of the chip. This
ideal condition of lossless reflection causes the appearance of a well-defined resonance peak as
represented by Figure 2.4b.
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a) b) |

Trench/Channel

150

' frequéncy '

Standing bulk
acoustic waves

Substrate

Transducer
Figure 2.4: a) 3D representation of the sensor, the lower face of the wafer carries the transducer while the

opposite side can be used as a totally electronics-free detecting surface. The zoomed section is a 2D
representation of the device; the transducer is coupled to an acoustic substrate generating stationary bulk
waves in the whole stack of materials. b) The acoustic energy remains trapped within the solid structure
causing the appearance of well-defined resonances, both changes in the amplitude of the resonance and
detectable frequency shifts are expected accordingly to specific physical properties of each liquid sample.

On the other hand, when the trench is filled with the analytical sample the acoustic impedance
mismatch decreases, allowing leakage of energy within the liquid domain, causing both a decrease
in amplitude of the resonance peaks and a detectable change of resonant frequency [3].

2.2 Studying fluid compressional properties at microscale using longitudinal bulk
acoustic waves

The sensing mechanism described in the previous section is based on the interaction between
longitudinal acoustic waves within the solid sensor and the opposition exerted by fluids to acoustic
flow (its acoustic impedance). The complex acoustic impedance of materials Z* is related to density
p and the dynamic complex modulus M*(w) as [4]:

Z" = pM () 2)

With w = 2rf as the angular frequency. In the case of longitudinal waves, M* is a function of the
complex compressibility modulus (Bulk modulus) K* and the shear modulus G* [4]:

M (w) = K*(w) + gG*(a))

The complex modulus K* is stated as K* = K’ + iK” [5], where K’ is the storage modulus
representing the elastic part and K” is the loss modulus, representing the viscous part. Similarly for
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the shear modulus we have G* = G’ + iG”, with G’ as the shear storage modulus and G” as the
shear loss modulus. For Newtonian media the shear modulus G* can be reduced to its imaginary
part G* = iG” [6], so that the dynamic modulus of the liquid for longitudinal waves is:

4
M*(w) =K' +iK”+i§G"

The loss moduli K” and G” are respectively related to compressional and shear viscosities as:
g = K’/w and p = G”/w [6, 7], where pg is the real part of the bulk viscosity and p is the real
part of the shear viscosity. Thus, the dynamic modulus of a liquid subjected to a longitudinal
compressive force:

M*(a))=K’+iw(u3 +gu> 3)

In the case of liquids, the real part of the bulk modulus K’ is related to the speed of sound c as
K’ = pc?. Therefore, substituting equation 3 in equation 2, the complex acoustic impedance of a
liquid subjected to a pressure wave is [3, 8]:

qui rea pC2 B 3

Zreal = pc (5)

The latter indicates that compressional information such as the Bulk Modulus and the specific
Acoustic Impedance can be obtained by interrogating a liquid sample with pulses of longitudinal
waves produced by a transducer. Although the approximation Zj;gyia = PriquidCiiquia could offer
accurate results in most applications, it is important consider the complex term in equation 4 for
high-frequency transducers and liquid samples which viscosity exceeds 10 cP [9].

2.3 Piezoelectric transduction in longitudinal BAW devices and their input impedance

The most straight forward method of generating internal pressure waves in a solid bulk is by using a
piezoelectric transducer. Piezoelectricity is the physical property that causes polarization and charge
accumulation in certain crystals, ceramics and other solids when external mechanical stress is
applied, being the dipole created proportional to the amplitude of the force exerted. This
phenomenon called “direct piezoelectric effect” is linear, so that changing the direction of the strain
leads to an inverse sign of the dipole created [10]. This physical property also works in reverse;
electrical fields applied to these materials leads to mechanical deformation of its structure.
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Assuming constant temperature (isothermal), the equations governing such energy transformations
are given by [11]:

S =sET + d,E
D =dT + ¢"E ©

With S as the mechanical strain, D as the charge density, T represents the mechanical stress, E is
the electric field, d; indicates transposition of the d-matrix (which is a piezoelectric constant), and
the superscripts T and E indicate that permittivity ¢ and compliance s are measured under constant
stress and electric field conditions respectively. These coupled piezoelectric equations can also be
expressed choosing T and D as the independent variables, or S and E, or S and D, using appropriate
conversion of piezoelectric constants [11].

S=sPT+g.D
E=—gT+f"D

T =cES—eE
D =eS+€5E
T = cPS — h,D
E=—hS+[D

Where d, g, e, and h are the piezoelectric constants. A necessary condition for the piezoelectricity
phenomenon is absence of a center of symmetry; therefore these materials are intrinsically
anisotropic. The piezoelectric constants relate second-order tensors (Stress or Strain) to vectors
(charge density or electric field), so that they are represented as third-order tensors. For the case of
equation 6:

51 S11 S12 513 S14 S15 S161[T1 [d11 dy2 d13]
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= + E2
Sy S41 Sa2 Sa3 Sa4 Sas Sae || Ty dyq dygp dys Es
Ss Ss1 S52 S53 S54 S55 S56 || TS dsq dsy dss
Se Se1 Se2 S63 Se4 Se5 Se6-LTgl  ldgy dg, dgsl
Ty
T,
D, di1 diz dy3 dis dysdie T €11 €12 €131 [E;
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However, for the case of the systems described in Figure 2.2 and Figure 2.4, it is not necessary
deformation of the piezoelectric material in all directions to create bulk waves inside the silicon
substrate, but rather expansion and contraction of its thickness. Figure 2.5a is a 3-D representation
of the piezoelectric element isolated from the substrate, the active material (green) is sandwiched
between two thin metal electrodes that when connected to a voltage source will cause expansion of
the structure in the direction indicated by the red arrows.

Since lateral dimensions w and ! are much larger than the thickness ¢, the plate can be considered to
be laterally clamped (lateral displacement S = 0). Other pertinent assumption is negligible electric
flux leakage of the insulating medium (lossless piezoelectric), this suggest that D and S could be
chosen as independent variables:

T = cPS—h,D

E = —hS + B*D @)

Where h is a piezoelectric constant, c is the stiffness and £ is the inverse permittivity.
a) b)

Material to study

Silicon substrate

l electrodes Piezoelectric transducer Jt

w
Figure 2.5: a) 3-D representation of the piezoelectric layer, isolated from the substrate; it is sandwiched
between electrodes of negligible thickness to drive the material on its thickness extensional mode, causing
mechanical displacement of the structure in the x3 (3) direction. b) 2-D representation of the measurement
system; periodic displacement of the piezoelectric in the x; direction cause bulk acoustic waves when coupled
to an acoustic substrate, which travel across the thickness of the wafer (with direction indicated by the blue
arrow) to interact with the sample.

If lateral dimensions are considered as “clamped” and considering homogenous displacement of the
plates in the z-direction (3-direction, thickness expansion), equation 7 reduces to:

T; = 05353 — h33D3 (8a)
E3 = —h33S; + B33D3 (8b)
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This is related to the wave equation since strain is defined as S3 = dus/dx3. The wave equation
for this case is [12]:

0%uz ¢33 0%u
a2 p 02x;

Where uj3 is the particle displacement in the 3-direction x3 and p is density. The general solution
has the form:

. WX3 WXz _,
Uz = [A sin—-+B cos—D] e
v v

Where v, is the longitudinal wave velocity of the plate:

D
v_C33
p = |22
p

Taking the derivative S3 = dus/dx3, and substituting in equation 8a using the boundary condition
T; = 0atx; = 0 (zero stress at the free bottom boundary):

0= {cé’g [% (Acos(0) — B sin(O))] —h33D3} oot

h33D3v
4= 33D 3VUp
C33W
Applying the condition T3 = 0 at x3 = tp;ez, (zero stress at the free upper boundary) to equation
8a and solving for B:

wt,;
piezo
cos|——)—1
_h33D317D ( Vp )

B =
D wt.,;
Car . iezo
33 sin (—p )
Up

Where t,¢, is the thickness of the transducer. The latter gives an analytical value for Ss:

wtpiezo) -1
Up

cos
h33D5 wXs3 ( _ [WX3 ot
3 =4—p|cos — Y sin e )]
C33 VUp sin piezo Vp
Up

Since a constant electric field is assumed (parallel plates), the voltage is found with the relationship
E = dV /[tpieso that is, taking the integral of the electric field (equation 8b) over the thickness of

the body [10]:
Vb tpiezo
J dV = J E dX3
Va 0
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tpiezo
V= J —h33S3 + B33Ds
0

Substituting S3 from equation 9 and solving:

h33D3vp Wepiezo
V= ~B5iDityero + 2P (3 an (L2)
:833 3tpiezo C3?3(1) Z‘UD

The electric displacement field D5 (electric induction) is related to current I as [12]:

[=A—
dt

Where A4 is the electrode area formed by w and [ (Figure 2.5a). The input electrical impedance of
the resonator is Z;,, = V/I.

h2;D;v wty;
S . N33U3Vp X piezo
7 =:833D3tplezo+ C3?3(1) (2tan( 217D ))
m JjwADs

h§317D wtpiezo
o + 22 (210 ()
PIese " Boicgw 2vp

jwAes,

Where €55 = 1/B35 is the permittivity [F/m]. This equation also includes an important concept
formed by the term: h3,/B355c2s, called the electromechanical coupling coefficient (k?). Neglecting
losses, it is a measure of the conversion efficiency between mechanical and electric energy (and
vice versa) [13]. Rearranging terms this leads to the equation for a piezoelectric layer operating in
the thickness expansion mode [11]:

Zip = 1—k
n ](l)CO t

(10)

= %S D
B33C33

e3;A
0 =—
tpiezo
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Where C, is the clamped (static) capacitance. Figure 2.6 exemplifies the electrical response of a
hypothetical piezoelectric layer of AIN, with side w = 80 um and thickness tpie,, = 3 um,
operating on its thickness extensional mode. Material properties correspond to values found in the
COMSOL Multiphysics Library [14]. Since constitutive equations in COMSOL, and material
properties, appear on Stress-Charge form, the following conversions between piezoelectric
coefficients [11] were applied:

hss = e33/€3; (11)
C£3 = C§3 + (e3s3h33) (12)
104
S
o 103
Q
<
=
Q
=
g 102 L
a, : ;
5 W Static capacitance
@ Piezoelectric
101 1 1 1 1
0 0.5 1 1.5 2 2.5

Frequency [GHz]
Figure 2.6: Analytical input impedance plot. The black trace is the static capacitance for a thin piezoelectric
resonator with side w = 80 um and thickness #c,, = 3 um. The blue trace corresponds with its piezoelectric
behavior (equation 10), where resonance and anti-resonance peaks appear in the 1.5 —2 GHz range.

The black trace in Figure 2.6 corresponds with the static capacitance £35;4 / tpiezo» While the blue
trace corresponds with equation 10. Note that both traces accompany each other except for the
interval between 1.5 — 2 GHz, where resonance and anti-resonance peaks appear indicating
piezoelectric activity. The latter corresponds with the expected mechanical resonance fy of such
structure [15]:

17piezo

fu=N (13)

thiezo
Where v);e,, is the acoustic velocity of the longitudinal wave appearing in the thickness of the
piezoelectric layer, and N is an integer multiplier.
2.4 Input impedance of HBARs with electrodes of non-negligible thickness

The previous section presented a piezoelectric layer with lateral dimensions much larger than its
thickness, surrounded by negligible electrodes, bringing into being the simplest bulk acoustic wave
resonator, operating in its thickness extensional mode. Here, such transducer is considered as
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coupled to a much thicker acoustic substrate. The zoomed section in Figure 2.7 shows a 2-D
representation of a simple HBAR, which is formed by a thin piezoelectric transducer (operating in
thickness extensional mode) coupled to a largely thicker substrate.

Silicon substrate

subs

Transducer

Transducer v
|

4 fpiezo

HBAR structure
Figure 2.7: 2-D representation of the HBAR structure formed by the thin piezoelectric layer coupled to a
largely thicker substrate.

When a continuous low-power RF signal is applied to the electrodes, the thickness extensional
mode of the piezoelectric film is activated producing longitudinal pressure waves that leaks into the
silicon substrate (Figure 2.8a), whenever both materials have acoustic impedance within the same
order of magnitude (equation 1). If air is present in both the upper and in the lower side of the stack
of solid materials, the acoustic energy remains trapped in the thickness of the whole structure
because of the high degree of acoustic impedance mismatch between solid materials and gas (Figure
2.8b). As an example, at the silicon/air interface in the upper part of the structure, it is expected
99.996 % reflection of acoustic energy towards the interior of the structure according to equation 1
(using Z,; = 398 Rayl and Zgjic0n = 19.7E + 6 Rayl, as the acoustic impedance values of ‘air’
and ‘silicon’ respectively [9]).

The fundamental mode Af,, of this composite structure is found by relating the acoustic velocity of
longitudinal waves across the whole HBAR vy, and its total thickness tpp4 [16]. Since the
thickness tsyps > tpiezo, the fundamental mode is commonly approximated by using solely the
acoustic velocity of longitudinal waves across the substrate v, and its thickness tg,ps:

Uhp VUsub
ar ~ uns (14)
2tsubs

Afy =
0 2thbar

For this composite resonator consisting of a thin piezoelectric layer coupled to a thicker substrate,
the analytical expression of the input electrical impedance is [17]:

5 1 k? 2 tan% + z, tany; as)
in =7 - tan
JjwC y Vs
0 1+ Zp tan]/

36



a) b)

Silicon substrate
subs

Za.ir

Zair

Figure 2.8: a) Acoustic energy produced by the transducer leaks into the substrate if the acoustic impedances
of both materials are similar. b) Acoustic energy remains trapped in the thickness of the structure because of
the low acoustic impedance of the air that surrounds it.

Being y = znf(tpiezo/vpiezo)a ¥s = 2nf (tsyups/Vsups), Zp = Zs/ZO, with Zg and Z, as the
acoustic impedance of the substrate and the piezo film, respectively. Since stationary bulk waves
are established between top and bottom free surfaces, all the possible harmonics of the fundamental
mode of the structure can exist, therefore, the electrical response obtained by equation 15 leads to a
frequency comb formed by the fundamental mode of the structure Af; and its multiple harmonics,

modulated by the resonance of the piezoelectric [18].
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= W Piezoelectric
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0 0.5 1 1.5 2 2.5 3
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Figure 2.9: Analytical impedance plot obtained from equation 15 (red trace), using a hypothetical
piezoelectric resonator (side w = 80 um and thickness #ie;o = 3 pm), coupled to a 60 um silicon substrate. The
piezoelectric resonance (blue trace) was included as reference.

This analytical plot (Figure 2.9) was calculated with equation 15 assuming an AIN transducer such
as the one used for the example of Figure 2.6, but this time coupled to a silicon substrate of
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thickness tg,ps = 60 pm. The fundamental mode of the structure agrees with equation 14
(Afy ~ 80 MHz), followed by its multiple harmonics separated by Af. An important aspect of this
device is the fact that modes are much favorably excited near the resonance of the piezoelectric than
anywhere else in the spectrum [19]. In practice, the more the thickness of the piezo is reduced
(higher frequencies), the more difficult it is to manufacture electrodes of negligible thickness, and
therefore the effect of electrodes becomes relevant since specific acoustic impedance of the metallic
electrodes and its thickness respect to the wavelength adds modifications to the input impedance
curve of the HBAR [20]. Figure 2.10 show all the layers involved in the actual device.

Zsubs Isubs

Z

gndEl l gdnEl
ZPiCZO 4 piezo
ZanEl LarvEl
Z air

Figure 2.10: Layers constituting the actual device.

In this case, the analytical expression for the input impedance, taking in account the effect of
electrodes, is [21]:

1 1 ki (zp + z,)siny +j2(1 — cosy)

—t 16
JjwCy y (zp + z3) cosy + j(1 + zp2z,) siny (16)

Zin =

Where w is the angular frequency, C, is the clamped capacitance of the resonator, k? is the
electromechanical coupling factor of the piezoelectric material, y = 2rnf (tpl-ezo / vpl-ezo), Zy =
Zb/Zpiez(, where Zc,, is the acoustic impedance of the piezoelectric material and Z;, =
JZarvEr tan Y grppr With Zg5; as the acoustic impedance of the drive electrode and yg,p5 =
21f (tgrver/ Varver), where tgrpg is the thickness of the drive electrode and Vg5 its sound
velocity, z; = Zjow/ Zpiezo, and:
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7 _j Zsubs Cos andEl sin Vsubs + ZgndEl sin andEl COS ¥subs
Low —

Zsubs
ZgndEl

Cos ygndEl COS ¥subs — ( ) sin andEl sin Vsubs

Being Zgnqg; and Zg,ps the acoustic impedances of the reference (ground) electrode and that of the
substrate, Ygnag = 21f (tgndEl / UgndEz) where tgnqp; 18 the thickness of the reference electrode
and vgpqp its sound velocity, and ygyps = 27f (tsups/Vsups)- Figure 2.11 show the effect of non-
negligible electrodes in the electrical response.

105 T T T T T

W Piezoelectric
@ HBAR 2-layer
@ HBAR 4-layer

Input Impedance [€2]

————_

101 1 1 1
0 0.5 1 1.5

Frequency [GHz]

Figure 2.11: Analytical impedance plot showing the effect of non-negligible electrodes. The blue trace
corresponds to a simple HBAR consisting of a 3 um piezoelectric layer coupled to a 100 um silicon substrate
(equation 15). The red trace corresponds to calculation including non-negligible 1 um electrodes (equation
16), modes with improved amplitude at lower frequencies were obtained.

(9]
o
i
W

The blue trace in Figure 2.11 is the input impedance of a simple HBAR formed by the previously
mentioned piezoelectric layer of thickness tpie,, = 3 um, coupled to a silicon substrate of
thickness tg,,s = 100 pm. In this case, the amplitude of lower order modes is very small
compared to the amplitude of modes at frequencies close to the resonance of the piezoelectric [22].
On the other hand, the red trace uses equation 16 to plot the electrical response of a similar HBAR,
including electrodes of thickness t = 1 pum, obtaining modes with improved amplitude at lower
frequencies.

2.5 Distribution of acoustic pulses at the detection surface

The previous section showed HBAR devices operating as resonators, i.e. driven by continuous
voltage sources causing generation of stationary bulk waves in the substrate (Figure 2.8b), exposing
the electrical response of this kind of composite resonators, and operative frequencies. Here is
described and HBAR structure used in a pulse-echo scenario (as in Figure 2.2).

The first condition is to avoid creation of stationary waves in the silicon bulk, for this, electrodes
should be driven for a shorter time than the required for longitudinal waves to travel from the
transducer to the detection surface (on the opposite side of the wafer), that is:
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Top < TOF

t
ToF = 225 (17)
VUsubs

Where ToF (Time-of-Flight) is the time it takes for the bulk acoustic waves to complete their travel
from the piezoelectric transducer to the detection surface, and it depends on the thickness of the
substrate tg,,s and its longitudinal sound velocity vg,,s. A complementary condition is to
guarantee the emission and reception of acoustic energy in the form of "packets”, that is, reducing
diffraction of the bulk waves on their round trip through the thickness of the wafer. From physics is
known that emitters with dimensions comparable or smaller than the wavelength will produce
waves that fade out in the propagation medium due to diffraction (Figure 2.12b), and the narrower
the transducer the greater the vanishing is into the propagating medium [23].

a) b)

e o S

Material to study Material to study
Substrate Substrate
- R
Y =
| S— | —
Transducer Transducer

Figure 2.12: Diffraction represented schematically; for determined wavelength diffraction is more pronounced
the smaller the transducer width w. a) Transducer width w is several times larger than A, thus bulk waves are
propagated with low loss towards the liquid sample. b) Transducer width w is comparable to 4, causing
vanishing of acoustic waves into the medium.

Diffraction can be understood using Huygens' principle, which states that each point on a wavefront
may be considered as a source of spherical secondary waves interfering each other [24]. In Figure
2.13 the transducer is represented as an array of individual point sources emitting plane waves (with
same characteristics) meeting at the same point (the detection surface). The resulting distribution of
energy in that surface is the vector sum of the amplitudes of individual waves, and is represented by
the interference pattern in yellow. The maximum intensity in the central zone can be justified by
noting that the Huygens wavelets from all the punctual sources travel about the same distance (red
arrows) to reach the center of the pattern and thus they arrive with the same phase, gathering their
individual amplitude (constructive interference). Contrarily, waves traveling different distances
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(green arrows) arrive “out of phase” respect to each other causing destructive interference. Those
zones with zero amplitude correspond to angles for which the distance traveled differs by an odd
number of half wavelengths. For this one-dimensional example (where tg,;,s >> w) the condition
for destructive interference can be estimated by [2]:

A
sinf =~ — (18)
w

Where w is the lateral dimension of the transducer (its width), 8 the angle formed between the
central axis of Figure 2.13 and the point in the detection interface where the minima of the main
lobe will appear, and A is the wavelength of the longitudinal acoustic wave traveling in the
substrate, which is related to the operating frequency f,,, as:

VUsubs

1=
fop

(19)

With vg,;s as the longitudinal sound velocity for solids, defined by:

4
_ K36 E(1-v) (20)
Tubs =T T [p@Fna—2v)

Where K is the bulk modulus of the solid medium, G the shear modulus, p density, E the Young
modulus, and v the Poisson’s ratio. As an example, let us suppose a squared transducer of width
w = 60 pum, operating at 1 GHz, coupled to a silicon substrate of thickness tg,,s = 600 um,
Young Modulus Eg; = 170 GPa, Poisson ratio vg; = 0.28 and density pg; = 2329 kg/m3
(Figure 2.14). Using equation 19 and 18 it is found that the angle 8 formed with the central axis of
Figure 2.14a (blue dashed line) and the point in the detection interface where the minima of the
main lobe will appear is 8 = 9.26°, i.e., if the detection surface is 600 pm far from the transducer,
the diffraction minima at the detection surface will appear ~ 98 um far from the central axis. Figure
2.14b show the normalized pressure distribution of this hypothetical acoustic wave at the detection
surface; this pressure distribution in far field conditions was analytically obtained from equation 21
[25], plotting only distribution along 6.

kvgupslgpW? sin a sin

9,0,t) = [ (wt—kr)] 71
p(r,0,p,t) =] Yo B e (21)

a = (kwsin8sin@)/2
B = (kwsin 6 cos ¢)/2

Where k is the wavenumber, vy, is the sound velocity in silicon, u, is the transducer vibration
velocity, p is the medium density, w is the width of the squared transducer, w is the angular
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frequency and r is the distance from the transducer to the point to evaluate P(6). As seen in Figure
2.14b, the main lobe of the acoustic pulse should interact with 200 wm of the detection surface,
delimited by nodes of destructive interference (diffraction minima) ~ 100 um far from the central
axis, which agrees well with the approximation of equation 18.

t

subs

W
Transducer
Figure 2.13: Representation of the expected distribution of acoustic energy (in yellow) interacting with the

sample at the detection surface. Supposing a transducer formed by an array of individual punctual sources
(radiating isotropically), the maximum intensity of energy at the center of the detection surface can be
justified by noting that wavelets from all the punctual sources travel about the same distance (red arrows),
arriving with the same phase (constructive interference). Contrarily, waves traveling different distances (green
arrows) arrive out of phase respect to each other producing destructive interference.
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Figure 2.14: Acoustic pressure distribution at the detection surface, using a transducer of width w = 60 um,
operating at 1 GHz, 600 um apart from the sample. a) Cross-section schematic of the sensor. b) Normalized
pressure showing the size of pressure lobe at the detection surface.
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CHAPTER 3

Design, Simulation, and Fabrication

3.1 Selection of the piezoelectric material and the manufacturing process
3.1.1 Piezoelectric materials

Quartz is the most widely used piezoelectric material for the creation of sensors and actuators due to
its almost linear response even under extreme stress or extreme electric field conditions and its
stability against temperature shifts [1]; an example of this is the wide adoption of the QCM for
gravimetric measurements in academia and industry. However, smaller sensors with improved
sensitivity would require thinning the quartz layer to such an extent that it would be mechanically
unstable and brittle [2]. In this regard, the development of the MEMS industry and the improvement
of the piezoelectric film deposition technologies have supported adoption of a great variety of
piezoelectric materials such as zinc oxide (ZnO), aluminum nitride (AIN), lead zirconium titanate
(PZT), and lithium niobate (LiNbO3) for the creation of sensors due to their capability of deposition
as thin films and possible integration with integrated circuits for creation of low-cost mass-
production miniature sensors [3, 4].

Among those piezoelectric materials compatible with thin film deposition technologies, the lead
zirconium titanate (PZT) and the lithium niobate hold a significantly higher piezoelectric coupling
coefficient (k> > 20 %) which is attractive for transducers and actuators requiring large
displacements. Unfortunately, due to its high acoustic loss at high frequencies and low sound wave
velocities, PZT is mostly used for low frequency devices that not require high Q [5]. Compared
with PZT, the zinc oxide (ZnO) offer larger longitudinal acoustic velocity (although significantly
lower coupling, &% ~ 9 %). This semiconductor material is, alongside the AIN, one of the most
popular thin film materials in SAW-based microfluidics and FBAR devices due to the ease of
implementation in manufacture processes. Its controlled texture and film stoichiometry during
fabrication allow films of tens of microns thick to be deposited, being a good choice for thick film
SAWSs or ultrasonic devices operating in the lower frequency range [1]. Unfortunately, acoustic
losses, temperature coefficient and dielectric losses are higher than the case of AIN, limiting the
operation to lower frequencies. A major drawback towards monolithic integration with electronics
is that this material is considered as incompatible and contaminant in CMOS processes [2].
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Although deposition and texture control of AIN are more difficult than that of ZnO, this material
offer advantages for high frequency devices, such as the largest longitudinal velocity for acoustic
waves, and lower dielectric losses. While electromechanical coupling is comparable to that of the
Zn0O (i~ 7 %, for AIN), this material is fully compatible with CMOS and MEMS processes, and
therefore, it is the material selected for this work with a view to a future monolithic integration with
CMOS processes. Table 3.1 show a comparison of these piezoelectric materials compatible with
thin film deposition technologies.

PZT Zn0O AIN
p [kg/m’] 7570 5610 - 5720 3250 - 3300
Vinat [V/8] 4500 6336 11000
. [%] ~20 ~9 ~7
Intrinsic loss High Low Very Low
CMOS compatible No No Yes

Table 3.1: Comparison of main piezoelectric materials compatible with thin film deposition technologies. On
the one side is the PZT with higher electromechanical coupling and lower longitudinal velocity. In the
opposite side is AIN, with lower coupling but higher longitudinal velocity and lower dielectric losses. AIN is
fully compatible with the CMOS process for monolithic integration.

3.1.2 Manufacturing process

PiezoMUMPs is a commercial multi-user process designed for general purpose micromachining of
piezoelectric MEMS. This process provides a 0.5 um AIN layer over a thicker Silicon-On-Insulator
(SOI) wafer for creation of devices such as energy harvesters, sensors, ultrasonic transducers,
microphones, and actuators. Figure 3.1 presents a cross sectional representation of layers and
materials in this process, while Table 3.2 lists material properties, thicknesses (#.,) and acoustic
impedances of these materials. Quantities correspond to default values from COMSOL library [6].

O Pad-metal [Al]

Q8 Piezoelectric [AIN]
U Insulator [S10,)]

8 Substrate [Si]

Figure 3.1: Cross sectional representation showing the available materials in the PiezoMUMPs process (not to
scale). It is a commercial multi-user process, designed for general purpose micromachining of piezoelectric
MEMS in a Silicon-on-Insulator framework (SOI). This is a simple 5-mask level which provides a 0.5 um
layer of AIN for the creation of piezoelectric devices such as energy harvesters, sensors, ultrasonic
transducers, microphones, and actuators.
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Material tinat P Vimat Z = PViat
[um] [kg/m’] [m/s] [Rayl]

Air 1.14 350 398
Al 1 2700 6450 17.41E+6
AIN 0.5 3300 10954 36.15E+6
Doped Si 10+1 2329 8457 19.69E+6
SiO, 1 2200 5848 12.87E+6
Si <100> 400+ 5 2329 8457 19.69E+6

Table 3.2: Properties of materials constituting the stack available in PiezoMUMPs process. Quantities
correspond to default values from COMSOL library and their respective acoustic impedance is obtained by
the approximation Z = pvy,, with vy, as the longitudinal sound velocity of each material.

This process could be used for both the creation of the resonant devices described in the previous
chapter, and for the pulse-echo transducers.

In the case of resonators, the AIN layer can be sandwiched between the metallic Al electrode and
the superficially doped silicon substrate (electrically conductive), allowing excitation of the
thickness extensional mode of the piezoelectric. For this device, both the buried oxide and the 400
um of silicon substrate are removed to create a trench/microchannel to transport liquid samples.
Figure 3.2 show the implementation of the resonant devices using this manufacturing technology:

Liquid Sample

Zliquid
Si (10 pm) 19.7E+6 Rayl | | 7cubs
Transducer AIN (500 nm) __ 36.1E+6 Rayl
Al (1 um) 17.4E+6 Rayl | |, "trans
Air 350 Rayl

Figure 3.2: 3D representation of the resonant sensor, the lower face of the wafer carries the resonator while
the opposite side can be used as a totally electronics-free detecting surface. The zoomed section is a 2D
representation of the stack of materials that make up the resonator; the piezoelectric layer is AIN, sandwiched
between conductive materials for excitation of thickness extensional modes generating stationary bulk waves
in the substrate. The 2D representation is not to scale and is flipped upside down respect to Figure 3.1.

Based on specifications in Table 3.2 and according to equation 1 of Chapter 2, more than 99.9 % of
the acoustic energy will remain trapped within the thickness of this 3-layer solid structure as long as
the piezoelectric layer is driven by a continuous RF source. The electrical response of such device
will present sharp resonance peaks (as in Figure 2.11 of Chapter 2) as long as there is ‘air’ on the
sensing surface. According with equation 16 of Chapter 2, amplitude and frequency of these
resonant peaks will change in presence of liquid samples, allowing identification and classification
of different liquids according with their specific acoustic impedance.

Contrarily, to create a pulse-echo device both the buried oxide and the thicker 400 um substrate
should be preserved:
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Liquid Sample

Zliquid
Si (400 pm) 19.7E+6 Rayl
rsubs
Si02 (1 um) 12.9E+6 Rayl
Si (10 pm) 19.7E+6 Rayl
Transducer AIN (500 nm) 36.1E+6 Rayl ¢
o [ALQ pm) 17.4E+6 Rayl | | "™
| Aidr 350 Rayl

Figure 3.3: A 3D transparent slice representing the concept of the pulse-echo sensor: The lower face of the
wafer carries the transducer that emits and receives pulses of bulk waves through the thickness of the wafer
while the upper face remains free of electronics and cables and is used as a detection surface carrying liquid
samples. The zoomed section is a 2D representation of the stack of materials that make up the transducer; the
piezoelectric material is AIN, sandwiched between conductive materials for excitation of thickness
extensional modes.

Here, the crystalline silicon substrate could be used as propagating medium, transporting pulses of
bulk waves generated by the transducer. According with equation 1 of Chapter 2 and assuming
negligible losses due to diffraction and attenuation, more than 99.9 % of the energy traveling across
the substrate should be reflected if ‘air’ is present in the detection surface and, as an example,
around to 86 % of reflection is expected in the case of ‘water’ in the detection surface (using 995.6
kg/m’ as water density and 1511 m/s as its sound velocity). Since the amount of energy transferred
to the liquid sample depends on the specific acoustic impedance of each sample, echoes reflected
back towards the transducer will produce different voltage levels depending on the acoustic
properties of each liquid sample. Table 3.3 shows expected reflection coefficients for other liquid
samples.

Vo Dy A Vil s

31°C [kg‘/)m3] v [:;] K =pv’ Z=py (Eq. 1)
[m/s] [GPa] [Rayl]

Air 1.140 349.1® 0.0187 1.3893E-04 398 1
Ethanol 780.1 @ 1105.7 19 1.06 Y 0.9537 0.8625E+06 0.9161
FC-70 1924 12 680 ! 33612 0.8896 1.3083E+06 0.8754
DI Water 995.6 1511.4" 0.79 19 2.2743 1.5047E+06 0.8580
Glycerol 1254 7 1902 ¥ 552.1 47 4.5364 2.3851E+06 0.7839

Table 3.3: Expected reflection coefficients I” for other liquid samples. Values from literature [7—18].
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3.2 Operating Frequency
3.2.1 Acoustic resonators based on the PiezoMUMPs process
Piezoelectric resonance

Before analytically obtaining the fundamental mode of the HBAR structure in Figure 3.2, it is
convenient to identify the acoustic resonance corresponding to the piezoelectric film. Figure 3.4a is
a 2D representation of a thin piezoelectric layer, with thickness corresponding to the manufacturing
process, isolated from the other layers. Once this layer is driven by a continuous RF source, its
thickness expands and contracts (mechanical strain) in the z direction. The longitudinal acoustic
waves produced remain trapped in the solid domain due to the huge acoustic impedance mismatch
between the AIN and the surrounding air, as represented in Figure 3.4b.

a) T:

I . electrodes

Piezoelectric 0.5 um

.

b)
398 Rayl [Air]

[ B [56.156 Rayl [AIN]
398 Rayl [Air]
Figure 3.4: 2D representation of a thin piezoelectric layer with thickness ¢ corresponding to the manufacturing

process; isolated from the other layers. a) When this layer is coupled to a continuous RF source, its thickness
expands and contracts in the z/-z direction. b) The acoustic energy generated remains trapped in the solid
domain due to the huge acoustic impedance mismatch between the AIN and the surrounding air

The resonating frequency of this layer operating on its thickness expansion mode is given by
equation 13 of Chapter 2, using the longitudinal sound velocity indicated in Table 3.2 the
fundamental mode is:

_ 10954 [m/s]
®7 2(0.5 [um])

fo = 10.954 [GHz]

As detailed in the previous chapter, parasitic lateral displacements could be neglected as long as
their laterals dimensions (width) of this plate are much larger than its thickness, being this resonant
frequency independent of the transducer width. Figure 3.5 shows analytical impedance curves
corresponding to similar piezoelectric plates whose width w varies from 20 pm to 100 pm, using
equation 10 of Chapter 2 and considering & = 8.8542E-12 [F/m] as the vacuum permittivity, € = 9
as the AIN dielectric constant, ¢™5; = 3.89E+11 as the elastic stiffness [N/m?] [6], ¢%5; = 1.55 as the
piezoelectric coefficient [C/m”] [6] and the AIN properties in Table 3.2.
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Figure 3.5: Analytical impedance curves corresponding to piezoelectric plates of same thickness (¢ = 0.5 pm),
and different width w (from 20 pm to 100 um). The resonant frequency of devices operating on it thickness
expansion mode does not depend on resonator width. a) Magnitude of the analytical input impedance. b) Real
value of the analytical input impedance.

As seen in Figure 3.5a, both resonant and anti-resonant frequencies (f; = 10.932 GHz, and f, =
11.276 GHz) are independent of the transducer’s width; this lateral dimension is only related with
its behavior as static capacitor. Figure 3.5b show the region where the real part of the impedance
goes to a maximum (the parallel resonance [19]), at f, = 11.272 GHz.

Simple HBAR under the PiezoMUMPs manufacturing process

The PiezoMUMPs process offer a silicon substrate of thickness fups = 10 um to support the
piezoelectric layer, creating the bimorph plate of Figure 3.6a. Once the thickness expansion mode is
activated by the continuous source, the acoustic energy produced by the AIN layer leaks into the
silicon substrate since both materials have acoustic impedance within the same order of magnitude
(equation 1 of Chapter 2). Similar to the case of the isolated piezoelectric layer, the acoustic energy
remains trapped within the solid domain because of the comparatively low acoustic impedance of
the air surrounding the structure (Figure 3.6b).

a) b)
398 Rayl [Air]

Silicon substrate 10 um

Piezoelectric 0.5 um

| 398 Rayl [Air]

Figure 3.6: Simple HBAR composed by a thin AIN layer deposited over a silicon substrate. a) The thickness
expansion mode of the AIN layer is activated by a continuous RF source. b) Strain at the piezoelectric
generates acoustic energy that remains trapped into the solid structure because of the low acoustic impedance
of air surrounding the device.

19.7E+6 Rayl [Si]

36.1E+6 Rayl [AIN]

Since the silicon substrate is much thicker than the piezoelectric layer, the fundamental mode of the
whole structure is approximated by equation 14 of Chapter 2:
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8457 [m/s]
Ao~ (10.5 [um])
~ 402.7 [MHz]

Figure 3.7 exemplifies the analytical input impedance of a structure similar to that on Figure 3.6,
using equation 15 of Chapter 2 and arbitrarily considering a width w =100 um.

b !
: | Afo=402 MHz
/ 1 !
/! |
10003, /1 :
1% e ;
41 k s
1\
—_ I N
T 1003 N Af
- ] b 3t <« /\
2 \\Q\“‘\-.?‘;m,____ _ |
3 103 “\Q':-::Q:\“i u/ SAAvLS. S
S 1{ W Static capacitance
i W Piezoelectric
@ HBAR 2-layer
0. 1 ¥ T . I " I . I " I ! I ' I
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Frequency [GHz]

Figure 3.7: Analytical input impedance plot. The green trace show the ~400 MHz modes in a comb-profile for
a simple bimorph HBAR (0.5 pm of AIN + 10 um Si) with electrodes of negligible thickness, modulated by
the resonance frequency of the piezoelectric AIN film at 10.9 GHz (blue). The static capacitance curve
corresponds to a squared resonator of width w= 100 pm.

Since stationary bulk waves are established between top and bottom free surfaces, all the possible
harmonics of the fundamental mode of the structure can exist, therefore, the electrical response
leads to a frequency comb formed by the fundamental mode of the structure and its multiple
harmonics, modulated by the resonance of the piezoelectric. The fundamental mode at 402 MHz
agrees with the approximation of equation 14 of Chapter 2 (Af; ~ 402.7 MHz), which is followed by
its multiple harmonics separated by Af. As expected, harmonics of this fundamental mode are much
favorably excited near the resonance of the piezoelectric than anywhere else in the spectrum.

Non-negligible effect of the metallic layer

A representation of the resonating device using the actual configuration offered by PiezoMUMPs is
shown in Figure 3.8a. To activate the thickness extension mode the 0.5 um AIN film is surrounded
by an Al electrode with thickness tdrvEl = 1 um and the 10 um thick silicon substrate, whose
surface is conductive and is used as electrical reference (GND electrode). In this case, the Al
electrode is twice as thick as the piezoelectric and both materials have similar acoustic impedance,
therefore, the mechanical energy produced by the piezoelectric is immediately transferred to this
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thicker layer and then is reflected back towards the piezoelectric because of the huge acoustic
impedance difference with ‘air’ in the lower boundary. In the opposite side, total reflection of the
longitudinal wave is induced by the mismatch between acoustic impedances of the silicon and air,
therefore, the acoustic energy remains trapped within the solid domain (Figure 3.8b).

a) b)
398 Rayl [Air]
Silicon substrate 10 pm 19.7E+6 Rayl [Si]
I
Piezoelectric 0.5um 36.1E+6 Rayl [AIN]
Electrode 1 pum 17.4E+6 Rayl [Al]
] 398 Rayl [Air]

Figure 3.8: HBAR implementation in the PiezoMUMPs process. a) Layers and thicknesses constituting the
device. b) Acoustic energy trapped into the solid domains because of the surrounding air.
Using equation 14 of Chapter 2, the thickness of the whole structure, and its average longitudinal
sound velocity, the fundamental mode is:

8314 [m/s]

Figure 3.9 uses equation 16 of Chapter 2 to show the effect of the non-negligible electrode.

Afo=358 MHz
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Figure 3.9: Analytical impedance plot for a device using PiezoMUMPs process (magenta). The zoomed
section shows presence of higher amplitude modes (compared to the case of the bimorph HBAR, green) even
at frequencies far from the piezoelectric resonance at 10.9 GHz.
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The Green trace in Figure 3.9 is the magnitude of the input impedance of the simple HBAR shown
in Figure 3.6; a thin piezoelectric film provided with electrodes of negligible thickness deposited on
a silicon substrate. As expected for this 2-layer HBAR, the amplitude of the lower order modes is
very small compared to the amplitude of the modes at frequencies close to the piezoelectric
resonance fy;. On the other hand, for the resonator with dimensions corresponding to the
manufactured device (magenta trace), the acoustic energy is immediately transferred to the non-
negligible Al electrode due to its similar acoustic impedance and twice the thickness of the AIN,
and then is reflected back to the piezoelectric element because of the huge acoustic impedance
difference with the air in the lower boundary. This causes an effect similar to increasing the
thickness of the piezoelectric, as decreasing the frequency f, because of the extra thickness, but in
this case keeping the high bandwidth and relatively low input impedance inherent of a thin
piezoelectric film. Because of the effect of the extra Al thickness in the stack, modes with improved
amplitude at lower frequencies were obtained, while maintaining the operative range of the device
up to fy. The zoomed section in red shows the fundamental mode of the structure Af, = 358 MHz,
agreeing well with approximation from equation 14 of Chapter 2. The zoomed section in black
compares the amplitude of harmonics of both devices, showing an improvement in amplitude.

To detect the presence of liquids we can monitor decrease of amplitude or frequency shift of any of
these harmonics of high amplitude; in this work the third harmonic (~ 1.1 GHz) is selected since it
has adequate amplitude and its input impedance is below 100 Q, which will facilitate its integration
with commercial RF circuitry

3.2.2 Pulse-echo transducers based on the PiezoMUMPs process

Although this device is designed to work in a pulse-echo scheme, that is, driven by a short train of
RF pulses whose duration should be shorter than the time required to create standing waves in the
structure, it is important to know the response of the structure operating as a resonator to discover
frequency regions where would it be more favorable to operate (regions with greater
electromechanical coupling). Figure 3.10a shows the stack of materials for the pulse-echo devices:

a) b) 398 Rayl [Air]

Silicon 400 pm 19.7E+6 Rayl [Si]
Oxide 1 pm 12.9E+6 Rayl [SiO2]
Silicon 10 pm 19.7E+6 Rayl [Si]

1
Piezoelectric 0.5 pm 36.1E+6 Rayl [AIN]
Electrode 1 pm R — 17.4E+6 Rayl [Al]

] 398 Rayl [Air]

Figure 3.10: a) Stack of materials required for the pulse-echo devices. b) Representation of the acoustic
pressure trapped in the solid structure when a continuous RF source activates the thickness expansion mode of
the piezoelectric. Partial reflection of acoustic energy is expected by the buried oxide (red arrow).
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Since the silicon substrate is much thicker than the other layers, the fundamental mode of this
structure is approximated by Afy = vsups/[2 * tsups] = 10.6 MHz. This should lead to the dense
spectrum represented in red in Figure 3.11, using equation 15 of Chapter 2 (approximation
considering a simple 2-layer HBAR consisting of a 0.5 pm-thick AIN piezoelectric layer over a 400
um-thick silicon substrate)

102

10!

|Zin| [Q]

————— [Magnitude] Clamped Cap.

10°F]-.-.- [Magnitude] Piezo layer
——[Magnitude] HBAR (2-layer)
—[Magnitude] HBAR (As manufactured)

1 1

0 2 4 6 8 10 12 f[GHz]

Figure 3.11: Analytical input impedance plot corresponding to the structure in Figure 3.10b (blue trace).
Frequency regions confined by red squares show the effect of the thick Al electrode and the buried oxide,
causing additional modulations to the characteristic frequency comb of HBAR devices.

However, for the case of the manufactured device the Al electrode is twice as thick as the
piezoelectric and both materials have similar acoustic impedance. In this case, the mechanical
energy produced by the piezoelectric is immediately transferred to this thicker Al electrode and then
is reflected back to the piezoelectric because of the huge acoustic impedance difference with ‘air’ in
the lower boundary; additionally, partial reflection of the bulk acoustic wave is produced by the
buried oxide layer due to the difference in acoustic impedance respect to silicon (red arrow in
Figure 3.10b). The dense blue comb in Figure 3.11 uses equation 16 of Chapter 2 to estimate the
electrical input impedance (Z;;,), including the effect of non-negligible electrodes. As seen, the extra
materials and their thicknesses generate additional modulations to the input electrical impedance
curve, leading to the appearance of modes of higher amplitude for certain regions of frequency such
as those delimited by the red boxes.

These frequency spots with higher amplitude modes also offer a significant increase in
electromechanical coupling [20], improving transduction of the pulse-echo devices and providing
them with multi-frequency capability. For the sake of simplicity, this work uses the peak of
transduction located ~ 1.1 GHz for the experimental part.

3.3 Microtransducer Design

The previous section showed the multi-frequency capability of both approaches: the devices
operating as resonators and those operating as pulse-echo transducers. For both cases, the
configuration of the layers that make up the devices favor operating frequencies from 1.1 GHz,
therefore this frequency is set as the minimum operating frequency for this section.
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3.3.1 Effective area (lateral dimensions) and expected Time-of-Flight for the Pulse-echo
devices

Both the acoustic resonators and the pulse-echo transducers are designed to produce bulk acoustic
waves within the thickness of their substrates to interact with liquid samples located over the
opposite face of the wafer. In these two different approaches a single piezoelectric element is used
to interact with a sample directly in front of it, then is convenient to avoid losses of acoustic energy
due to diffraction in off-target zones within the substrate. Chapter 2 showed that emitters with
dimensions comparable to the wavelength will produce waves that fade out in the propagation
medium. If v, = 8457 m/s is the longitudinal velocity of waves in silicon and f,, = 1.1 GHz
the lowest operating frequency, then using equation 19 of Chapter 2 the wavelength is:

— Vsubs —
A /fop 7.69 um

The later indicates that it is not possible to use an arbitrary transducer width, such as the minimum
feature size available in PiezoMUMPs to pattern Al electrodes (3 um [21]), since it will cause
severe diffraction losses at the operating frequency of 1.1 GHz. Figure 3.12 is a 2D representation
of the pulse-echo approach implemented with layers corresponding to the selected manufacturing
process, where the detection surface is located 411 pm far from the AIN transducer.

Liquid sample

detection surface

Interference | |
pattern

! subs
(411 pm)
7
ﬁt’
Transducer

Figure 3.12: 2D representation of a sensor working under the pulse-echo scheme. The AIN transducer
produces a short pulse of bulk waves traveling across the thickness of the substrate towards the sample. The
angle @ indicates the position at the detection surface where the pulse interferes with itself destructively
causing a diffraction minimum.

If tsyps >> w, the approximation sin & = A/w (equation 18 of Chapter 2) is useful to estimate the
width of the main lobe of ultrasound interacting with the sample at the detection surface. If f,, =
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1.1 GHz is set as the operating frequency, and vg,;,s = 8457 m/s is the velocity of longitudinal
waves in silicon, then 8 (the angle formed between the central axis of Figure 3.12 and the point in
the detection interface where the minima of the main lobe will appear) only depends on the width w
of the transducer.

, 7.688 um
w

0 ~ sin~

In this single-element approach the ultrasound pulse should travel across the thickness of the wafer
with negligible diffraction to interact with the section of the sample that is directly in front of the
transducer, i.e. the width of the main lobe at the detection surface should match with the width of
the transducer. Figure 3.13 uses equation 18 of Chapter 2 to relate the width of the main lobe of
ultrasound at the detection surface with the width of the piezoelectric transmitter. The case where
the width of the main lobe and that of its transmitting element coincide is highlighted.

— 180"
= 160+
140

120+

1001 e
80 T

60+—————————
40 50 60 70 80 90

Transducer width [pum]
Figure 3.13: Lobe-width defined by the main-lobe pressure as a function of transducer width w. A value of w
between 80 and 90 pm corresponds to the narrowest transducer that can be used avoiding diffraction
considering an operating frequency fo = 1.1 GHz.

Lobe width [

In Figure 3.13 it is found that a value of w (width) between 80 um and 90 pm corresponds to the
narrowest transducer that can be used avoiding diffraction, considering an operating frequency f =
1.1 GHz and a detection surface 411 pm far from the transducer. Figure 3.14 show the normalized
pressure distribution at the detection surface caused by transducers of different widths operating at
1.1 GHz; this 2D pressure distribution in the far field was analytically obtained from equation 21 of
Chapter 2, plotting only distribution along 6.

U 50 um

5 d 70 pm
s 5 ] .0 90 um |
N =201 ‘
S 8
= 7 0
> D
Z & 601

60 40 20 0 20 40 60
Detection surface [pum]

Figure 3.14: Normalized pressure showing the size of pressure lobes at the detection surface for transducers of
different width. Computed at 1.1 GHz.
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From equation 17 of Chapter 2, if 411 um is the total thickness of the stack and vg,ps =
8457 m/s, the time required for pulses to reach the detection surface (where the sample is located)
is ToF = 48ns and ToF,, = 96 ns for a round trip (elapsed time from pulse emission to the
moment in which the reflected echo is registered again by the transducer). Figure 3.15 is a
representation of the pulse-echo device as it will be implemented using the selected manufacturing
process.

Sample

detection surface

Trench/Channel

Silicon 400 um

Oxide 1 um

Silicon : i (3 : 10 um
1 1

AIN 0.5 pm
Al 1 um

Transducer w =90 um

Figure 3.15: Representation of the pulse-echo device, including calculated lateral dimensions required to
avoid pulse diffraction. To maximize the signal-to-noise ratio (SNR) most of the acoustic energy interacts
only with the area of the detection surface that is directly in front of the transducer. The Time-of-Flight
required for the pulse to reach the sample is 48 ns.

3.3.2 Effective area (lateral dimensions) of the Resonating devices

Similarly to the pulse-echo transducer, this acoustic resonator is meant to produce bulk acoustic
waves within the thickness of the substrate to interact with the liquid sample located over the
opposite face of the wafer. Since this approach uses a single piezoelectric element, then it is
convenient to avoid losses of acoustic energy due to diffraction in off-target zones within the
substrate. Figure 3.13 from the previous section showed that the minimum transducer width to
avoid diffraction losses with the operating frequency f,, = 1.1 GHz is w = 80 um, however in this
case it is also important an input impedance close to 50-ohm to facilitate its integration with
commercial RF circuitry and minimizing electrical reflections. The analytical plot in Figure 3.16
(equation 16 of Chapter 2) contains input impedance curves showing the third mode (1.1 GHz) of
structures with thicknesses corresponding to Figure 3.8, but different width w, ranging from
w = 80 um to 140 um.
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Figure 3.16: Input impedance curves showing the third mode (1.1 GHz) of structures of thicknesses
corresponding to resonators implemented with the selected manufacturing process, but different width w,
ranging from w = 80 um to 140 um. For this operating frequency the input impedance around the resonance
point is 50-ohm in the case of the resonator with lateral dimension w= 120 um, which facilitate its direct
measurement using commercial equipment when performing the frequency sweep in the region of interest.

From Figure 3.16 it can be seen that the resonator with lateral dimension w = 80 pm (green trace)
has input impedance above 100-ohm out of the resonating points, which would cause electrical
reflections towards the RF source when performing frequency sweep in the region of interest. On
the other hand, for w= 120 um (red trace) the input impedance is 50-ohm, what is suitable to match
the impedance of laboratory equipment. Figure 3.17 is a representation of the resonator device as it
will be implemented using the selected manufacturing process.

Trench/Channel

Sample

detection surface

120 pm

AIN 0.5 um
Al 1 um

w =120 um

Figure 3.17: Representation of the resonating device as it will be implemented using the manufactured
process. Materials and thicknesses are fixed parameters of the manufacturing process, while resonator width
is selected to match the 50-ohm impedance of laboratory equipment.

58



The analytical plots in Figure 3.18a (blue background) where calculated using MATLAB and
equation 16 of Chapter 2. These curves correspond to the third mode of the structure, for the case of
'air' at the detection surface (left) and the 'water' case (right), showing a dramatic decrease of
amplitude when the channel is filled with the liquid sample. Analytical plots in Figure 3.18b (green
background) correspond to the real value of the input impedance for both samples (air and water).
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Figure 3.18: Analytical plots showing the measurement principle using the third mode of the resonating
structure, obtained by equation 16 for a square resonator of width w = 120 pm and materials and thicknesses
corresponding to the selected manufacturing process. a) Comparison of the amplitude of the input impedance
(magnitude) for the case of 'air' at the detection surface (left) and the 'water' case (right). b) Comparison of the
amplitude of the input impedance (real value) for both materials.

3.4 Finite Element Simulations

The Finite Element Method (FEM) is a popular method to numerically solve problems governed by
partial differential equations (PDE), such as structural mechanics problems, heat transfer, fluid
flow, electromagnetics, etc. [22]. Once a system (or part of it) is described as “domain geometry”,
this domain is discretized in much smaller sub-domains called Finite Elements. The set of these
elements are called mesh, the vertex of such elements are nodes. Nodes are where the solution is
computed for the different variables. Fully numerical solution of electro-acoustic equations by FEM
allows abandoning many of the simplifying assumptions used in the 1D and 2D analytical models,
such as the negligible lateral displacements and assumption of infinitely extending domains to avoid
edge discontinuities. Also, the study of anisotropy and viscous losses of the materials can be added
to FEM models.

This work uses the popular FEM solver ‘COMSOL Multiphysics’ to verify the analytical
predictions described in the previous sections of this chapter, for both the resonating devices and the
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pulse-echo transducers. COMSOL is a general-purpose simulation software capable of modeling
any physical problem described by PDE, such as heat transfer problems, fluid motion,
electromagnetism or structural mechanics, also offering integration of problems from different
fields (Multiphysics capabilities) and a complete modeling workflow that includes CAD tools for
1D/2D/3D drawing the system, multiple study types (frequency domain, stationary, time domain,
etc.), libraries with material properties, multiple solvers, post-processing, etc. [23].

3.4.1 FEM for Acoustic Resonators (input impedance and measuring principle)
Frequency domain analysis

For the frequency domain study a 2D model will be used in order to save computational resources.
This simplification is valid since the position of the resonant frequency in the x-axis depends on the
thickness of its layers and not on the transducer area (resonators in thickness expansion mode).
However, to obtain correct levels of the impedance curve, the "out-of-plane thickness" and "out-of-
plane extension" of the transducer must be indicated in the model. The cross section in Figure 3.19b
indicates the materials and dimensions used for the FEM simulations.

a) b)

Si Material to detect Si
400 pm 400 pm

detection surface
Si0, 1 pm

Si 10 um

AIN 0.5 um
Al 1 um

w=120 pm

Figure 3.19: Geometry of the FEM model to simulate the acoustic resonators. a) 3D representation of the
device. b) Cross section indicating materials and dimensions used in the simulations.

The Model Wizard integrated in COMSOL Multiphysics was used to build the model: In the initial
step the Space Dimension is selected as "2D" and the Acoustics Module is chosen since it integrates
to the model all the necessary components for interaction between both solid and fluid materials.
The Acoustic Module includes an option for Acoustic-Structure Interaction called "Acoustic-
Piezoelectric Interaction, Frequency Domain". The latter will include all the physics interfaces
required for interaction solid-piezoelectric-fluids: Pressure Acoustic Frequency Domain (acpr),
Solid Mechanics (solid), and Electrostatics (es). Also interactions between these interfaces
(Multiphysics) are added to the model: Acoustic-Structure Boundary (asbl), Piezoelectric Effect
(pzel). As a final step of the Model Wizard (Study Type), “Frequency Domain” has been selected.

The built-in computer-aided design (CAD) tools were used to draw the cross section in Figure
3.19b. The properties of the materials involved were included in the model by adding materials
from the internal library: Al, Si and SiO, from the MEMS section, AIN from the piezoelectricity
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section and Air from the section called "Built-in". Materials were assigned to the different domains
as shown in Figure 3.20:
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Figure 3.20: Geometry of the model as drawn using the CAD tools included in the IDE. The “view” (scale) is
set to “automatic” for a better visualization of layers, therefore this picture is distorted and not to scale.

Domains surrounding the model have been defined as "Perfectly Matching Layers" (PML); this is
added to acoustic models to mimic a domain that extends infinitely (avoiding wave reflections),
effectively truncating the computational domain [24]. Lateral boundaries of the model (marked as
orange lines) were defined as mechanically clamped.

Acoustics Module:

The Acoustic Region includes all domains corresponding to silicon, silicon oxide, and air in Figure
3.20. In this study, neither thermal conduction nor viscosity losses were considered, so the Pressure
Acoustic Model is left with its default value (Linear Elastic). The Typical Wave Speed for PML is
set as Vyps [25].

Solid Mechanics Module:

For the Solid Mechanics module, the domains corresponding to the transducer (the AIN
piezoelectric and its drive Al electrode) were selected. The aluminum electrode is selected as
"Linear Elastic Material", and only the AIN domain is selected as "Piezoelectric Material". "Fixed
Constraint" conditions were added to mechanically clamp the lateral boundaries marked in orange
(Figure 3.20).

Electrostatics Module:

For the Electrostatics Module only the material corresponding to AIN is selected. Here the Out-of-
Plane Thickness parameter is set to correspond with the lateral out-of-plane dimensions of the
active layer in order to obtain correct input impedance levels. The Reference Impedance parameter
is set as z.oy = 50 {2. To excite the thickness expansion mode of the AIN layer the boundary shared
by the piezoelectric domain and the 10 pm thick silicon substrate is set as "electrical reference"
(Ground), while the boundary shared by the piezoelectric with the aluminum electrode is selected as
"Terminal". The Terminal Type parameter is set as “Voltage”, with amplitude V;;, = 0.5 V.
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Mesh:

Solutions of acoustic problems are wavelike, characterized by A = vsps/fop in space, and this
wavelength has to be resolved by the mesh. To represent a wave on a discrete grid (the mesh) the
mesh elements must be smaller than the wavelength in order to resolve the wave, that is, several
degrees of freedom (DoFs) per wavelength are required [26]. Following the recommendations from
COMSOL documentation (~ 10 DoFs per wavelength), the “automatic Free Triangular” algorithm
was used to mesh the model with a maximum element size 1/10. To mesh the PML domain was
used a Mapped Mesh [27] of 10 elements (layers), with thickness 4/10.

Study:

To verify the analytical prediction of Figure 3.18a (resonance when the channel is empty), the
Frequency Domain Study is configured to perform a frequency sweep between 1 and 1.2 GHz to
find the third mode of the structure, using a step size of 200 kHz. Figure 3.21 shows a) Description
of the different domains that compose the study b) The 2D plot showing the resulting Acoustic
Pressure distribution and c) The resulting magnitude of the input impedance and its real value.
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Figure 3.21: Results of the FEM simulation for the acoustic resonator. a) Domains that compose the model. b)
2D plot showing the resulting Acoustic Pressure distribution in the structure. c) Resulting input impedance
(magnitude, left) and real value (right).

The Acoustic Pressure distribution plot in Figure 3.21b confirms that the energy remains confined
in the solid domains of the model and is fully reflected in boundaries shared by solid domains and
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those corresponding to "air". In addition to the acoustic pressure of the thickness mode, this FEM
result includes some acoustic pressure escaping sideways due to the lateral spurious modes that
exist in real-scaled devices [28]. This Acoustic Pressure plot also shows the effectiveness of
domains defined as PML, avoiding reflection of lateral acoustic pressure and simulating a solid
domain that expands infinitely. The input impedance curves in Figure 3.21c agree well with the
analytical results in Figure 3.18 for the case of “air” in the detection surface, adding for the case of
this FEM result small resonance peaks with slightly higher frequency than the studied thickness
mode resonance; these additional peaks correspond to the spurious lateral modes.

Measuring Principle

To confirm attenuation of the resonance peak in presence of liquid, the material filling the channel
in the model of Figure 3.21a has been changed to "water" and the study has been repeated. Figure
3.22b shows the resulting pressure plot and Figure 3.22¢ the input impedance.
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Figure 3.22: Results of the FEM simulation for the acoustic resonator when the material flooding the channel
is water. a) Domains that compose the model. b) 2D plot showing the resulting Acoustic Pressure distribution
in the structure. c¢) Resulting input impedance (magnitude, left) and real value (right).

The 2D acoustic pressure plot in Figure 3.22b confirms that when the channel is filled with water
some of the acoustic pressure from the solid domain leaks into the liquid, whereas Figure 3.22¢
confirms attenuation of the resonance peak both in the input impedance magnitude plot (left) and in
its real value plot (right). Although the sensor can very easily identify when there is liquid in the
channel, the spurious lateral modes could make it difficult to classify liquids.
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Figure 3.23 compares the FEM results (black) to analytical results (magenta), showing congruence
between both the frequency where the third mode is located, and the amplitudes corresponding to
the cases of "cleared channel" and when it is flooded by liquid.
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Figure 3.23: FEM results (input impedance) showing the measurement principle using the third mode of the
resonating structure. a) Comparison of the amplitude of the input impedance (magnitude) for the case of 'air'
at the detection surface (left) and the 'water' case (right). b) Comparison of the amplitude of the input
impedance (real value) for both materials. Analytical curves (magenta) are included as reference.

3.4.2 FEM for Pulse-echo Transducers (input impedance and measuring principle)
Frequency Domain analysis

Similarly to the case of the acoustic resonators, here was used a 2D model to save computational
resources. The cross section in Figure 3.24 indicates the materials and dimensions used for the
model corresponding to the pulse-echo transducer.

For the Frequency Domain analysis the Acoustic Module is selected since it integrates to the model
all the necessary components for interaction between both solid and fluid materials, for this is
selected the option “Acoustic-Piezoelectric Interaction, Frequency Domain” which contains all the
physics interfaces required for interaction solid-piezoelectric-fluids: Pressure Acoustic Frequency
Domain (acpr), Solid Mechanics (solid), and Electrostatics (es). The “Study Type” for this case is
“Frequency Domain”.
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Figure 3.24: Geometry of the FEM model to simulate the pulse-echo transducer. a) 3D representation of the
device. b) Cross section indicating materials and dimensions used in the simulations.

The built-in computer-aided design (CAD) tools were used to draw the cross section in Figure 3.24.
The properties of the materials involved were included in the model by adding materials from the
internal library: Al, Si and SiO, from the MEMS section, AIN from the piezoelectricity section and
Air from the section called "Built-in". Materials were assigned to the different domains as shown in
Figure 3.25:
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Figure 3.25: Geometry of the model for the pulse-echo transducer. The “view” option (scale) is set to
“automatic” for a better visualization of layers, therefore this picture is distorted and not to scale.
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Again, the solid domain is surrounded by air and therefore confinement of acoustic pressure in the
silicon bulk is expected. Domains marked as PML truncate computational domain and mimic a
domain that extends infinitely.

Acoustics Module:

The Acoustic Region includes all domains corresponding to silicon, silicon oxide, and air in Figure
3.25. The Pressure Acoustic Model is left with its default value (Linear Elastic) and the Typical
Wave Speed for PML is set as vg,,s [25].

Solid Mechanics Module:

For the Solid Mechanics module, the domains corresponding to the transducer (the AIN
piezoelectric and its drive Al electrode) were selected. The aluminum electrode is selected as
"Linear Elastic Material", and the AIN domain is selected as "Piezoeclectric Material". "Fixed
Constraint" conditions were added to mechanically clamp the lateral boundaries marked in orange
(Figure 3.25).

Electrostatics Module:

For the Electrostatics Module only the material corresponding to AIN is selected. Here the Out-of-
Plane Thickness parameter is set to correspond with the lateral out-of-plane dimensions of the
active layer in order to obtain correct input impedance levels. The Reference Impedance parameter
is set as z.oy = 50 {2. To excite the thickness expansion mode of the AIN layer the boundary shared
by the piezoelectric domain and the 10 um-thick silicon substrate is set as "electrical reference"
(Ground), while the boundary shared by the piezoelectric with the aluminum electrode is selected as
"Terminal". The Terminal Type parameter is set as “Voltage”, with amplitude V;;, = 0.5 V.

Mesh:

The “automatic Free Triangular” algorithm has been used to mesh the model with a maximum
element size 1/10. To mesh the PML domain was used a Mapped Mesh, which consists of 10
elements (layers) with thickness 41/10.

Study:

The Frequency Domain Study is configured to perform a frequency sweep between 0.8 and 2 GHz
to find regions with superior electromechanical coupling in this range (as predicted by theory),
using a step size of 200 kHz. Figure 3.26 shows a) The 2D plot showing the resulting Acoustic
Pressure distribution and b) The resulting magnitude of the input impedance. This plot of electric
impedance includes both, the case of the simple HBAR constituted by the AIN film deposited on
the 400 pm-thick substrate and the case of the fabricated device, which includes multiple layers of
different materials.

The electrical impedance plot in Figure 3.26b confirms that the configuration of layers and
materials constituting the designed transducer cause additional modulation of the frequency comb
(dark trace), respect to the case of the simple bimorph device with negligible electrodes (magenta
trace). These frequency spots with higher amplitude modes also offer a significant increase in the
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effective electromechanical coupling, improving transduction for the pulse-echo devices and
providing them with multi-frequency capability.
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Figure 3.26: Results of the frequency-dependent FEM simulation for the pulse-echo transducer. a) 2D model
illustrating the confinement of acoustic energy in the solid domain of the HBAR when the thickness extension
mode of its piezoelectric layer is activated by a continuous RF source. b) Input electrical impedance plot as
result of frequency domain simulations in the 0.8—2 GHz region; the configuration of layers and materials
constituting the designed device cause modulation of the frequency comb.

Measuring Principle (Time-dependent simulations)

To confirm the analytical predictions regarding the measurement principle, this section details how
the time-dependent FEM simulation model was prepared.

The time-dependent model was created using the Model Wizard; similarly to the resonant case this
model is reduced to a 2D geometry to save computational resources. The Acoustic Module is
selected since its component “Acoustic-Structure Interaction” integrates to the model all the
necessary components for interaction of elastic waves in solids and pressure waves in fluids. Its
“Transient” option combines the Pressure Acoustics, Transient and Piezoelectric Devices interfaces
to connect the acoustic pressure variations in fluids to the structural deformation in both solids and
piezoelectric solid domains. The physics interface also includes features from Electrostatics to solve
for the electric field in the piezoelectric material. The Study Type is selected as “Time-Dependent”;
this study is used to compute the time-varying deformation and motion of solids subject to transient
loads (compute the time-varying propagation of pressure waves).
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Input RF pulse:

Contrary to the previous frequency-dependent study where the pulse-echo transducer is driven by a
continuous RF source, in this case it is mandatory to drive the transducer for a shorter time than that
required to create stationary waves in the thickness of the whole structure, i.e. the input RF source
should be active for a shorter time than the analytically predicted ToF (48 ns).

To model the input pulse the continuous Sinusoidal Function (sin(omega * t)) is added in the
Global Definitions menu, where: omega = 2 * pi * fop, and fop = 1.1GHz. Then a
Rectangle Function (rect(t)) with unitary value in the interval 0 < t < 25 ns is added. Finally
an Analytic Function defined as RFin = [Vin * sin(omega * t) * rect(t)] is included, where:
Vin = 1dBm. Figure 3.27 shows the input pulse, the level transition of the Rectangle Function
was slightly smoothed to obtain this final appearance.

0.4

Voltage [V]
o

-0.2 1
-0.4 1
0 10 20 30 40
Time [ns]
Figure 3.27: Input RF pulse to drive the pulse-echo transducer
Geometry and Materials:

The 2D Geometry used previously in Figure 3.25 has been imported for this time-dependent model.
Materials were assigned to the different domains as indicated by Figure 3.25 except for the material
placed on the detection surface, which is selected here as "water".

Pressure Acoustics, Transient (actd):

The Acoustic Region includes all domains corresponding to silicon, silicon oxide, and air. The
Pressure Acoustic Model is left with its default value (Linear Elastic) and the Typical Wave Speed
for PML is set as vgyps.

The lateral boundaries of Figure 3.25 (marked in orange) were defined as “Sound Soft Boundaries”;
this condition causes the acoustic pressure to vanish (pt = 0).
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Solid Mechanics (solid):

For the Solid Mechanics module, the domains corresponding to the transducer (the AIN
piezoelectric and its drive Al electrode) were selected. The aluminum electrode is selected as
"Linear Elastic Material", and the AIN domain is selected as "Piezoelectric Material".

"Fixed Constraint" conditions were added to mechanically clamp the lateral boundaries (those
marked in orange in Figure 3.25).

Electrostatics (es):

For the Electrostatics Module only the material corresponding to AIN is selected. Here the Out-of-
Plane Thickness parameter is set to correspond with the lateral out-of-plane dimensions of the
active layer in order to obtain correct input impedance levels. The Reference Impedance parameter
is set as z,..; = 50 £2.

The boundary shared by the piezoelectric domain and the 10 pm-thick silicon substrate is defined as
"electrical reference" (Ground), while the boundary shared by the piezoelectric with the aluminum
electrode is selected as "Terminal". For the pulse-echo case the Terminal Type parameter is set as
“Voltage”, and its amplitude is set as the function Rfin(t); this causes the piezoelectric to be driven
by the short RF pulse of Figure 3.27.

Mesh:

The “automatic Free Triangular” algorithm has been used to mesh the model with a maximum
element size 1/6 [26].

Study:

In the Study Settings the “Times” section was defined as: 0 < t < 140 ns. This value is larger
than twice the ToF to guarantee compute of the pulse round trip.

The Time Step parameter for the Default Solver was set manually since it should resolve the wave
equally well in time as the mesh does in space. The relationship between wavespeed v, maximum
mesh size my,4, and time step length At is given by the Courant-Friedrichs-Lewy (CFL) condition
[29]:

VAt

CFL =

mmax

The mesh size was manually selected as: my,,, = A/N, with N = 6 to properly resolve the
wavelength, and A = vgy;,s/f,p. From the latter is found that the Time Step:

CFL

At = —
Nf

The CFL number should be less than 0.2, and a value of 0.1 proves to be near optimal [30].

69



Inverse Piezoelectric Effect:

With the Model Wizard were included all the required modules for the piezoelectric to convert the
input RF pulse into acoustic pressure (direct piezoelectric effect), but the interfaces and components
to convert the reflected acoustic pulse (echo) into the output electrical signal were not included in
the model. For this is necessary to add a second physics interface for the electrostatics phenomena.

Electrostatics (es2):

For this interface only the material corresponding to AIN is selected, the Out-of-Plane Thickness
parameter is set to correspond with the lateral out-of-plane dimensions of the active layer, and the
Reference Impedance parameter is set as z,..; = 50 ohm.

The boundary shared by the piezoelectric domain and the 10 pm-thick silicon substrate is defined as
"electrical reference" (Ground), while the boundary shared by the piezoelectric with the aluminum
electrode is selected as "Terminal". To convert acoustic energy into an electrical output the
Terminal Type parameter is set as “Charge” with initial value Qo = 0 C.

Piezoelectric effect (pze2):

Under the Multiphysics menu is added a second Piezoelectric Effect (pze2) interface. This is set to
couple Electrostatics (es2) with the interfaces: Pressure Acoustics, Transient (actd) and Solid
Mechanics (solid). Figure 3.28 show the resulting acoustic pressure in two different time slices.

a) t=50ns b) t=721ns
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Figure 3.28: Resulting pressure acoustics plot showing time evolution of a bulk ultrasound pulse traveling
across the thickness of the silicon substrate, low diffraction is observed using this 90 um transducer working
at 1.1 GHz. a) At ¢ =50 ns the acoustic pulse traveling with direction indicated by the blue arrow has already

reached the detection surface. b) At t =72 ns part of the acoustic energy has been transferred to the liquid
media and it continues its flight in the direction indicated by the pink arrow, meanwhile, the complementary

portion of the emitted acoustic energy was reflected back towards the emitter (red arrow).
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In Figure 3.28 it is shown that the width of the main lobe is similar to the width of the transducer
(delimited by the dashed lines in orange), confirming low diffraction of the pulse for the selected
operating frequency. Figure 3.29a is the output voltage from ¢ = 0 to ¢ = 140 ns, registered when the
channel is empty (air in the detection surface). This confirms the Time-of-Flight as ToF = 49 ns (or
98 ns for a round trip, i.e. once the acoustic echo is received by the transducer). Figure 3.29b shows
the envelope (Hilbert transform) of received echoes for different materials placed on the detection
surface.
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Figure 3.29: Resulting output voltage produced for the inverse piezoelectric effect (FEM simulations). a)
Output voltage from ¢ = 0 to # = 140 ns registered when the channel is empty (air in the detection surface), this
confirms the analytical prediction ToF = 48 ns. b) Envelope (Hilbert transform) of received echoes for
different materials placed on the detection surface.

Each reflection coefficient in Figure 3.30 is obtained from the V;;,/V;.cs relation, where Vy.r is the
voltage generated by received echoes when the detection surface is clear (‘air' causes total reflection
of the acoustic pulse and therefore a reference value), whereas Vj;q is voltage generated in the case
of channel filled by each sample (where voltage level will depend on the amount of acoustic energy
absorbed by each liquid).
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Figure 3.30: Reflection coefficient I” of several liquid samples when the measure of ‘air’ is taken as the
reference value. Values correspond to the peak value of envelopes in Figure 3.29 (FEM simulations).

Note that the reflection coefficient value for each sample in Figure 3.30 agrees well with analytical
predictions of Table 3.3. The latter confirms the measuring principle of the pulse-echo transducer.

3.5 Fabrication

PiezoMUMPs is a commercial multi-user process by MEMSCAP, designed for general purpose
micromachining of piezoelectric MEMS in a Silicon-on-Insulator framework [31]. This is a simple
5-mask level patterning and etching process which provides a 0.5 um layer of AIN for the creation
of devices such as energy harvesters, sensors, ultrasonic transducers, microphones, and actuators
[32-36]. Figure 3.31 shows layers and materials available in the PiezoMUMPs process.

O Pad-metal [Al]

8 Piezoelectric [AIN]
Q Insulator [SiO,]

8 Substrate [Si]

Figure 3.31: Cross sectional representation showing the available layers of the PiezoMUMPs process (not to
scale)
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3.5.1 Process overview

This process starts with a double-side polished SOI wafer of diameter equal to 150 mm. One face of
the wafer is doped by depositing phosphosilicate glass (PSG), which is annealed and then removed
leaving a conductive surface that can be used for electrical routing. Over the conductive silicon
surface is a 2000 A thermal oxide layer to isolate selected areas on the surface, this layer is defined
by the first lithography mask called PADOXIDE. In this step the wafer is coated with positive
photoresist, so that areas of resist exposed to light will become soluble to the developer and the
oxide below will be removed via wet etching. Next, the piezoelectric film (AIN) is deposited by
reactive sputtering. To sculpt this 0.5 pm layer the wafer is covered with positive photoresist and
the pattern is transferred exposing with light through the mask defined by the layer PZFILM; then
the piezoelectric material is wet-etched. The second deposited layer is a metal stack of 20 nm of
chrome and 1 um of aluminum,; this upper metal layer is patterned by using negative photoresist
and a liftoff process (opaque areas in the PADMETAL mask will represent metal pads and routes
preserved after lithography).

The superficially doped silicon substrate is then lithographically sculpted using positive photoresist
and the mask called SOI. The insulating SiO, layer is etched by RIE, whereas DRIE is used to etch
the silicon layer until reaching the buried SiO, of the SOI wafer. As a last step, a front side
protection material is applied to the the patterned silicon layer and the wafers are flipped upside
down to allow patterning of both the 400 um holding substrate and the buried oxide. This last step
is defined by the layer TRENCH and allows the creation of cavities (or the mechanical release of
structures) at the opposite face of the wafer. Table 3.4 presents a summary of the layer names, their
associated masks, their purpose, and their minimum feature size.

Mask name .
. / Type of Min.
Material GDS Purpose photoresist Process feature
number [pm]
Electrical isolation of the Grown of
Insulating PADOXIDE | piezoelectric and/or the .\
. Positive thermal 5
oxide 10 metal layers from the .
S oxide
conductive silicon
Piezoelectric PZFILM Provide the piezoelectric Positive Deposition 10
(AIN) 20 material by sputtering
. Deposition
Pad metal | PADMETAL Prov;iszggﬁfé’;pads Neaative and ;
(Cr + Al) 30 anc & definition by
Interconnects .
liftoff
Structural SOI Define structures in the Positive Etching by )
silicon 40 doped silicon layer RIE + DRIE
Buried oxide
(Si02) TRENCH Creation of cavities or Positive Etching 200
Substrate 50 releasing of structures DRIE + RIE
(Si <100>)

Table 3.4: Layer names, masks involved and their purpose.
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PiezoMUMPs provides an additional level called SOIHOLE (GDS: 41) in order to provide a
simpler way to create holes in the layer “SOI”. In this way, the digitized area in 40 represent
"material to keep", whereas areas defined by 41 (holes in layer 40) represent "material to be
removed". The process flow for the construction of both the resonant device and the pulse-eco
transducer is described below.

3.5.2 Process flow for Acoustic Resonators

Figure 3.32 shows the implementation of the acoustic resonator, using the PiezoMUMPs process.
Masks for these designs were drawn by Eyglis Ledesma to be used as piezoelectric flexural
membranes, however, in this work they are used as solid resonators.

Trench/Channel

- Wafer thickness

400 pm
\ y 200 um 5
Lo 4 pm D)
Vo (G) 120 um

. O Pad-metal [Al] :

0 Piezoelectric [AIN]:
O Insulator [Si02]
O Substrate [Si]

Figure 3.32: Cross sectional representation of the implementation of the acoustic resonator using the
PiezoMUMPs technology (square shaped, side = 120 pm).

In Figure 3.32 some rules were considered in order to prevent short circuits due to misalignment of
layers: On the one hand the insulating layer was extended for more than 5 pm beyond other
materials to avoid contact with the conductive silicon (design rule "D") while the piezoelectric layer
was defined in such way to enclose the metal electrode with at least 4 um of clearance (rule "G").
Design rules and recommendations were consulted in the Design Handbook of this technology [37].

Definition of the PADOXIDE level

The piezoelectric material should be sandwiched between electrodes to activate its thickness
extensional mode, therefore, the first step is to pattern the 200 nm thermally grown oxide to uncover
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the electrically conductive silicon beneath (which will be used as GND electrode). Figure 3.33
shows the lithography process using the PADOXIDE mask.

uv
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8 PADOXIDE mask
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Wet etching (soluble)

b) O Insulator [SiO,]

8 Substrate [Si]

Figure 3.33: Cross section showing lithography of the PADOXIDE layer. a) The mask allows UV exposure of
a squared area of side 120 pm to make soluble the photoresist. b) The soluble protector is removed with the
developer allowing selective etching of the oxide.

To mold the 20 nm layer of thermal oxide with the PADOXIDE layer the wafer is covered with
positive photoresist. In Figure 3.33a the mask allows UV exposure of a squared area of side 120 pm
to make soluble the photoresist, whereas in Figure 3.33b the soluble protector is removed with the
developer allowing selective etching of the oxide. Figure 3.34 is the layout of the PADOXIDE
mask; opaque areas (blue) represent sections where the insulating oxide will be preserved, in this
case, oxide regions intended to isolate the Drive electrode and vias from the conductive substrate.

Conductive
substrate

z
7— Insulator for
the DRV pad

Figure 3.34: Layout of the PADOXIDE mask to pattern the insulator for the DRV pad. Additional insulating
pads are intended to land GSG probes to perform measurements of scattering parameters.

Definition of the PZFILM level

The process continues with physical deposition of the piezoelectric layer (500 nm of AIN) and
subsequent application of positive photoresist. Figure 3.35 shows the lithography process using the
PZFILM mask.

75



uv uv
a) | | 4L
\\./ - \\//
@ PZFILM mask
& Photoresist
—_ Wet U Exposed photoresist
d 4 (soluble)
b) etching etching O Piezoelectric [AIN]
O Insulator [SiO,]
8 Substrate [Si]

Figure 3.35: Cross section showing lithography of the PZFILM layer. a) The opaque section of the PZFILM
mask blocks UV in the AIN transducer area, while exposed areas of the coating become soluble. b) Once the
soluble protector is removed, wet etching is performed on the piezoelectric material to mold the transducer.

The mask is used to cover photoresist where the AIN layer will be defined, leaving uncovered areas
of the protector exposed to UV (Figure 3.35a). The soluble protector is removed with developer
allowing selective removal of piezoelectric material (Figure 3.35b). Figure 3.36 shows the layout of
the PZFILM layer superimposed to the previous mask; the green square represents the area where
the piezoelectric material will be preserved (the AIN transducer directly deposited over the
conductive substrate).

Figure 3.36: Layout of the PZFILM mask (green) superimposed to the PADOXIDE mask (blue).
Definition of the PADMETAL level

This device is provided with electrodes, pads and vias by defining the PADMETAL layer. Figure
3.37 shows the liftoff process for the metal layer.
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Figure 3.37: Cross section showing lithography of the PADMETAL layer. a) Exposed areas of the negative
photoresist are hardened, which allows them to be used as sacrificial material. b) The unexposed section of
the protective coating is developed, allowing the deposition of the metal electrode directly onto the

piezoelectric material and the sacrificial material. Sacrificial material is dissolved, leaving metal only on the
transducer.

Clear areas of the PADMETAL mask allow exposure of sections of the negative photoresist which
will be used as a sacrificial material (Figure 3.37a). After developing of the protective film, a metal
stack (20 nm of chrome and 1000 nm of aluminum) is deposited over the pattern (Figure 3.37b). As
shown in Figure 3.37c, dissolution of the sacrificial layer also removes the metal layer except where
it is in direct contact with the piezoelectric layer. Figure 3.38 is the layout of the PADMETAL mask
(dark green) superimposed to previous masks; drawn areas represent regions where metal will be
preserved (electrodes and characters).

LA 2

T ————————

N

» pad for
1 DRV electrode

Piezoelectric
Figure 3.38: Layout of the PADMETAL mask (dark green) superimposed to the previous masks to pattern
pads, electrodes and vias.

77



Definition of the SOIHOLE level

Since the silicon surface on the front side is electrically conductive, a trench in this surface should
be created to electrically isolate each design. Figure 3.39 shows creation of this trench by using the
SOIHOLE layer to define the SOI mask. Clear areas of the SOI mask allow exposure of sections of
the photoresist (Figure 3.39a). The photoresist in exposed areas is removed and the oxide layer is
etched by a RIE process (Figure 3.39b). Deep Reactive lon Etching (DRIE) is then used to etch the
doped silicon substrate, isolating electrically each design in the wafer.

I luv v |

NS/

N "™ B SOl mask
- ) O Photoresist
O Exposed photoresist
(soluble)
O Metal electrode [Al]
O Piezoelectric [AIN]
O Insulator [SiO,]
RIE + RIE + @ Substrate [Si]
DRIE DRIE
b ) \/ \

Figure 3.39: Cross section showing lithography of the SOI layer. a) The SOI mask allows UV exposure of
regions where doped silicon will be removed. b) Conductive substrate from exposed areas is removed,
isolating the design electrically from the rest of the wafer.

Figure 3.40 is the layout of the SOI & SOIHOLE masks superimposed to the previous masks; The
whole cell is covered by the SOI mask in order to define areas to preserve, while the darker outline
indicates the section to be etched to the buried oxide in the SOI wafer to isolate this cell from the
rest of the design (as seen in Figure 3.39b)
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Figure 3.40: Layout of the SOI mask superimposed to the previous masks.
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Substrate patterning (TRENCH mask)

To create the microchannel, a front side material (polyimide) is applied to the patterned face of the
wafer to “hold” the wafer together during the subsequent trench etching, and then the wafer is
flipped upside down (Figure 3.41a). The bare silicon substrate is coated with photoresist and it is
patterned using the TRENCH mask. The front side protection material is then removed, leaving the
structure in Figure 3.41b.

a)

8 Polyimide
O Metal electrode [Al]
O Piezoelectric [AIN]
O Insulator [SiO,]
I I O Substrate [Si]
RIE +
b) DRIE

Il
A

Figure 3.41: Cross section showing lithography of the TRENCH layer, to create the microchannel. a) The
patterned face of the wafer is protected with polyimide and the wafer is flipped upside down. b) The bare face
of the wafer is lithographically patterned using the TRENCH mask, creating the microchannel.

Figure 3.42 shows the layout of the TRENCH mask superimposed to the previous masks; this red
square at the center indicates the area of the opposite face of the wafer to be etched to the buried
oxide to create the trench in Figure 3.41b.
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Figure 3.42: Layout of the TRENCH mask (red) superimposed to the previous masks, this template defines
the area of the opposite face of the wafer to be etched (to create the microchannel/trench)
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3.5.3 Process flow for the Pulse-Echo Transducer

Figure 3.43 shows the implementation of the pulse-echo transducer, using the PiezoMUMPs

process.
microclgdu/\

Material to study

Silicon bulk
(wafer thickness)

(400 pm)

Pad-metal [Al]

1
1
1
G) 92 m '
B |
Piezoelectric [AIN]'
a
a

Insulator [SiO,] !
Substrate [Si] :

Figure 3.43: Cross sectional representation of the implementation of the pulse-echo transducer using the
PiezoMUMPs technology (square shaped, side = 90 pum).

Since the same 5-layer process is being used as for resonators, the design flow is mostly similar:
Definition of the Ground electrode with the PADOXIDE mask (Figure 3.44a), AIN deposition and
patterning of the transducer with the PZFILM mask (Figure 3.44b), deposition of the Drive
electrode and patterning with the PADMETAL mask (Figure 3.44c) and isolation of the design
from the rest of the wafer by means of the SOIHOLE mask (Figure 3.44d).

a) Wet etching b)Wct etching Wet etching

Metal electrode [Al]
Piezoelectric [AIN]
Insulator [SiO,]
Substrate [Si]

Figure 3.44: Design flow for the pulse-echo transducers: a) Patterning of the insulating layer b) Definition of
the piezoelectric transduce ¢) Adding metal electrodes & vias d) Cell isolation.
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Detection surface

O Metal electrode [Al]

400 pm-thick Substrate O Piezoelectric [AIN]

" di O Insulator [SiO,]
(propagation medium) O Substrate[Si]

Conductive substrate

GND
pad

DRV
electrode
Figure 3.49: Cross-sectional representation of a pulse-echo transducer obtained with the design flow
described in this section (not to scale)

Figure 3.50 is the whole 8 mm-side layout, containing both resonators (blue) and pulse-echo
transducers (red) of different sizes, and arrays of these devices. Designs in the blue part of the
layout have been drawn by Eyglis Ledesma to create piezoelectric flexural membranes, however, in
this work they are used as solid resonators.
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Figure 3.50: Layout to fabricate the 8 mm-side die, containing multiple cells. Designs in the blue part of the
layout have been drawn by Eyglis Ledesma to create piezoelectric flexural membranes, however, in this work
they are used as solid resonators.
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CHAPTER 4

Characterization & Experimental Setup

Figure 4.1a is an optical image of a manufactured die at MEMSCAP. As a first step, an optical
inspection (microscope) was carried out to identify possible short circuits caused by incorrect
alignment of the stacked materials over the conductive silicon substrate.

a) b)

LHRES 2

Insulator

Piezoelectric
— Metal pad in
direct contact with
the conductive
substrate
(GND electrode)
Figure 4.1: a) Optical image of a manufactured die containing multiple cells of different designs. b) Optical

image of a single cell containing a device meant to work as resonator; this device consists of a central Tx
element surrounded by a Rx element (Only the central resonator is used for the purposes of this thesis).

Figure 4.1b is an optical image of one of the manufactured devices. The circular metal element in
the center is the DRV electrode of the resonator, whose pad (on the right) lies over an insulating
layer that prevents contact with the conductive substrate. Below the circular DRV electrode is the
upper face of the piezoelectric element, while the opposite face of the piezoelectric is in contact
with the conductive substrate (acting as the GND electrode). Pads in direct contact with the
conductive substrate allow connection to ground reference.

4.1 Electrical Characterization for Acoustic Resonators
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4.1.1 Measurement of scattering parameters

Thin film acoustic resonators are typically characterized with a vector network analyzer (VNA),
obtaining measurement of their scattering parameters (S;;) [1]. S-parameters are complex numbers,
having real and imaginary parts or magnitude and phase parts, they provide a relationship between
the incident wave and the reflected and transmitted waves at each port of a network over a range of
frequencies. In contrast to the impedance, admittance, and hybrid parameters, the scattering
parameters do not require short-circuiting neither open circuiting input and output ports; instead,
these ports are terminated in fixed and known characteristic impedances used as reference.

Transmission Line

Figure 4.2: Example of a 2-port network. Analysis of S-parameters provides a relationship between the
incident wave and the reflected and transmitted waves at each port over a range of frequencies.

S-parameters are usually displayed in a matrix format, with the number of rows and columns equal
to the number of ports. For the S-parameter S;; the j subscript stands for the port that is excited (the
input port), and the i subscript is for the output port (Figure 4.2). Since a "l-port" measurement
represents the ratio of the reflected wave to the incident wave, the value of S;; provides a direct
measure of the port matching condition, that is, S;; = 0 (no reflection) represents perfectly matching
between the device and the reference. As the static impedance of the acoustic resonator designed in
Chapter 3 was intended to be close to 50-ohm @ 1.1 GHz, an §;; sweep around 1.1 GHz should
remain close to 0 dB except for the resonance point, where the impedance value abruptly moves
away from the reference value, allowing characterization of the resonant frequency of the device
under test (DUT). Figure 4.3 is a schematic describing connections for measurements in resonators.

N

S
. ® )
DRV S G 7
electrode GND

O Metal electrode [Al]

O Piezoelectric [AIN]

O Insulator [SiO,]

O Substrate [Si]

O Air

Figure 4.3: Schematic describing connections for S, measurements in resonators; the signal terminal S is

connected to the DRV electrode whereas the G terminal is connected to the GND pad.

Detection surface
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One of the manufactured dies, such as the one shown in Figure 4.1a, has been laid over the Siiss
MicroTec PMS probe station and the selected DUT was connected to the Agilent ES071B Network
Analyzer through one of the GSG probes shown in Figure 4.4a. The probe used is a |Z|-Probe Z040-
K3N-GSG-100, with a pitch of 100 pm.

e e

V.

1 Active ChfTrace 2Response 3 Stimulus 4 MkrfAnalysis S Instr State

o

Log Mag

Group Delay

Smith

IFew 1.5 kHz Stop 2 GHz !
Meas | Stop | ExtRef | Ready | Sve | 2001-01-01 00:26 |

Figure 4.4: a) One of the dies rests on the Probe Station to extract the S;; measurement of the resonating
device, using the GSG probe at the left. b) Screenshot of the Network Analyzer during a measurement of the
resonator’s Linear Magnitude of S}, from 200 MHz to 2 GHz (uncalibrated).
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Figure 4.4b is a screenshot of the VNA throughout a measurement of the Linear Magnitude of S;.
This frequency sweep from 0.2 to 2 GHz validates the analytical prediction in Figure 3.9, where
resonances should appear roughly every 360 MHz due to materials and thicknesses used to
construct these devices. In addition to the expected resonance peaks, the S trace in Figure 4.4b
shows an oscillatory parasitic behavior due to the contribution of the cables and connectors used.
Procedure for measurement calibration (to remove parasitic contributions from cables and
connectors) and the conversion from S); to Input Impedance Z;, are performed in the section 4.2,
once the die is wire bonded to the carrier waveguide.

4.1.2 Measurement of electromechanical coupling kzeff

The S, measurement in Figure 4.4 verifies another unique feature of the manufactured devices; the
presence of modes with high amplitude at frequencies far from the piezoelectric resonance (10.9
GHz), such as the case of the resonance seen at 1.1 GHz. Equation 22 has been used to quantize the
electromechanical coupling of each harmonic [2]:

fp (m) — f£(m)
fy

kipp(m) = (22)

With f,(m) and fy(m) as the m-order parallel and series resonant frequencies. Based on the IEEE
Standard the parallel resonance frequencies f,, are calculated when the real part of the impedance
goes to a maximum and the series resonance frequencies f; are calculated when the real part of the
admittance goes to a maximum. The complex impedance of the resonator is calculated with [3]:

1+ 511
1-511

Zin =2 (23)

The analytical plot in Figure 4.5 presents the expected behavior of &°,; for both the case of an
HBAR consisting of a 0.5 pm-thick AIN layer over a 10 micron silicon substrate and electrodes of
negligible thickness and the case of the manufactured device (1 um-thick Al electrode), up to 14
GHz.

0.6 . ) HBAR (As manufactured)
] . n HBAR (negligible electrodes)
— 04{ L4
X 4 . ! °
< 0.2 ¢ . ) \
] ¥ f AN
04 o * . & e -

2 4 6 8 10 12 f[GHz
Figure 4.5: Analytical comparison of effective coupling of an ideal HBAR with electrodes of negligible
thickness (green) and an HBAR with dimensions corresponding to the manufactured device (magenta) [4].
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The case of negligible electrodes (green) exhibits small values of &°,; for low frequency modes and
a maximum value in modes close to the piezoelectric resonance fo. Contrary, a different distribution
of the magnitude of kzeﬂ is identified for the modes in the resonator with dimensions similar to the
manufactured device (magenta), spotting oscillation between maximum and minimum values of
electromechanical coupling throughout the operative range. To verify analytical predictions, S-
parameter measurement of each of the first 20 modes (0 to 7 GHz) was performed individually,
then, S-parameter to impedance conversion was performed using equation 23 to obtain the series
and parallel resonant frequencies of each mode, and equation 22 was used to obtain Figure 4.6.

. U Fabricated
0.6 / U coMsoL

2 4 6 8 f [GHz]

Figure 4.6: Comparing magnitude of kzgﬁ between FEM simulations (magenta) and experimental (blue) [4].
Figure 4.6 shows the magnitude of kzeﬁv (blue trace) calculated from measurement data for each
mode, using equation 22. Results agree with analytical predictions in Figure 4.5. Figure 4.6 is also
complemented with results from FEM simulations using COMSOL Multiphysics (magenta).

Experimental results in Figure 4.6 verify capability of multi-frequency operation while maintaining
reasonable electromechanical transduction [4].

4.2 Carrier waveguide, S;; measurement calibration, and S; to Z conversion
4.2.1 Design of the carrier PCB (Grounded Coplanar Waveguide)

For liquid sample detection tasks, the die must be placed upside down since the resonant device and
its corresponding detection surface are on opposite faces of the wafer, this makes it impossible to
carry out measurements with the probe station as shown in Figure 4.7a, where the probes are placed
directly on the resonator pads and the detection surface faces downwards. Figure 4.7b shows the
proper orientation of the die to take measurements of liquid samples.

a) GSG probe b)

Transducer

Liquid

Detecting sample

Silicon |~ surface

Silicon \
substrate / substrate

_ —:]—\ Detecting
Chuck (probe station) Transducer surface

Figure 4.7: a) Transducers, vias and pads face upwards for characterization with S;; measurements. b) The manufactured
die must be flipped upside down to carry out interaction with liquid samples, this makes impossible direct
measurements using the probe station and GSG probes.
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Figure 4.8a shows the concept of the carrier waveguide to connect resonators directly to the
Network Analyzer. It consist of a Grounded Coplanar Waveguide (GCPW) with an SMA
connector; the hole at the center allows interaction between liquid samples and the detecting surface
of the silicon die as indicated in the 2D sagittal view of Figure 4.8b:

a) b)

Carrier PCB O-ring O-ring
O-ring wall wall

fi
(rear face) \ /

) - :
[ v [ quid PCE
A ample

SMA

) Microstrip —
connector O\ (GCPW) etecting
—]—[— surface
Detecting
surface \
e
Silicon die
(flipped upside down)

Figure 4.8: a) The squared silicon die of side equals to 8 mm is glued to the front face of the carrier PCB and
wire bonded to a grounded coplanar waveguide. A hole in the rear face (enclosed by an o-ring with diameter
equal to 6 mm) allows containment of liquid samples and interaction with the detecting surface of the chip. b)
2D sagittal representation of the concept: the silicon die remains glued to the front face of the carrier PCB and
it is wire bonded to the waveguide which leads to the SMA connector. The opposite face of the PCB has an o-
ring to contain liquid samples that are in direct contact with the detection surface.

The GCPW is a type of electrical planar transmission line which consists of a single conducting
track (Signal) printed onto a dielectric substrate, together with a pair of return conductors (Ground),
one to either side of the track. All three conductors are on the same side of the substrate while the
opposite face of the PCB is completely covered by a reference ground plane (Figure 4.9).

Silicon die
(wire bonded)

Ground

PCB
substrate

Ground
Figure 4.9: 3D representation of the Grounded Coplanar Waveguide carrying the silicon die (wire bonded).
This representation is flipped upside up (respect to Figure 4.8) to improve visualization of the waveguide.

Where ‘a’ is the width of the Signal conductor, ‘b’ is separation between the coplanar Ground
planes and ‘h’ is the thickness of the substrate. To prevent it from acting as a microstrip, it is
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recommended that h > b, and b < A/2 to avoid propagation of higher modes [5]. Assuming that a
quasi-static TEM mode propagates in this structure, the effective dielectric constant e.; and the
characteristic impedance of the waveguide Z, are approximated with [6].

7 601 1
0T e KK L K(ks3) (24)
< ORE ()

With k = a/b; ks = tanh(ra/4h) / tanh(mb/4h); k' = V1.0 — kZ; kj = \/1.0 — kZ; and:

Kk K ;)

R (ON ()

e T KU K(ks)
K0 K(K)

1+ ¢,

Where K(k) is the complete elliptic integral of the first kind. Although there are plenty of
combinations of 'a’, 'b' and 'h' leading to a 50-ohm characteristic impedance; h = 1.6 mm was used
since it is the standard substrate width offered by the local PCB manufacturer 2CISA [7], while a =
1.6 mm was selected for its convenience when soldering the SMA connector. Selecting b = 0.3 mm
results in Zg =52 (. In Figure 4.10a one of the resonators is wire bonded to the coplanar
waveguide; it shows a silicon die attached to the manufactured waveguide. In Figure 4.10b the
carrier PCB is connected directly to the Network Analyzer to perform S;; measurements; a
frequency sweep from 200 MHz to 2 GHz reveals the expected resonance peaks every 360 MHz.

QALY

/\\\\‘Q‘
Rt
. 2

Flgure 4.10: a) One of the resonators is wire bonded to the coplanar waveguide manufactured at 2CISA b)
This carrier PCB is connected directly to the Network Analyzer to perform S;; measurements; a linear
frequency sweep from 200 MHz to 2 GHz reveals the expected resonance peaks every 360 MHz.

4.2.2 8§11 measurement calibration (de-embedding)

De-embedding is a procedure that consists of modeling contributions of all the elements present
between the VNA and the DUT (cables, connectors, waveguides, etc.) and then mathematically
remove those contributions in order to isolate the DUT response [8]. Among the different de-

93



embedding procedures, the Open-Short de-embedding methodology has been selected because it is
simpler, widely used in the industry for semiconductor characterization and it offers sufficient
accuracy for frequencies below to 30 GHz [9]. In this approach it is assumed that all parallel
parasitic components are located in the Signal pads (conductances) and all the series parasitic are
located in the interconnect lines (inductances), as indicated in Figure 4.11:

a) b)
a N
Y,
S
Y, l 023 I Y,
|
_—
Parasitics Circuit model
(SMA connectors, cables, pads, waveguide, wire bonding) (RAW measurement)

Figure 4.11: a) Schematic of the measurement system; cables, connectors, pads and the waveguide itself add
g Yy P g
parasitic contributions to the measurement. b) Circuit model for the measurement setup, modeling parallel
parasitic components as "conductances" and series parasitics as "inductances".

To move the reference plane of the measurements to the DUT (de-embedding procedure), it is
necessary to add two dummy structures to the carrier PCB:

Carrier PCB

I 1
E T i OPEN dummy test structure
]

! 1
| —_— — i SHORT dummy test structure
! 1

Figure 4.12: Schematic of the carrier PCB; a couple of dummy structures are added to carry out the de-
embedding procedure. The OPEN structure simply removes the DUT from the waveguide, while in the
SHORT structure all the terminals are short-circuited.

To implement the OPEN dummy, an identical waveguide to the one carrying the DUT is created;
this transmission line is kept open (without any DUT installed). On the other hand, to create the
SHORT dummy all the terminals of a similar waveguide (Ground-Signal-Ground) are shorted
together. Figure 4.13 offers a graphic description of the Open-Short de-embedding procedure: As a
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first step, measurements of the system described in Figure 4.11a are obtained, that is, a “raw”
measurement including parasitic contributions from cables, connectors and the waveguide.

a) Y; b) Y;
— —
Z Z
DUT
Y, Zy Y, Y, Y,
T . i
RAW measurement Open dummy measurement Parallel parasitics
C) Y; Y;
—
- Z Z
|
Zy
NG
Short dummy_measurement Parallel parasitics Serial parasitics
d) Y, Y,
— —
Z Z, Z,
DUT L — DUT
|
Z,
Y1 ZS Yz
= = -
RAW measurement Parallel parasitics Serial parasitics DUT

Figure 4.13: Equivalent circuit models for Open-Short de-embedding. a) Circuit model for a “raw”
measurement; it includes the Device Under Test (DUT), and parasitic contributions from connectors, pads,
waveguide, etc. b) Circuit model for OPEN dummy test structure; it helps to reveal parallel parasitics. c)
Circuit model for SHORT dummy test structure; serial parasitics are obtained subtracting the parallel
parasitics from the SHORT measurement. d) Both the parallel parasitics and the serial parasitics are
mathematically subtracted from the RAW measurement to move the measurement plane from the VNA ports
to the DUT plane.

Figure 4.13b indicates how parallel parasitics are obtained by measuring the OPEN dummy test
structure. As a third step the serial parasitics are obtained by measuring the SHORT dummy test
structure and with their mathematical subtraction against the previously obtained parallel parasitics
(Figure 4.13c). Then both the parallel parasitics and the serial parasitics are mathematically
subtracted from the RAW measurement (Figure 4.13d), moving the reference plane from the VNA
ports to the DUT plane.

To perform de-embedding in the resonant mode close to 1.1 GHz, the waveguide carrying the DUT
has been connected directly to the Network Analyzer (as shown in Figure 4.10b) and the Sy,
measurement has been obtained from 1.064 to 1.104 GHz, with a 25 kHz step. These readings (real
and imaginary) were labeled as "RAW measurement", since they include measurement of the DUT,
cables, pads and waveguide. Subsequently, the same procedure was carried out for the OPEN and
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SHORT dummy test structures of the carrier PCB to obtain "OPEN measurement" and "SHORT
measurement”, respectively. The reflection factor /raw for the waveguide combined with the DUT
is [10]:

S12521 pur
r =S t—F
RAW = o1 T e T

Where Iyt is the isolated reflection coefficient of the DUT. Assuming the symmetry condition
S11 = Sy, for a 1-port DUT, the reflection coefficient Iyt is [11]:

r - A— l-‘RAW
DUT™ A2 — AT paw — B

(25)

Where:

Topen + Csuort

A=
2+ Topen — Ushorr

B = Topen —A)(1 - A)

Figure 4.14 compares the magnitude of the "RAW measurement" against the magnitude of the
reflection coefficient /pyr obtained in MATLAB from equation 25 and the RAW, OPEN and
SHORT measurements (*.csv files).
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Figure 4.14: Magnitude of S;; measurements obtained from 1.064 to 1.104 GHz (25 kHz step) to reveal the
third mode of the resonating device shown in Figure 4.3 (side = 120 um); the trace corresponding to the de-
embedded measurement (black) is closer to reference as expected.

4.2.3 Conversion from $;; to Z;,

Once parasitic contributions from cables, connectors, waveguide, etc. have been removed, a
MATLARB script uses equation 23 to obtain the input impedance Z;, from the files containing the Sy,
measurement of the DUT:
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Where Sy, is the S;; measurement after the de-embedding process and Z;, = 50 Q is the reference
impedance. Figure 4.15 shows the magnitude of Z;, for the third mode of the designed squared
resonator of side equal to 120 um.
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Figure 4.15: Input impedance Z;, for the third mode of the designed squared resonator of side = 120 um.
a) Expected magnitude of Z,, (analytical & FEM). b) Magnitude obtained from S;; measurements.

Input impedance |Z;,| [©]

The dashed magenta trace in Figure 4.15b corresponds to the combination of equation 23 and the
"RAW?” §|; measurement, while the black trace was obtained from the combination of equation 23
and the "de-embedded" measurement. When comparing to the expected curves in Figure 4.15a, the
black trace boast a significant improvement over its magenta counterpart. The latter confirms that
resonating devices works as expected; the input impedance of the manufactured devices presents
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resonant modes separated by ~360 MHz, and the selection of materials and thicknesses allow the
existence of high resonance peaks from 1 GHz (Zin = 50 Q). Measurements show agreement with
both analytical predictions and Finite Element simulations. Figure 4.16 presents the real part of the
third mode of the resonator.
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Figure 4.16: Real part of the Input impedance Z;, for the third mode of the designed squared resonator of
side = 120 um. a) Expected real part of Z;, (analytical & FEM). b) Obtained from S;; measurements.

4.3 Electrical Characterization for the Pulse-echo Transducers

Although this device is designed to work in a pulse-echo scheme, that is, driven by a short train of
RF pulses whose duration should be shorter than the time required to create standing waves in the
structure, it is important to know the response of the structure operating as a resonator to discover
frequency regions where would it be more favorable to operate (regions with greater
electromechanical coupling). As seen in section 3.2.2 of Chapter 3, for the case of pulse-echo
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transducers the silicon substrate is much thicker than the other layers (fups = 400 pm), and
consequently the fundamental mode of this structure is approximated by:

Aﬁ): Vsubs/ [2 * tsubs] =10.6 MHz

With vgys as the speed of sound in silicon equal to 8457 m/s. This should lead to the analytical
dense spectrum presented in Figure 3.11 of Chapter 3, where small resonance peaks are expected to
appear every 10.6 MHz. To verify this analytical prediction the squared transducer with side = 92
um designed for the pulse-echo operation is wire bonded to the carrier waveguide and connected
directly to the Network Analyzer to to perform S;; measurements:

b)
A Air
w =92 um
Al (top metal PAD, 1 um)
L AIN (500 nm) ||

92um side\ ’ v 1 Si (doped, 1‘0 um, used as GND)
S102 (1 pm)

Si (400 pum)
low-loss propagation medium for
ultrasound pulses

Detection surface
(Air / liquid samples)

Figure 4.17: Representation of the DUT connected to the carrier waveguide to perform S;; measurements.
a) Optical image of a manufactured 1-D linear array consisting of three HBAR structures; each square
transducer is 92 um wide and only the central element is connected to the waveguide representation. b) Cross
section profile of the stack of materials used to fabricate each HBAR structure (this representation is not to
scale and it is flipped upside up, showing the Al electrode first and sensing surface all the way down.

Figure 4.18 is a screenshot of the VNA throughout a measurement of the Linear Magnitude of Si1.
This frequency sweep from 0.2 to 2 GHz validates the analytical prediction in Figure 3.11 of
Chapter 3, where the electrical response for the pulse-echo transducers is a dense spectrum of
resonances. The zoomed section enclosed in the red square present two consecutive resonances at
1.4029820 GHz and 1.4133133 GHz, separated by Af'=10.33 MHz, ratifying analytical predictions.
Similar to resonant devices, the S;; measurement in Figure 4.18 reveals the presence of frequency
regions where resonant modes show higher amplitude. This effect, predicted by equation 16 of
Chapter 2 in Figure 3.11 and the FEM simulations in Figure 3.26 (Chapter 3), is caused due to
ultrasound reflection in the internal layers of the device; as seen in Figure 4.17b, the Al electrode is
twice as thick as the piezoelectric, therefore the mechanical energy produced by the active layer is
immediately transferred to it and then reflected back to the piezoelectric because of the huge
acoustic impedance difference with ‘air’ in the upper boundary. Additional partial reflection of the
bulk acoustic wave is produced by the buried oxide layer due to the difference in acoustic
impedance respect to silicon. In the next section is verified that these frequency spots with higher
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amplitude modes also offer a significant increase in the effective electromechanical coupling kzeff,
improving transduction and providing the pulse-echo transducers with multi-frequency capability.

Lin Mag 10,00sU/ Ref 470.0mU

1 1,4029830 GHz 532,12 mU
>2 1,4133133 GHz 490,51 mU

B~
.
Mot s 2.
1.10 N '"Wfﬁﬂm (8
™,
GHz 1.46 "’5,'

™

GHz—— M

Figure 4.18: Screenshot of the Network Analyzer during a .S, measurement of the pulse-echo transducer
(Linear Magnitude), from 200 MHz to 2 GHz (uncalibrated). The zoomed section enclosed in the red square
present two consecutive resonances at 1.40298 GHz and 1.41331 GHz, separated by Af'=10.33 MHz, whereas
the section enclosed in the blue square reveals frequency regions with higher amplitude modes.

4.4 Test Setup for pulse-echo transducers, Frequency & Time response, and Digital
Filtering (post-processing)

4.4.1 Test setup for pulse-echo transducers

Prior to looking for frequencies where it is more favorable to operate the pulse-echo device, it is
necessary to build a test setup that allows the transducer to send short ultrasound pulses through its
silicon substrate an read the reflected echoes. Figure 4.19 offers a 2D representation of the detection
mechanism of the pulse-echo transducer over the time.
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4%7; T — 4‘_—l_f;
Input RF pulse t<ToF t> ToF Output RF echo
t=0 t>(ToF x2)

Figure 4.19: 2D representation of the detection mechanism for the pulse-echo transducer over the time. a) At
¢t = 0 an input RF pulse is applied to the DRV electrode. b) The piezoelectric layer, operating in its thickness
extension mode, produces a short pulse of longitudinal acoustic waves in the silicon bulk in response to the
input RF pulse. ¢) At > ToF the acoustic pulse has already interacted with the liquid sample in the detection
surface and has been reflected back towards the transducer. d) At > (2 * ToF) the acoustic pulse has
completed a round trip through the wafer thickness and the piezoelectric produces an RF output signal in
response to the received acoustic echo.

Since the Time-of-Flight (ToF) of longitudinal acoustic waves traveling across the thickness of the
400-pm silicon substrate is 48 ns, the purpose of the circuit is: a) To drive the AIN transducer with
an RF pulse whose duration should be lower than 48 ns to avoid creating standing waves in the
silicon thickness, and b) Routing the resulting RF echo to the measurement device 96 ns after the
emission of the excitation pulse. Figure 4.20 shows the schematic of the test setup meant to drive
transducers in the pulse-echo scheme.

- SPST SPDT 3
N (;O N Switch N Switch E
A A GCPW
S MCU
T Ch .| Oscilloscope
1res (50 Q input)

Figure 4.20: Schematic of the test setup meant to drive transducers in the pulse-echo scheme.

The circuit in Figure 4.20 starts with the Voltage Controlled Oscillator (VCO) ZX95-1750 W-S+
generating a continuous 6 dBm RF signal (indicated as the blue arrow coming out of the VCO
block). The VCO frequency is manipulated by an analog signal (dashed orange line) coming from
the MCU block (a microcontroller based on the ARM Cortex-M7 CPU). Then two of the "High-
Resolution Timer" (HRTim) modules included in the MCU are used as the digital signals (dashed
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black lines) activating both the single-pole single-throw (SPST) RF switch ADG901 and the single-
pole double-throw (SPDT) RF switch ADG918 as detailed in Figure 4.21.

a)
. SPST SPDT
Continuous RF RF pulse

........................ /\ /\ _: DUT
L 4

‘\’C() Geeereee 1\IC[T

b)

Continuous RF

SPST SPDT

A I <€ DUT

4

VCO [e=- MCU |

‘ RF echo

C) RF pulse Echo
Tx Rx

1 1 I 1

R

Start ! ! ! !

Pulse i i i i

o T

1 | | 1

HRTimO / i i \ i i

| i i i

i i i i

HRTim1 |\
TO T1 T2 T3T4 T5 T6

Figure 4.21: Schematics for RF switch states. a) RF pulse emission. b) RF echo reception. ¢) Timing diagram.
TO: Fall of the StartPulse signal starts the sequence with a 1 ps delay. T1: The SPST switch is activated by the
HRTimO signal, then a 50 ns delay starts. T2: The HRTim1 signal changes the position of the SPDT switch,
allowing the DUT to be driven by the excitation signal. T3: The fall of the HRTim1 signal (25 ns later)
truncates the length of the excitation pulse to 25 ns, then the SPDT switch is restored to its original position
(connecting the DUT with the VGA). T4: Ten nanoseconds later the SPST switch is disabled, improving
attenuation of the continuous RF input coming from the VCO. T5: The DUT response (echo) is expected to
arrive at T2 + 98 ns. T6: Echo reception ends 25 ns later.
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Both switches remain active for 25 ns, allowing the DUT to be driven during such period as
represented in Figure 4.21a. Once both switches are disabled (Figure 4.21b), the VCO signal is
attenuated up to 40 dB by the SPST switch [12], and the SPDT will route the resulting RF echo to
amplification and measurement. Specific timing details are described in Figure 4.21c. Once the ToF
has been achieved, the output echo is amplified 25.8 dB by the Variable Gain Amplifier (VGA)
ZFL-1200 G+, and then captured at the 50 Q input port of the Rohde&Schwarz RT02064 scope.

Figure 4.22 shows the appearance of an excitation pulse, captured by the oscilloscope. Figure 4.23
presents an optical image of the excitation/read setup for the pulse-echo transducers
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Figure 4.22: Scope measurement showing characteristics of the excitation RF pulse.

Figure 4.23: Optical image of the excitation/read setup for the pulse-echo transducers. An additional SPST
switch is cascaded to improve attenuation of the VCO signal, increasing the signal to noise ratio.

4.4.2 Frequency and Time responses for the pulse-echo system

To find the analytically predicted transduction peaks, the range between 0.8 — 2.2 GHz was
explored by sending pulses and receiving its corresponding echoes with a step size of 10 MHz
(Figure 4.24); the detection surface of the 92 um transducer has been cleaned of liquids and it is
only in contact with air. Furthermore, since insertion loss in the RF switches is not constant in
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frequency, the voltage amplitude of the input excitation RF pulse was also recorded every 20 MHz
to verify that its slight variation in amplitude is not related to the expected transduction peaks.
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Figure 4.24: Measured voltage level (VRMS) of input RF pulses applied to the DUT in the 0.8 —2.2 GHz
range (blue dots) and voltage level for corresponding RF echoes (black marks) [13].

As seen in Figure 4.24, amplitude of the input pulses applied to the transducer varies smoothly in
the 0.8 — 2.2 GHz range (blue dots), whereas amplitude of output voltage (received echoes) is
notably improved for the expected frequencies (black marks). Frequency regions of Figure 4.24
with significant improvement in electromechanical coupling match with regions of the S;; curve in
Figure 4.18 where resonant modes showed higher amplitude, and consequently with analytical
predictions and FEM simulations in Chapter 3 (Figures 3.11 and 3.26, respectively). The latter
demonstrates multi-frequency operation capabilities of the sensor and suggests frequency spots
where operation of the device is more favorable [13]. Figure 4.25 presents oscilloscope captures of
received echoes, showing differences between operation at 1.1 GHz and operation at 1.27 GHz.

Figure 4.25: Screenshots of received echoes with no amplification (VGA removed). a) Transducer operating
at 1.1 GHz. b) Transducer operating at 1.27 GHz.

4.4.3 Digital filtering & post-processing for received echoes

Figure 4.26 shows a 500 ns recording of the output signal coming from the VGA, when a 30 ns
pulse (fo, = 1.1 GHz, 3 dBm) passes through the RF switches and feeds the central transducer of
Figure 4.17a, wire bonded to the carrier waveguide (there is only “air” in the detection surface).
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Figure 4.26: A 500 ns recording of the output signal coming from the VGA.

Measurement in Figure 4.26 matches with the FEM simulation plot in Figure 3.29a of Chapter 3,
where RF feedthrough is expected at t = 0 and the first echo appears at ¢t = 98 ns; which is the
analytically projected value for a round trip through the silicon thickness (7oF x2). In this 500 ns
recording it is also possible to distinguish a second, third and fourth echoes, caused by further
reflections, separated by around 98 ns. The spectrum of the output signal shown in Figure 4.26
reveals frequency components surrounding the frequency of interest (1.1 GHz).
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Figure 4.27: Normalized spectrum of the output signal in Figure 4.26.
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In order to reduce the uncertainty caused by random noise, a MATLAB script takes the output
signal in Figure 4.26 and applies to it a Chebyshev filter with order n = 4. Figure 4.28 shows the
magnitude of the frequency response for the filter, Figure 4.29 presents the output signal after
filtering, and Figure 4.30 shows the envelope of the filtered signal (Hilbert Transform).
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Figure 4.28: Type 2 Chebyshev filter, order n = 4. The passband has a 100 MHz span around the center
frequency (1.1 GHz) and maximum attenuation of 1 dB, whereas the stopband is located 200 MHz on either

side of the center frequency, with 30 dB attenuation.
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Figure 4.29: Output signal after filtering. a) Output signal in Figure 4.26 after filtering. b) Record of the first

echo in detail.
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Figure 4.30: Envelope of the filtered output signal.

Figure 4.29 has presented the output signal after filtering (Chebyshev, n = 4), whereas Figure 4.30
has presented the envelope of such signal, obtained by the Hilbert Transform in MATLAB. As a
result, the first echo rises up to 38 dB above the background RF signal, currently consisting solely
of the continuous 1.1 GHz signal that leaks through the switches.

In this Chapter it has been shown that both systems (pulse-echo transducers and acoustic resonators)
fulfill the electrical and mechanical characteristics predicted by the theory and FEM simulations.
The operation of its detection principle has been shown for both cases and the test setup has been
designed. The next Chapter shows applications for both systems.
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CHAPTER D

Results and Conclusions

5.1 HBAR device operating under a pulse-echo regime

Figure 5.1a presents the optical image of the DUT connected to the excitation/read setup; the
zoomed section shows the orifice that allows placing samples on the detecting surface of the chip.
Figure 5.1b is a 2D representation of the operation principle; the piezoelectric transducer emits an
ultrasound pulse that travels within the silicon bulk to interact with the liquid sample and it is
reflected back towards the transducer to be measured. This process is completed in ToF = 98 ns.

b) O-ring O-ring
wall wall

[ ]
> 2o

"~ Ultrasound
pulse

Figure 5.1: Pulse-echo sensor. a) Optical image of the setup. b) 2D representation of the operating principle.
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As result, the reflected acoustic pulse is converted into the measurable electrical signal of Figure
5.2. The amplitude of the recorded echo will depend on the specific acoustic properties of each
sample, allowing the identification and classification of liquids or detecting changes in temperature
and concentration of mixtures. The following sections show some of the possible applications for
these sensors.
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Figure 5.2: Output signal of the 92 um wide transducer operating at 1.1 GHz, under the pulse-echo scheme.
The amplitude of the recorded echo (A¥) will depend on the specific acoustic properties of each sample.

5.2 Applications of pulse-echo transducers

Figure 5.3a is the block diagram of the setup presented in Figure 5.1; the solid blue arrows represent
RF inputs whereas the solid red lines describe the path of the RF output (echo). Dotted orange lines
are analog control signals, and dotted black lines are digital control signals. This circuit drives the
DUT with 30 ns RF pulses at f,, = 1.1 GHz (3 dBm). Figure 5.3b is an optical image of the
manufactured 1D array consisting of three independent HBAR structures; the sensor (DUT) is the
central element of the array, which is connected to the waveguide (GCPW). The output voltage
signals (echo) were registered by the 50 Q input of the oscilloscope (Rohde&Schwarz RT02064)
and post-processed with MATLAB (Chebyshev band-pass filter and Hilbert Transform).
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Figure 5.3: Pulse-echo sensor. a) Schematic of the excitation/read setup. b) Optical image of the sensor.
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As speed of sound of both solids and liquids change with temperature and hence their acoustic
impedance, all the measurements were performed at the same room temperature (31 °C). Most of
the following results for the pulse-echo transducers correspond to a Journal publication [1].

5.2.1 Identification and classification of liquids by their specific acoustic impedance

Since different substances have dissimilar densities and longitudinal sound velocities, it is possible
classification by measuring the degree of acoustic impedance mismatch between the silicon body of
the sensor and each fluid, i.e., depending on the physical properties of each sample, a different
amount of acoustic energy will be reflected back towards the transducer and therefore an specific
voltage level will be recorded for each sample. Figure 5.4 offers an example; it compares the output
signal when distillated water is present at the detection surface to the output signal of a cleared
surface (air).

1007 O Air
87.94mV . ] Water

801

601

40

Output Voltage (echo) [mV]

T T T T ' T ' T T T T 1
0 20 40 60 80 100 120 140
Time [ns]
Figure 5.4: Comparison of the output voltages for both the case of “air” at the detection surface (black) and
the case of “distilled water” (blue).

Measurement results in Figure 5.4 agree with theoretical predictions of Table 3.3 in Chapter 3, since
the amplitude of the envelope corresponding to the case of distilled water (blue trace) drops close to
16% respect to the maximum amplitude obtained when the detection surface is cleared (black
trace). Additionally, the ToF for a round-trip corresponds with the expected time (~ 98 ns). To
demonstrate classification capability, measurements have been made to air, ethanol, Fluorinert FC-
70, deionized water, and glycerol on the detection surface; the volume of each sample confined by
the o-ring is approximately 0.1 mL. Table 5.1 collects the values: density p, acoustic velocity v, and
viscosity |, of each liquid (from Table 3.3 of Chapter 3), as well as their acoustic impedance
(Z = pv) and the expected value of their reflection coefficient I' at the silicon-liquid interface. The
experimental values for reflection coefficient I',, are the mean value obtained from five
measurements of each liquid, using the relation: Vj;, /Vye s, Where Vy.o5 is the voltage generated by a
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received echo when the detection surface is clear (“air’ causes total reflection of acoustic pulses and
therefore a reference value), whereas V4 is the voltage generated in the case of each liquid.

Material Density égl(z)lisl?yc Viscosity irﬁgggzgge r I,
stec o : (f;] z=pm Eq1) e/ Ve
Air 1.14 349.1 0.018 398 0.9999 1
Ethanol 780.1 1105.7 1.06 0.8625E+06 0.9161 0.9047
FC-70 1924 680 3.36 1.3083E+06 0.8754 0.8611
DI Water 995.6 1511.4 0.79 1.5047E+06 0.8580 0.8423
Glycerol 1254 1902 552.1 2.3851E+06 0.7839 0.7379

Table 5.1: Experimental values of reflection coefficient /,,, compared to literature values from Table 3.3 of
Chapter 3.

Figure 5.5 relates values of reflection coefficient in Table 5.1 with their respective acoustic
impedance value. Values obtained from Finite Element simulations are also included.
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Figure 5.5: Reflection coefficient obtained from measurements and related to the specific acoustic impedance
of each substance.

The reflection coefficient obtained from the measured output voltage of each liquid shows a linear
relationship with the reference values for acoustic impedance, except for the case "glycerol", where
it is appreciated major dispersion. This inconsistency is due to both the relative high viscosity of
glycerol and the frequency of operation in the GHz range, that were not considered either in the
analytic approximation Z = pv, nor in the Finite Element Model, which was constructed using a
simply linear elastic fluid model in COMSOL. To obtain a realistic analytical value of acoustic
impedance for glycerol and its respective reflection coefficient value it is necessary to consider the
complex term in equation 4 from Chapter 2:
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L w 4
Zliquid = Zreal [1 + lm (ﬂB + §ﬂ>]
Where p is the shear viscosity (also known simply as “viscosity”), and g is the bulk viscosity. By
using u = 552 [cP] (Table 5.1) and pg = 2u/3 [2, 3], it is found for glycerol:
Z = 3.22 MRayl
' = 0.7186

Figure 5.6 includes the adjusted value of the reflection coefficient for glycerol (marked with a black
square). The reflection coefficient value obtained by measurements is now related with the
corrected value of acoustic impedance.
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0.91

0.84 ¢ Experimental data
4 Reference values (literature)
Finite Element
» Freq. dependent analytical model
— Linear fit
o 05 1 15 2 25 3 35
Acoustic Impedance [MRayl]
Figure 5.6: Reflection coefficient obtained from measurements and related to the specific acoustic impedance

of each substance [1]. Due to the relatively high viscosity of glycerol (>500 cP), a frequency-dependent
acoustic impedance value has also been included.

A

Retlection coefticient I”

0.7

Experimental results in Figure 5.5 demonstrate the ability of the pulse-echo sensor to identify and
classify different liquids placed on its sensing surface, as long as their viscosity does not exceed a
few tens of cP. For higher viscosity values further adjustments are required, as shown in Figure 5.6
for the case of glycerol.

5.2.2 Detection of concentration changes in solutions

Figure 5.7 compares the output signal of measurements performed to water on the detection surface,
up to 350 ns, and measurements performed when glycerol is present on the detection surface.
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Figure 5.7: Output voltage, up to 350 ns, of measurements performed to water flooding the detection surface
and measurements to glycerol. For both fluids, a first echo arrives at the expected ToF (~ 98 ns), and it is
followed by multiple reflections of the same single emitted pulse. There is an increased difference in
amplitude in the second echo compared to the case of the first echo since the acoustic pulse experience two
times reflection and consequently the amplitude will be reduced two times the reflection coefficient.

As expected, the echo arrives at the ToF (~ 98 ns) for both the case of water in the detection surface
and for the case of glycerol. This first echo is followed by other remaining echoes of lower
amplitude caused by multiple reflections of the same emitted pulse traveling across the low-loss
acoustic medium, i.e., a single emitted pulse interacts more than once with each sample until it
faded in time; these remaining echoes are separated by the ToF, since they travel the same distance.
There is an increased difference in amplitudes in the second echo compared to the case of the first
echo since acoustic pulses experience two times reflection and consequently their amplitude was
reduced by the reflection coefficient value on each interaction with the sample. To demonstrate the
sensor's ability to distinguish voltage levels between the peak value obtained for water and the peak
value obtained for glycerol, that is, to detect concentration changes, glycerol/water mixtures ranging
from 10% to 90% (percentage by weight) have been prepared. Each of the experimental points in
Figure 5.8 represents the average value of five measurements performed at each concentration
value, normalized to ‘water’ (0% glycerol). The analytical value of viscosity at 31 °C (blue curve)
has been included as a reference [4].

Experimental values in Figure 5.8 demonstrate that the level of acoustic energy absorbed by the
liquid sample increases linearly (R* > 0.97) as the concentration of glycerol in the mixture increases
up to 80% (viscosity = 32.7 cP). From that point, experimental data show slight sensitivity to abrupt
changes in viscosity, where its value increases rapidly up to 550 cP. This confirms both the
correlation between the output voltage and changes in compressional properties of liquids, and also
the lack of sensitivity to viscosity, as long as its value does not exceed a few tens of cP.
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Figure 5.8: Measured reflection coefficient as a function of glycerol content in glycerol/water mixtures [1].
Samples range from 0% glycerol (pure water) to pure glycerol and each step represents a 10% increment of
glycerol content (percentage by weight).

Despite of the satisfactory results achieved in Figure 5.8 using information from the first echo, both
linearity and resolution can be improved by using information from the second echo. As seen in
Figure 5.7, there is a greater difference between the peak voltage of both the water and glycerol
measurements in the second echo, and therefore it would lead to calibration curve with a steeper
slope than that shown in Figure 5.8. Each of the experimental points in Figure 5.9 represents the
average value of five measurements performed at each concentration value (second echo),
normalized to ‘water’.
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Figure 5.9: Measured reflection coefficient (second echo) as a function of glycerol content [1].

The latter demonstrates that this sensor provides an alternative for noninvasive study of biological
fluids at microscale, where viscosity rarely exceeds 10 cP [5].
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5.2.3 Sensing of compressional properties of liquids (Acoustic impedance and Bulk modulus)

Figure 5.10 relates experimental results from Figure 5.9 with their respective acoustic impedance

value (Z = pv) obtained from literature [3], whereas Figure 5.11 relates experimental values with

their correspondent bulk modulus value (K’ = pv?).
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Figure 5.11: Measured reflection coefficient of each glycerol concentration (0 — 60%) [1], as a function of

Bulk modulus.

In Figure 5.10 the output voltage decreases 1.8% for each 100 kRayl increment in the acoustic

impedance Z, whereas in Figure 5.11 it decreases 6.9% per GPa in the case of changes in Bulk
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modulus K, showing in both cases high linearity (R* > 0.99). Studies on compressional properties of
liquids are mainly carried out by large-scale systems making it difficult to find direct competitors to
compare; Table 5.2 compares this pulse-echo microsensor to a recently reported acoustic resonator
based on SMR technology.

[6] 2019 This transducer
Acoustic device type SMR (FBAR) HBAR
Mode of operation Resonating Pulse-echo
Sensitive area 0.01 mm’ 0.008 mm’
Drive voltage 10 .dBm 4 dBm
(continuous) (25 ns pulse)

Frequency of operation 2.5 GHz 1 — 10 GHz range
Liquid operation .Yes. Y§s

(by passivation layer) (native)

Change of resonant
frequency

Bulk modulus sensitivity 5.83 MHz / GPa 6.89% / GPa

Parameter to detect Voltage amplitude

Table 5.2: Comparing the manufactured pulse-echo device to a reported resonant sensor of liquid bulk-
modulus at microscale.

Despite sharing some characteristics such as similar dimensions of the active area or wavelength,
this pulse-echo HBAR-based microsensor offers lower drive voltage, simpler manufacture and
increased reliability respect to FBAR/SMR devices. Additionally, its multi-frequency capabilities
allow controlling penetration in liquids to avoid unwanted reflections in narrow channels or due to
low sample volumes. Moreover, the pulse-echo mode of operation offers a much simpler
drive/lecture method, where only output voltage amplitude should be recorded.

5.3 Application of the alternative readout method (resonator)

Figure 5.12 is a 2D representation of the assembly containing the sensor; a silicon die containing
acoustic devices is glued to the carrier waveguide (GCPW) and the selected resonator is wire
bonded to its GSG lanes. Since the detecting surface of the resonator is at the opposite side of the
chip, the waveguide has a trench to place and remove liquid samples. When a continuous low-
power RF signal drives the piezoelectric device, its thickness extensional mode is activated
producing longitudinal pressure waves in the silicon cavity. This acoustic energy remains trapped
within the substrate thickness if air is present in both the upper and in the lower side of the stack,
i.e. when the microchannel is empty, because of the high degree of acoustic impedance mismatch
between solid materials and gas, causing the appearance of multiple well-defined resonance peaks
corresponding to the fundamental mode of the structure and its harmonics. Contrarily, acoustic
leaks appear once the channel is filled with a liquid sample due to decrease in acoustic impedance
mismatch (some of the energy leaks into the liquid domain) causing both a decrease in amplitude of
the resonance peaks and a detectable change of resonant frequency [6].
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Figure 5.12: 2D representation of the assembly containing the HBAR device operating as an acoustic
resonator.

Figure 5.13a offers an optical image of the carrier waveguide and its trench whereas Figure 5.13b
presents the whole assembly that includes the silicon die wire bonded to the waveguide. The DUT
is the inner circular resonator of diameter d = 133 pum shown in Figure 4.1b of Chapter 4. To
experimentally demonstrate the principle of operation and its applicability to detection of samples
in microchannels or as a multiphase flow sensor, the assembly was connected to a network analyzer
via its SMA connector, and S;; measurements around the third mode of the resonator were
performed (Figure 5.13c).

Figure 5.13: Experimental setup for the HBAR device operating as an acoustic resonator. a) Optical image of
the carrier waveguide and its trench to place liquid samples. b) Optical image of the assembly consisting of a
silicon die wire bonded to the waveguide. ¢) Assembly connected to the network analyzer to perform Sy,
measurements.
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The input impedance curves in Figure 5.14a correspond to results presented in an international
conference [7], and were obtained from experimental S;; measurements. They compare the response
of the resonator when the detection surface is clean (empty channel, black curve) against to its
response when the channel is filled with liquid (red curve). Input impedance curves of Figure 5.14b
correspond to results from Finite Element simulations and were included as comparison.

a) Experimental b) FEM simulations
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Figure 5.14: Comparison of sensor response when the detecting surface is clean (black) versus when it is
flooded with a liquid sample (red) [7]. a) Curves obtained from S}, measurements. b) Curves obtained from
Finite Element simulations (COMSOL Multiphysics 5.3).

As seen in Figure 5.14, exists a remarkable difference in amplitude of the magnitude of input
impedance between both cases (air or water on the detection surface), demonstrating the sensor
ability to identify presence of liquids in microchannels. This behavior is also present if the electrical
resistance is measured; experimental results in Figure 5.15a compare the real part of the input
impedance for both cases. Results in Figure 5.15b correspond to Finite Element simulations.
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Figure 5.15: Comparison of sensor response (electrical resistance) when the detecting surface is clean (black)
versus when it is flooded with a liquid sample (red) [7]. a) Curves obtained from S}, measurements. b) Curves
obtained from Finite Element simulations (COMSOL Multiphysics 5.3).
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5.4 Conclusion and Outlook

The pulse-echo transducer presented in this work has proven to be a valid alternative for
noninvasive study of liquid samples at the microscale; applications such as identification and
classification of liquids, detection of concentration changes in solutions, and sensing of
compressional properties of liquids have been presented, showing repeatability and linearity in
measurements.

Rather than the classic frequency shift detection approach to monitor changes in the material of
study, this transducer interrogates the samples with short ultrasound pulses at GHz, obtaining an
output voltage level according to the characteristics of each studied material. Characteristics and
main features of the device can be summarized in the following points:

e  Multi-frequency operation: The configuration of materials and thicknesses that make up
the transducer allow the operation of the device at multiple points throughout the operating
range (1 - 10 GHz), maintaining similar level of electromechanical transduction and
controlling penetration depth of ultrasound in the sample as well as the heat transferred.

o Reduced footprint: In this approach, transducers are located on the underside of the wafer
and therefore they do not require an area for their implementation in microfluidic systems.
The presented transducer, located at the lower face of the wafer, has lateral dimensions
equal to 90 um, demonstrating negligible diffraction of acoustic pulses when operating at
1.1 GHz. The operating frequency range would allow the use of transducers with lateral
dimension of 25 pum, operating at 10 GHz, without significant diffraction of emitted
acoustic pulses [1].

e Low power consumption and high SNR: In this work the 90 um transducer has been
driven by an input RF source of 4 dBm (~ 0.5 V), achieving a Signal-to-Noise Ratio up to
38 dB for the reference measurement (detection surface cleared).

e Sensitive area (resolution): Due to its low diffraction at 1.1 GHz, the presented 90 um
transducer is capable of scan 0.008 mm® of the detection surface if a single transducer is
used for both transmission and reception of the pulse.

o Sensitivity and linearity: Concentration change in solutions showed increment of 6.89% in
the output voltage level per GPa in the case of Bulk modulus measurements and a change of
1.8% per 100 kRayl for the case of Acoustic Impedance. Calibration curves boast linearity
R”>0.99 as long as the viscosity of solutions does not exceed 10 cP.

e Acquisition time: It corresponds with twice the Time-of-Flight (~ 98 ns).

Moreover, the manufactured device stands out from classic FBAR approaches because of its ease of
manufacture; providing superior mechanical robustness and a sensing surface free of electronics
where microchannels can be constructed carrying even conductive liquids. This work is envisioned
for real-time applications where low-power consumption, easy readout method and size matters;
this pulse-echo transducer simply requires measurement of peak voltage.

The following section presents other feasible applications for the pulse-echo transducers.
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5.4.1 Other feasible applications: Multiphase flow sensor for real-time detection of slug
velocity in microchannels and impedance imaging (fingerprint sensor)

Multiphase flow sensor

Two-phase flow microfluidics involving gas-liquid and liquid-liquid flows has received
considerable interest since it overcomes challenges of conventional single-phase microfluidics, such
as dispersion, with interferes with the control of mixing time [8]; rapid mixing of miscible liquids
can be accomplished efficiently by introducing gas phase bubbles, whereas liquid-liquid systems
are of interest for food processing, drug delivery, and material synthesis [9]. Moreover, microscale
gas—liquid flow occurs in micro heat exchangers and in microreactors, where the multiphase flow
has been shown to significantly increase mass transfer compared to single-phase liquid flow of the
same carrying fluid [10].

Introducing gas bubbles or liquid droplets of an immiscible liquid can lead to various flow patterns
depending on channel diameter, liquid properties, or liquid and gas volumetric flux; however, in
capillaries with diameter of 2 millimeters or less the “slug flow” regime is normally the dominant
flow regime [10]. Slug flow is referred in the literature with various other terms including Taylor
flow, segmented flow, plug flow, bubble train flow, and intermittent flow. In this condition,
alternating segments (bubbles) of immiscible fluids occupy most of the cross section of the
microchannel [11]. The scheme in Figure 5.16 is a 2D representation (sagittal view) of a possible
system for detecting the size and speed of slugs in immiscible fluids (multiphase flow).

Flow direction

Microchannel
: Fluid #2
) Fluid #1 ( (slug / bubble) )

N
. A ToF =98 ns
Ultrasound (round trip)

pulse
Silicon substrate \%
 —
Transducer

Figure 5.16: 2D representation (sagittal view) of a possible system for detecting the size and velocity of slugs
in immiscible fluids (multiphase flow); the system would consist of a microchannel fabricated directly on the
detection surface of the pulse-echo sensor, while bulk ultrasound pulses travel inside the thickness of silicon
to interact with the fluids (7oF = 98 ns). According to theoretical predictions, an air bubble occupying the
entire cross section of the channel should reflect more than 99% of the energy emitted by the transducer
whereas if water slugs are flowing in front of the transducer more than 14% of the acoustic energy of the
pulse enters the liquid medium, thus providing contrast between measurements.

The system in Figure 5.16 consist of a microchannel fabricated directly on the detection surface of
the fabricated pulse-echo sensor, while bulk ultrasound pulses travel inside the thickness of silicon
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to interact with the fluids in the microchannel and they return to the emitter transducer within a total
ToF = 98 ns. According to the theoretical predictions of Table 3.3 in Chapter 3, an air bubble
occupying the entire cross section of the channel should reflect more than 99% of the energy
emitted by the transducer whereas if water slugs are flowing in front of the transducer more than
14% of the acoustic energy of the pulse enters the liquid medium and the remainder is reflected
back to the transducer, thus providing contrast between measurements depending on the fluid that is
in front of the transducer at any given time. To emulate such system, measurements were performed
using the setup shown in Figure 5.1, comparing the condition "distilled water on the detection
surface” against the condition "air" (detection surface cleared). Figure 5.17 presents the output
signal, up to 550 ns, of measurements performed of both conditions.
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Figure 5.17: Output voltage showing up to five consecutive echoes for both the case of “air” at the detection
surface (black) and the case of “water” (blue).

Results correspond with theoretical predictions, since the amplitude of the envelope corresponding
to the case of distilled water (blue trace) drops close to 16% respect to the maximum amplitude
obtained when the detection surface is cleared (black trace). Current optical methods for continuous
fluid monitoring offer detailed and precise flow information, but with the drawback of costly and
bulky equipment such as CCD cameras or Particle Image Velocimetry (PIV) [12], therefore, this
pulse-echo sensor could be a low-cost alternative of low power requirement and high integration
capabilities.

Fingerprint sensor

Since acoustic impedance of skin is close to that of water, an array of these transducers could be
used for imaging purposes, i.e., as an ultrasonic fingerprint sensor. Figure 5.18a offers a 3D
representation of such a system consisting of a linear array of pulse-echo transducers that emit
ultrasound pulses through the silicon mass to interrogate materials on their sensing surface. These
AIN transducers should interact individually with different microscopic sections of the fingerprint,
thus offering contrast in output voltage between transducers interacting with air on their sensing
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surface (fingerprint valleys) and transducers interacting with skin (fingerprint ridges) [13]. This is
shown in the 2D representation of Figure 5.18b.
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Figure 5.18: Pulse-echo transducers as fingerprint sensor. a) 3D representation. b) 2D cross section.

Table 5.3 offers a comparison to a similar transducer in literature, implemented as an imaging
element. In the case of our sensor, the fourth echo has been used to enhance contrast between air
and water measurements, at a cost of longer acquisition time (Figure 5.17).

[14]12019 This transducer

AIN MEMS + 0.18 um CMOS  AIN MEMS + Off the shelf

Technology o .
(monolithic) electronics
Mode of operation Pulse-echo Pulse-echo
2 1
Number of transducers (Transmitter + Receiver) (Same element for Tx & Rx)
Drive voltage >1V <04V
Frequency of operation 1.69 GHz 1 — 10 GHz range
Contrast 23:1 2:1
Acquisition time 344 ns 400 ns
cquis (Second echo) (Fourth echo)

Table 5.3: Comparison to a similar transducer implemented as a fingerprint sensor [1].

Our pulse-echo transducer consist of only one single element for both Tx and Rx, reducing
significantly the footprint in the wafer and it requires half of the drive voltage to obtain similar
contrast. Moreover, according with the diffraction condition wsin 8 = A, our approach with multi-
frequency capability up to 10 GHz would allow single transducers of width w = 25 um sending low
diffraction pulses of ultrasound to scan the detection surface with a lateral resolution of 30 um,
improving current ultrasonic sensors while offering a low input impedance of 150 Q.

Future work in this regard should include the study of collaborative behavior of arrays of this pulse-
echo transducers either to improve SNR (focusing) or to perform a 2D sweep of the detecting
surface (steering), i.e., by using phased arrays. The latter is not a trivial endeavor, since coupling of
higher input impedance transducers and issues regarding to electrical/mechanical coupling should
be solved.
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APPENDIX A

Code

Appendix A contains relevant code (some functions) of the tools that were created for the design of
the devices, as well as those that were used for post-processing of *.CSV files (measurements or
FEM results). MCU configuration is also included.

A.1 Pulse-echo post-processing

Figure A.1 shows the Graphical User Interface (GUI) of the tool used for post-processing of echo
measurements (*.CSV files coming from the scope). This tool loads to memory the file content and
displays it on the first plot (electrical signal in blue color relating voltage amplitude (volts) and time

(seconds)).

Ve B

Tipo de entrada
O RFIn + Echo

® Only echo

Ver
O ch#1 (blue)
O Ch#1 w/ BPF
D Ch#2 (red)
) Ch#2 w/ BPF
Ch#2 (envelope)
® Ch#2 (env w/ BPF)

PROCESS (PLOT)

Search Maxval

SNR

Export as *.CSV

FileName: air_redux.csv

Fs: 1.2500e+11 Hz

SNR: 38.4493 [dB]

LOAD
01

0.1

o
o

0.

o
v o
=

-0.

|

I
|

NMJ‘WMM

0.15

L L L L L L L ' L L L
09 095 1 105 11 115 12 125 13 135 14

0.1+

107 Time (s) (107

T T — T T

=X
SNR: 38.4493 [dB]
oK
v Max: 9.025284e-02
J

0 1 20 4 5
Time (5) 107

Figure A.1: Graphical User Interface of the tool created for post-processing of echo measurements.
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The largest plot in Figure A.1 (electrical signal in black color) presents the result of the post-
processing, which depends on the current state of the radial buttons; the "BPF" option applies a
band-pass filter to the input signal, the "envelope" option obtains the Hilbert transform, and "env w/
BPF" does both.

Additionally, the "Search MaxVal" button allows selection of regions where a maximum value of
amplitude will be searched and the "SNR" button obtains the Signal to Noise Ratio. The "Export"
button creates a *.CSV from the curve in the results plot and optionally downsampling can be
performed to reduce the number of points

Function to apply a band-pass filter:

function [signal, filtro] = filtroBP(tiempo, y, Fs, handles)
tSamples = length(tiempo);

Y = fft(y);

P2 = abs(Y / tSamples);

P1 =P2(1 : tSamples/2 + 1);

P12 :end-1)=2 *P1(2 : end-1);

f=Fs* (0: (tSamples / 2)) / tSamples;
plot(handles.axes3, f, P1);

9. grid(handles.axes3, 'on');

10. grid minor;

11. xlim([O0 8e9]);

12. info = msgbox('Selecciona dénde se buscara el pico de frecuencia (banda de paso)');
13. waitfor(info);

14. [freq , ~] = ginput(2);

15. [~, ilnf] = min(abs(f - freq(1)));

16. [~, iSup] = min(abs(f - freq(2)));

17. freqP = f(ilnf : iSup);

18. specP = P1(ilnf : iSup);

19. [maxy, ifrP] = max(specP);

20. frP = freqP(ifrP);

21. hold(handles.axes3, 'on');

22. plot(handles.axes3, P, maxy, 'r>');

23. hold(handles.axes3, 'off);

24. text(frP, maxy, sprintf(' frP: %.6e [Hz|', {frP));

25. info = msgbox(sprintf('Se encontré maximo en: %.4e', frP));
26. waitfor(info);

27. Fn =Fs/2;

28. passFreqSpan = 100e6;

29. stopFreq = 200e6;

30. Wp = [(frP - passFreqSpan), (frP + passFreqSpan)] / Fn;
31. Ws = [(frP - stopFreq), (frP + stopFreq)] / Fn;

32. Rp=1;

33. Rs = 30;

34. [n, Ws] = cheb2ord(Wp, Ws, Rp, Rs);

35. [z, p, k] = cheby2(n, Rs, Ws);

36. sosbp = zp2sos(z, p, k);

37. signal = filtfilt(sosbp, 1, y);

38. freqMedia = meanfreq(signal, Fs);

39. set(handles.editAux, 'String', sprintf('Freq Media: %.6e', freqMedia));
40. filtro = sosbp;

NGO H W
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Function to obtain the Hilbert Transform (envelope of the signal):

1.
2.
3.

function [env] = envelope(signal)
complex = hilbert(signal);
env = abs(complex);

Function to obtain the maximum amplitude:

XN A LN

O

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

function btnMax_Callback(~, ~, handles)

ejeX = handles.ejeX;

ejeY = handles.outputSgnl;

info = msgbox('Selecciona donde se buscara el pico');
waitfor(info);

[x, ~] = ginput(2);

[~, iInf] = min(abs(ejeX - x(1)));

[~, iSup] = min(abs(ejeX - x(2)));

subX = ejeX(ilnf : iSup);

subY = ejeY(ilnf : iSup);

[maxY, indx] = max(subY);

maxX = subX(indx);

hold(handles.axes3, 'on');

plot(handles.axes3, maxX, maxY, 'r>');

hold(handles.axes3, 'off);

text(maxX, maxy, sprintf( Max: %.6e', maxyY));
set(handles.editAux, 'String', sprintf('MaxVal: %.6e', maxyY));
info = msgbox(sprintf('Se encontré maximo en: t = %.4e', maxX));
waitfor(info);

Function to obtain the Signal-to-Noise Ratio:

NG R LN

NN R R /= = = = = === 0
— O VWO NOU PP WN—~ O

function btnSNR_Callback(~, ~, handles)

tiempo = handles.ejeX;

amplitud = handles.outputSgnl;

info = msgbox('Selecciona un segmento con RUIDO");
waitfor(info);

[t,~] = ginput(2);

[~, iInf] = min(abs(tiempo - t(1)));

[~, iSup] = min(abs(tiempo - t(2)));

noise = amplitud(ilnf : iSup);

. rmsNoise = rms(noise);

. info = msgbox('Selecciona un segmento con Senal');
. waitfor(info);

- [t.~] = ginput(2);

. [~, iInf] = min(abs(tiempo - t(1)));

. [~, iSup| = min(abs(tiempo - t(2)));

. signal = amplitud(ilnf : iSup);

. rmsSignal = rms(signal);

. snRatio = snr(rmsSignal, rmsNoise);

. set(handles.editAux, 'String', sprintf('SNR: %.4f [dB]', snRatio));
. info = msgbox(sprintf('SNR:

. waitfor(info);
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A.2 HBAR calculation tool (up to four layers)

This tool has been used to predict the electrical response (frequency) of both pulse-echo transducers
and resonators; it is basically the implementation of equations 10, 15 and 16 from Chapter 2. Figure
A.2 shows the response of a device corresponding to materials and dimensions shown in Figure 3.8
of Chapter 3, using material properties from Table 3.2 (Chapter 3) and the COMSOL Multiphysics
materials library.

compare =.%
PIERAE 2
Plot Settings K2
HBAR gen. _— fs Edit Text
9 ® Impedance Magnitude ~ PLOT ® HBAR (4-layer) K2ESf [fr - fa]
) HBAR (2-layer) i [di
Edit Text
W GRS > Admittance [V Semilog Y? Exportas . CoN, O Piezo k2Eff [fp - fs]
k2eff Edit Text

102

10t

Input Impedance [2]

100 =
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2 4 6 8 10 12 14
Frequency [Hz] «10°

Figure A.2: Graphical User Interface of the tool created to predict electrical response (frequency) of HBARs.

Curves in the plot area correspond to static capacitance (black trace), isolated response of the
piezoelectric layer (blue), simple HBAR (green), and HBAR including the effect of electrodes
(magenta). The plot allows visualization as Impedance, Admittance and their magnitude value, real
or imaginary, as well as zoom in and obtain amplitude and frequency value at a selected point. The
tool allows importing *.CSV files (measurements or FEM results) to calculate kgf £ and exports the

plot content as *.CSV. The most relevant function is the one that implements equations 10, 15 and
16 from Chapter 2:

Function: generateHBAR()

function [freqHbar, zHbar, zCap, zPiezo, zHbarE| = generateHbar()

1
2
3. prompt = {Init. Freq. [Hz]', 'Final Freq. [Hz]', 'Freq. Step [Hz], ...

4. ‘Vac. Permittivity [F/m]', 'PIEZO: Diel. constant', 'PIEZO: Area [m"2]', ...

S. 'PIEZO: Thickness [m]', 'PIEZO: Density [Kg/m3]', 'PIEZO: Sound vel. [m/s]', ...
6 'SUBS: Density [Kg/m3]', 'SUBS: Sound vel. [m/s]', 'SUBS: Thickness [m]', ...
7 'cE_{33} [N/m~"2]', 'eS_{33} [C/m"2]', TopElec. Thickness [m]', ...

8 ‘TopElec Densty [Kg/m3]', 'TopElec Snd vel. [m/s]', BottomElec. Thick [m]', ...
9. '‘BottomElec. Density [Kg/m3]', 'BottomElec. Sound vel. [m/s]};

10. dlgtitle = 'Settings';
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11.
12.
13.
14.
15.
16.
17.
18.
19.
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.
46.
47.
48.
49.
50.
S1.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.

dims = [0.8 35];

definput = {100e6', '15€9', '0.1e6', '8.8542e-12', '9', '6.4e-9', '0.5e-6, ...
‘3300, '10954 + 5i', '2329', '9660 + 5i', '10e-6', '3.89¢e11 + 0.1i', '1.55 + 0.11', ...
'le-6', '2700', '6450 + 5i', '0.0001e-6', 2700', '6450 + 5i'};

opts.Interpreter = 'tex’;

inputS = inputdlg(prompt, dlgtitle, dims, definput, opts);

fi = str2double(inputS(1));

ff = str2double(inputS(2));

fstp = str2double(inputS(3));
€0 = str2double(inputS(4));

er = str2double(inputS(5));

m?2 = str2double(inputS(6));

1 = str2double(inputS(7));

p = str2double(inputS(8));

V = str2double(inputS(9));

pb = str2double(inputS(10));
Vb = str2double(inputS(11));

b = str2double(inputS(12));
cE33 = str2double(inputS(13));
eS33 = str2double(inputS(14));
d1 = str2double(inputS(15));
pE1 = str2double(inputS(16));
VE1 = str2double(inputS(17));
d2 = str2double(inputS(18));
pE2 = str2double(inputS(19));
VE2 = str2double(inputS(20));

freqHbar = fi : fstp : ff;

zCap = zeros(size(freqHbar));
zHbar = zeros(size(freqHbar));
epsS33 =e0 * er;

cCap = (epsS33 *m?2) /

h33 = eS33/epsS33;

cD33 = cE33 + (eS33 * h33);
k2t = (h33/2 * epsS33)/cD33;
fp = sqrt(cD33/(4 * p * 1"2));

for m = 1 : length(freqHbar)

zCap(m) = -1i / (2 * pi * freqHbar(m) * cCap);
end
Zbs = pb * Vb;
Z=p*V;
zb =Zbs / Z;
% Hbar (1999 - Wang)

for k = 1 : length(freqHbar)
gb =2 * pi * freqHbar(k) * (b / Vb);
g =2*pi* freqHbark) * (1 / V);
num = (2 * tan(g/2)) + (zb * tan(gb));
den = (1 + (zb * (tan(gb) / tan(g));

A=1/(1i*2 * pi * freqHbar(k) * cCap);

B=k2t/ g;
C = num / den;
zHbar(k) =A * (1 - B * C));
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64.
65.
66.
07.
68.
69.
70.
71.
72.
73.
74.
75.
76.
7.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.

end

zPiezo = zeros(size(freqHbar));
for m = 1 : length(freqHbar)
alph = (2 * pi * freqHbar(m))/ (4 * fp);
fact2 =1 - (k2t * (tan(alph)/alph));
factl =1/(1i * m2 * 2 * pi * freqHbar(m) * epsS33);
zPiezo(m) = factl * fact2;
end

Zel = pEl * VEI;

Ze2 = pE2 * VE2;

zHbarE = zeros(size(freqHbar));
for k = 1 : length(freqHbar)

gEl =2 * pi * freqHbar(k) * (d1 / VE1);
gE2 =2 * pi * freqHbar(k) * (d2 / VE2);
gb =2 * pi * freqHbar(k) * (b / Vb);
g =2*pi* freqHbar(k) * (1 / V);
Zb = 1i * Zel * tan(gE1);
num = (Zbs * cos(gE2) * sin(gb)) + (Ze2 * sin(gE2) * cos(gb));
den = (cos(gE2) * cos(gb)) - ((Zbs / Ze2) * sin(gE2) * sin(gb));
ZLo = 1i * (num/den);
zb=7Zb [/ Z;
z2 =ZLo / Z;
num = ((zb + z2) * sin(g)) + (1i* 2 * (1 - cos(g)));
den = ((zb + z2) * cos(g)) + (1i * (1 + (zb * z2)) * sin(g));
A=1/(1i*2*pi*freqHbar(k) * cCap);
B=k2t/ g;
C = num / den;
zHbarE(k) = A * (1 - (B *C));
end

A.3 De-embedding and S11-to-Zin tool.

This tool performs the measurement calibration (de-embedding) procedure described in section
4.2.2 from Chapter 4, and the conversion from S;; to Z;;,, described in section 4.2.3 (Chapter 4). It
requires as input *.CSV files containing both real and imaginary values of the "raw" measurement,
as well as measurements to the "open" and "short" dummy structures described in Chapter 4, i.e.,

six measurements as shown in Figure A.3.

Name v |Size Type Date Modified
] air_opn_s11_Im.csv 100.8 kB CSV document sab 10 dic 2022 20:06:12
"] air_opn_s11_Re.csv 100.8 kB CSV document sab 10 dic 2022 20:06:19
2] air_raw_s11_Im.csv 100.8 kB CSV document sab 10 dic 2022 20:06:27
2| air_raw_s11_Re.csv 100.8 kB CSV document sab 10 dic 2022 20:06:34
2| air_sht_s11_Im.csv 100.8 kB CSV document sab 10 dic 2022 20:06:41
=] air_sht_s11_Re.csv 100.8 kB CSV document sab 10 dic 2022 20:06:47

Figure A.3: Measurements required for measurement calibration.
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Figure A.4 shows the graphical interface of this tool, once all the required files have been loaded
using the "Load files <S11>" button and the reference impedance has been selected, the plot at the
top will show the information from the input files, as well as the de-embedded measurement (the
black curve).
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Figure A.4: Graphical interface of the tool created for measure calibration and S11-to-Zin conversion.

The plot at the bottom shows the conversion of the S;; measurement (de-embedded) to input
impedance Z;,. The de-embedded measurement and the input impedance curve are exported as
*.CSV files in the same folder where the input measurements are located. Relevant functions are:

Function: loadS11()

It loads the files and creates the complex vectors "raw_cmplx", "opn_cmplx", and "sht cmplx",
containing the information of the raw measurement and that for the "open" and "short" structures,
respectively.
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function [freq, raw_cmplx, opn_cmplx, sht cmplx, outFileName] = loadS11()

freq = 1;

rawS11Re = 1;
rawS11Im = O;
opnS11Re =1;
opnS11Im = O;
shtS11Re = 1;
shtS11Im = O;

outFileName = 'error.csv’;

. strng = strcat({Debes contar con archivos:', ...

<filename>_raw_s11_Re.csv/, ...

<filename>_raw_s11_Im.csv/, ...

<filename>_opn_s11_Re.csv/, ...

<filename>_opn_s11_Im.csv/, ...

<filename>_sht_s11_Re.csv, ...

<filename>_sht _s11_Im.csv', ...

'Selecciona el archivo "<filename>_raw_s11_Re.csv'", ...

"* Deben contener un renglon de "cabecera" y columnas con datos', ...
' freq wval, ...

' 000 231, ...

N

. info = msgbox(strng);

. waitfor(info);

. [fileRawRe, path] = uigetfile("*.csv', 'S11 (Real)');

. fileRawRe = fullfile(path, fileRawRe);

. k = strfind(fileRawRe, 'raw_s11_Re.csv');

. if(k ~= 0) % El archivo contiene 'raw_s11_Re.csv'

fileRawIm = strrep(fileRawRe, Taw_s11_Re', 'raw_s11_Im');
fileOpnRe = strrep(fileRawRe, 'Taw_s11_Re', 'opn_s11_Re");
fileOpnIm = strrep(fileRawRe, Taw_s11_Re', 'opn_sl11_Im');
fileShtRe = strrep(fileRawRe, 'rTaw_s11_Re', 'sht_s11_Re");
fileShtIm = strrep(fileRawRe, 'raw_s11_Re', 'sht s11_Im");
fRe_id = fopen(fileRawRe, 'r');
flm_id = fopen(fileRawIm, 'r');
if(fRe_id > O && fIm_id > 0)
fgetl(fRe_id);
fgetl(flm_id);
csvData = textscan(fRe_id, ' %f %f %f','Delimiter’,',",'MultipleDelimsAsOne', 1);
freq = csvData{l};
rawS11Re = csvData{2};
csvData = textscan(flm_id,'%f %f %f,'Delimiter',",','MultipleDelimsAsOne',1);
rawS11Im = csvData{2};
else
msgbox('Error abriendo archivos "raw_s11_xx.csv");
end
fRe_id = fopen(fileOpnRe, 'r');
flm_id = fopen(fileOpnlm, 'r');
if(fRe_id > O && fIm_id > 0)
fgetl(fRe_id);
fgetl(flm_id);
csvData = textscan(fRe_id, ' %f %f %f,'Delimiter’,',",'MultipleDelimsAsOne', 1);
opnS11Re = csvData{2};
csvData = textscan(flm_id,'%f %f %f,'Delimiter',',','MultipleDelimsAsOne',1);
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54. opnS11Im = csvData{2};

55. else
56. msgbox('Error abriendo archivos "opn_s11_xx.csv");
57.  end

58. fRe_id = fopen(fileShtRe, 't');
59.  flm_id = fopen(fileShtIm, 't');
60. if(fRe_id > O && flm_id > 0)

61. fgetl(fRe_id);

62. fgetl(flm_id);

63. csvData = textscan(fRe_id, ' %f %f %f','Delimiter’,',",'MultipleDelimsAsOne', 1);
64. shtS11Re = csvData{2};

65. csvData = textscan(flm_id,'%f %f %f,'Delimiter’,',','MultipleDelimsAsOne',1);
66. shtS11Im = csvData{2};

67. else

68. msgbox('Error abriendo archivos "sht s11_xx.csv");

69. end

70.  fclose('all);

71.  msgbox('Archivos cargados, clic en "Plot" para continuar’);

72. outFileName = fileRawRe;

73. else

74.  msgbox('El archivo seleccionado no contiene "raw_s11_Re.csv");

75. end

76. raw_cmplx = rawS11Re + (1i * rawS11Im);
77. opn_cmplx = opnS11Re + (1li * opnS11Im);
78. sht_cmplx = shtS11Re + (1i * shtS11Im);

Function: deemb(raw_cmplx, opn_cmplx, sht_cmplx)

It uses the complex vectors “raw_cmplx”, “opn_cmplx”, and “sht cmplx” to obtain the de-
embedded vector (complex), using equation 25 of Chapter 4.

function [demb_cmplx] = deemb(raw_cmplx, opn_cmplx, sht_cmplx)
A = (opn_cmplx + sht_cmplx) ./ (2 + opn_cmplx - sht_cmplx);

B = (opn_cmplx - A) .* (1 - A);

demb_cmplx = (A - raw_cmplx) ./ (A.*2 - (A .* raw_cmplx) - B);

b S

Function: convStoZ(handles, freq, zRef, sRe, sIm)

It uses the reference impedance value and the de-embedded vector to obtain the input impedance
(magnitude), using equation 23 in Chapter 4.

1. function [zRe, zIm] = convStoZ(handles, freq, zRef, sRe, sIm)
2. zRe = zeros(size(freq));

3. zIm = zeros(size(freq));

4. if get(handles.radS11, 'value') ==

S. for m = 1 : length(freq)

6. num = 1 - sRe(m)"2 - sIm(m)"2;
7. den = (1 - sRe(m))*2 + sIm(m)"2;
8. zRe(m) = zRef * (num/den);

9. end

10.  for m =1 : length(freq)

11. num = 2 * sIm(m);

12. den = (1 - sRe(m))*2 + sIm(m)"2;
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13. zIm(m) = zRef * (num/den);
14. end
15. end

A.4 Acoustic pulse distribution, diffracting arrays, & Phased arrays for steering and focusing

This tool is a compilation of several methods to obtain the pressure distribution of an acoustic pulse
at the detection surface. It includes implementation of equations for a "single element" radiating
acoustic energy and also arrays of elements interfering with each other. Models predicting the
behavior of phased arrays are also included; the required phase shift or time delay is calculated for
either steering of the beam or focusing.

Figure A.5 shows the GUI of the program, the "Cargar Datos" button allows entering input data and
the "Panel" section contains the implemented methods. Pressing the "PLOT" button prints the
pressure distribution in the plot area and the required phase shift will appear in case of phased
arrays.
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Elem. width: 20.00 [um] Init. Intensity: 1 Focus point: 410.00 [um]
Carga Datos
Frequency: 1.10 [GHz] Young Mod: 170.00 [GPa] Detect. surface: 600.00 [um]
Num. Elementos: 6 Poisson Ratio: 0.28 Points to plot: 20000
Kerf (gap): 20.00 [um] Density: 2329.00 [kg/m~3] Steering angle: 0.00 [deg]
Panel Lobe minimum: 200.38 [um] Aperture size: 220.00 [um] NearField lim: 1377.85 [um]
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Array Focus (Wooh 2000) v

PLOT Export CSV I 90 T T T T T

Ode 80 E

Phaseshift / TimeDelay 70 J
[ 0.00 [Rad] [~
5.47 [Rad] 60 i

8.25 [Rad]

8.25 [Rad]

5.47 [Rad]

0.00 [Rad]

50 4

a0 | :

K1

30
0.00 [ns] [«

0.79 [ns] B “ 0‘ m _
1.19 [ns] |

119 [ns] °l f W. W ﬂ‘ _
0.79 [ns] 0 Nooacany : (‘W 400 60

0.00 [ns] -600 -400 -200 0

-

0

Figure A.5: Graphical interface of the tool created to predict pressure distribution of the acoustic pulse at the
detection surface.

For the case of arrays it is required that the user of the program understand the theory behind the
equations, since some methods print incorrect results when inadequate input data is provided, for
example, trying to focus in the far field.

Function to obtain input data and basic operations:

function btnLoad_Callback(hObject, eventdata, handles)
cla(handles.axesl,'reset');
handles.panelPhase.Visible = 'off’;

AALD=

prompt = {Element width [m]', 'Frequency [Hz]', '# of elements/, ...
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'Kerf width (Gap) [m]', 'Initial intensity’, '(Medium) Young Modulus [Pa]', ...

'(Medium) Poisson Ratio', '(Medium) Density [kg/m"3]', ...
'Distance to Detection (Focus point) [m]', 'Detection Surface size [m]’, ...
'Graph Points', 'Steering angle [deg]};

. dlgtitle = 'Settings';
. dims = [0.8 30];
. definput = {50e-6', '1.1e9', '1', 20e-6', '1', '170e9', '0.28/, ...

'2329', '410e-6', '600e-6', '20000', '0'};

. opts.Interpreter = 'tex’;

. inputS = inputdlg(prompt, dlgtitle, dims, definput, opts);
. w = str2double(inputS(1));

. f = str2double(inputS(2));

. N = str2double(inputS(3));

. krf = str2double(inputS(4));

. pO = str2double(inputS(5));

. E_Si = str2double(inputS(6));
. v_Si = str2double(inputS(7));
. p_Si = str2double(inputS(8));
. D = str2double(inputS(9));

. rng = str2double(inputS(10));
. qlty = str2double(inputS(11));
. Sa = str2double(inputS(12));

.num =E_Si* (1 -v_Si);
.den=p_Si* (1+v_Si*(1-(2*v_Si));
. ¢_Si = sqrt(num/den);
.G_Si=E Si/ (2*(1+v_Si);
. c_Si_s =sqrt(G_Si / p_Si);

. lamb =c_Si/ f;

. vf_Si =lamb * f;

. ToF=D / c_Sj;
.omeg=2*pi*f

. k=(2*pi) / lamb;

.y =-rng : rng / qlty : rng;

. x=D;

. A = zeros(1, length(y));

. r = zeros(1, length(y));

. t = zeros(1, length(y));

. fori=1:length(y)

Afi) = atan(y(i)/x);

. end
. X2 = xN2;
. fori=1:length(y)

y2 =y@)"2;
r(i) = sqrt(x2 + y2);

. end
. fori=1:length(y)

t() = (i) / c_Si;

. end

. eMin = D * tan(asin(lamb/w));
CAp = ((kef+ w) * (N - 1) +w;

. nF = (Ap”2) / (4 * lamb);

. guidata(hObject, handles);
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Function for single element (Reference 23, Chapter 2):

1. function pressure = single_resnick(handles)
2. p0 = handles.pO;

3. w = handles.w;

4. lamb = handles.lamb;

5. A = handles.A;

6. pressure = zeros(1l, length(A));

7. fori=1:length(A)

8 alpha = ((pi * w)/lamb) * sin(A(i));

9 pressure(i) = pO * (sin(alpha)/alpha)"2;
10. end

Function for single element (Equation 21, Chapter 2):

function pressure = single_fan(handles)
A = handles.A;
k = handles.k;
r = handles.r;
w = handles.w;
c_Si = handles.c_Si;
c_Si_s = handles.c_Si_s;
omeg = handles.omeg;
t = handles.t;
.y = handles.y;
. X = handles.D;
. p_Si = handles.p;
. A2 = zeros(1, length(y));
. fori=1:length(y)
A2(ij) = atan(y(i)/x);
. end
. pressure = zeros(1, length(handles.A));
. fori=1:length(A)
alpha = (k * w * sin(A(i)) * sin(A2(i)))/2;
beta = (k * w * sin(A(i)) * cos(A2(i)))/2;
pl=(1li*k*c Si*c Sis*p Si*w*w)/ (2*r()* pi);
sl = sin(alpha) / alpha;
s2 = sin(beta) / beta;
ex = exp(li * (omeg * t(i)) - (k * r(i)));
pressure(i) = pl * sl * s2 * ex;
. end

NGO H W=

NN N DNDNDNDNEF — = =\

Function for an array of elements (steering capabilities):

function pressure = array_wooh1998(handles)
A = handles.A;

k = handles.k;

r = handles.r;

w = handles.w;

c_Si = handles.c_Si;

omeg = handles.omeg;

t = handles.t;

N = handles.N;

O o NG h W=
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10. d = w + handles.krf;

11. Sa = handles.Sa;

12. Sr = (pi / 180) * Sa;

13. At = (d * sin(Sr)) / c_Si;

14. pressure = zeros(1, length(A));

15. fori=1 : length(A)

16. alpha = (k *w * sin(A(i))) / 2;

17.  beta= ((omeg * At) - (k * d * sin(A(i)))) / 2;
18, pO=r(i)* (2 * k *r(i)) / pi) * exp(1i * (pi/2));
19. pln =p0 / r(i);

20. sl = sin(alpha) / alpha;

21.  s2 =sin(beta * N) / sin(beta);

22. exl = exp(-1i * alpha);

23.  ex2 =exp(-1i * beta * (N - 1));

24.  ex3 =exp(li * ((omeg * t(i)) - (k * r(i));

25. pressure(i) = pln * s1 *s2 * exl * ex2 * ex3;
26. end

27. handles.panelPhase.Visible = 'on';

28. phRad = 2 * pi * handles.f * At;

29. strPh = sprintf('Ph. Shift: %.2f [Rad]', phRad);
30. strDl = sprintf('T. Delay: %.2f [ns]', At * 1e9);
31. set(handles.editPhase, 'String', strPh);

32. set(handles.editDelay, 'String’, strDl);

Function for an array of elements (focusing capabilities):

function pressure = array_wooh2000(handles)
A = handles.A;
k = handles.k;
r = handles.r;
w = handles.w;
c_Si = handles.c_Si;
omeg = handles.omeg;
t = handles.t;
N = handles.N;
. f = handles.f;
. D = handles.D;
. Sa = handles.Sa;
. d = w + handles.krf;
. if Sa ==
Sa = 0.0000001;
. end
. Sr=(pi/ 180) * Sa;
.N2=(N-1)/2;
. At = zeros(1, N);
. phRad = zeros(1, N);
.forn=1:N
a=1+((N2*d)/D)"2) + ((2 * N2 * d)/D) * sin(Sr));
b=1+((((n- 1)- N2) *d)/D}"2) - (2 *d * ((n - 1) - N2) * sin(Sr))/D);
At(n) = (D / c_Si) * (sqrt(a) - sqrt(b));
phRad(n) =2 * pi * f * At(n);
. end
. handles.panelPhase.Visible = 'on’;

NS LN

NN DNDNNDNDNDNEFR H = o =\
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28.ifN>1

29.  numbDelays = length(phRad);

30.  set(handles.editPhase, 'Max', numDelays);
31.  set(handles.editDelay, 'Max', numDelays);
32.  strPh = sprintf('%.2f [Rad]\n', phRad);

33.  strDl = sprintf('%.2f [ns]\n', At * 1e9);

34.  set(handles.editPhase, 'String’, strPh);

35.  set(handles.editDelay, 'String', strD]);

36. end

37. dt = (d * sin(Sr)) / c_Si;

38. pressure = zeros(1, length(A));

39. for m = 1 : length(A)

40, pO =r(m) * (2 *k * r(m)) / pi) * exp(Li * (pi/2));
41.  cl =sqrt(pO / r(m));

42. alpha= (k*w * sin(A(m))) / 2;

43. sl =sin(alpha) / alpha;

44.  exl = exp(-1i * alpha);

45. suma = 0;

46. forn=0:N-1

47. Al = (((c_Si* (N - 1))/(2 * D * tan(Sr)*2)) * dt"2) - (omeg * dt) + (k * d * sin(A(m)));
48. Be = (c_Si *dt"2) / (2 * D * tan(Sr)*2);

49. temp = exp(1li * ((Al * n) + (Be * n"2)));

50. suma = suma + temp;

51. end

52. ex2 =exp(li* ((omeg * t(m)) - (k * r(m))));

53. pressure(m) =cl * sl * ex]l * suma * ex2;

54. end

A.5 MCUs High-Resolution Timer setup

To achieve the rise and fall time requirements to obtain the RF excitation pulse shown in Figure
4.22 of Chapter 4 it is necessary proper configuration of the clocks. Clocks and high-resolution
timers have been prepared using the initialization code generator STM32CubeMX, included in the
STM32Cube IDE. Figure A.6 shows clock configuration for Core and high-resolution timers.

Activation of HR Timers:

The STM32CubeMX initialization tool generates the code necessary for correct configuration of the
MCU, therefore, the user simply has to add their routine within a "while( )" control structure. The
following code is the implementation of the timing diagram shown in Figure 4.21c from Chapter 4.

1. HAL_HRTIM_SimplePWMStart(&hhrtim, HRTIM_TIMERINDEX TIMER_A, HRTIM_OUTPUT _TA1l);
2. HAL_HRTIM_SimplePWMStart(&hhrtim, HRTIM_TIMERINDEX_TIMER_B, HRTIM_OUTPUT_TB1);
3. while (1)

4.

5. if(HAL_GPIO_ReadPin(GPIOC, GPIO_PIN_13)==GPIO_PIN_SET)

6. {

7. HAL_GPIO_WritePin(GPIOE, GPIO_PIN_1, GPIO_PIN_SET);

8. HAL_Delay(2000);

9. HAL_GPIO_WritePin(GPIOE, GPIO_PIN_1, GPIO_PIN_RESET);

10. for (int al=1; al<2; al++)

11. {

12. HRTIM1_COMMON->CR2 = 0x400;

13. HRTIM1_COMMON->CR2 = 0x200;
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(10);

y

HAL_Dela;

14.
15.
16.

17. }
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Figure A.6: Clock configuration for Core and high-resolution timers with the STM32CubeMX tool.
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Figure A.6: (Continued).

Figure A.7 shows the Timer configuration to generate a Single pulse.
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HRTIM Mode and Configuration

[J Master Timer Enable ‘

Timer A [TA1 output active v ‘

Reset Configuration
@ NVIC Settings @ DMA Settings @ GPIO Settings

@ Fault Lines Configuration @ ADC Triggers Configuration @ Burst Mode Configuration @ Timer A
@ HRTIM Interrupt Configuration @ Synchro Configuration @ External Event Configuration
(Conﬁgure the below parameters ]
v General
Timer ldx Timer A
Basic/Advanced Configuration Basic (using HAL_Simple methods)
v Time Base Setting
Prescaler Ratio HRTIM Clock (HRTIM Clock is set in Clock Configuration T
Period 0x0003
Repetition Counter 0x00
Mode The timer operates in continuous (free-running) mode
~ Output Compare on TA1
Channel Configuration Disable
v Output Compare on TA2
Channel Configuration Disable
v PWM on TA1
Channel Configuration Enable
Polarity Output is active HIGH
Idle Level Output at inactive level when in IDLE state
Compare Value 0xFFFD
v PWM on TA2
Channel Configuration Disable
» Capture (using Capture Register 1)
Capture Channel Configuration Disable
v Capture (using Capture Register 2)
Capture Channel Configuration Disable
» One Pulse on TA1
Channel Configuration Disable
» One Pulse on TA2
Channel Configuration Disable

Figure A.7: Timer configuration to generate a Single pulse.
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