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Abstract

Sensors play a fundamental role in today’s society as information gathering
elements. Sensors exist for all types of applications, operating in numerous
environments. However, developing devices capable of providing reliable detection
and transmission of information when operating outside the typical room
temperature conditions can be challenging. Thin film bulk acoustic resonators have
been widely studied in the last decades as a transducer element for different types
of sensors due to their versatility, high sensitivity, low fabrication cost and easy
handling. Specifically, in their solidly mounted resonator (SMR) configurations,
robustness, and the possibility to design a straightforward fabrication route are

added to all the mentioned advantages.

The main objective of this thesis is to design, fabricate and characterize SMR
based sensors for gas detection under harsh conditions, such as high and low
temperature. To perform these experiments, the design, build, and test of an
appropriate experimental setup is necessary. A gas injection system consisting of
two characterization chambers, one for high temperature sensors (up to 450 °C) and
one for low temperature sensors (reaching —40°C) was developed. The
experimental setup was subjected to use tests consisting of generating controlled
atmospheres of ethanol vapors to characterize its detection with SMRs

functionalized with carbon nanotube forests.

The study of the devices included in this thesis was first approached
considering the involved materials. For this purpose, different configurations of
acoustic reflectors were proposed: four based on dielectric materials (AIN/SiOz,
Zn0/Si0z, Ta205/Si02 and HfN/SiO2) and one alternating metallic and dielectric
materials (Mo/Si0z2). SMRs were manufactured using these configurations to
characterize their electrical response and acoustic insulation properties, together
with their thermal behavior. Although fully dielectric reflectors show good
performance, the devices intended for high temperature applications were
manufactured on Mo/SiOz2 reflectors as they offer higher thermal stability. Potential
electrodes were also studied, with particular emphasis on top electrodes for high
temperature applications. To avoid potential oxidation issues, a Mo/Au is proposed,
in which a thin Au layer plays the role of passivation layer. Moreover, AIN and
Alo7ScosN were assessed as piezoelectric materials. Despite showing better
piezoelectric activity, Alo.7Sco3N films lack the necessary thermal stability to be

suitable for certain sensor applications or functionalization processes.
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The proposed sensors in this thesis can be divided into three main

categories depending on the operating temperature:

Room temperature: detection of NO gas molecules was achieved using AIN-
based SMRs functionalized with thermally evaporated pentacene layers, with
sensitivity of 0.88 kHz/ppm.

Low temperature: using dual mode SMRs, the possibility of discriminating
temperature and humidity effects from the response of resonant frequencies
was demonstrated, operating in the —20 °C to room temperature range.
High temperature: AIN-based SMR sensors functionalized with sputtered
WOs films were designed and characterized. The sensors are able to operate
in the 200-350 °C range, and show high sensitivity towards NO gas molecules,
achieving sensitivities even above 5 kHz/ppm, which leaves open the

possibility to detect gas concentrations in the ppb range.
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Resumen

En la sociedad actual, los sensores juegan un papel fundamental como
elementos recopiladores de informacién. Existen sensores para todo tipo de
aplicaciones, operando en ambientes muy diversos. Sin embargo, desarrollar
dispositivos capaces de ofrecer deteccion y transmision de la informacion fiables
cuando nos alejamos de condiciones de temperatura ambiente supone todo un
desafio. Los resonadores acusticos de pelicula delgada han sido estudiados durante
los ultimos afios como elemento transductor para distintas familias de sensores
debido a su versatilidad, alta sensibilidad, bajo coste de fabricacién y manejabilidad.
Mas especificamente, en su configuracion sobre reflectores acusticos (SMR, solidly
mounted resonators), a todas las ventajas mencionadas se suman la robustez y la

posibilidad disefiar una ruta de fabricacién sencilla.

El principal objetivo de esta tesis es disefiar, fabricar y caracterizar sensores
basados en SMRs para aplicaciones de deteccion de gases en condiciones extremas,
como las altas y bajas temperaturas. El otro gran objetivo es disefiar, construir y
probar un sistema experimental que permita realizar la caracterizacién de dichos
sensores. Para ello, se ha puesto a punto un sistema de inyeccién de gases que consta
de dos camaras independientes con entradas de gases reguladas con controladores
de flujo para generar atmosferas controladas. La primera camara se utiliza para la
caracterizacidn de los sensores a alta temperatura (hasta 450°C), mientras que en la
otra se realiza la caracterizacion a baja temperatura (hasta —40°C). El montaje
experimental fue sometido a pruebas de uso consistentes en generar atmoésferas
controladas de vapores de etanol para caracterizar su deteccion con SMRs

funcionalizados con bosques de nanotubos de carbono.

El estudio de los dispositivos ha sido planteado primero desde el
punto de vista de los materiales involucrados. Para ello, se han propuesto diferentes
configuraciones de reflectores acusticos: cuatro basadas en materiales aislantes
(AIN/SiO2, Zn0/SiO2, Ta20s5/Si0O2 y HfN/SiO2) y una que alterna un metal y un
aislante (Mo/SiOz). Para caracterizarlos, se han fabricado SMRs usando estas
configuraciones y se han medido sus respuestas eléctricas, su capacidad de
aislamiento acustico y su comportamiento térmico. Aunque los reflectores basados
en materiales aislantes ofrecen buen rendimiento, los sensores a alta temperatura
se han fabricado sobre reflectores de Mo/SiO2 debido a que ofrecen mayor
estabilidad térmica. También se han estudiado los potenciales electrodos, con

especial énfasis en el electrodo superior para las aplicaciones a alta temperatura.
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Para evitar problemas de oxidacidn, se ha propuesto un electrodo de Mo/Au, en el
que una fina capa de Au actia como capa de pasivacion. Por ultimo, se han estudiado
dos materiales piezoeléctricos: AIN y Alo.7Sco3N. Pese a ofrecer mejor actividad
piezoeléctrica, las peliculas de Alo.7Sco.3N estudiadas ofrecen mayor inestabilidad al
someterlas a altas temperaturas, lo que puede suponer un inconveniente para

determinadas aplicaciones o procesos de funcionalizacion.

Los sensores propuestos en esta tesis se pueden dividir en tres

categorias en funcion de la temperatura a la que operan:

e Temperatura ambiente: se ha detectado NO con SMRs basados en AIN
funcionalizados con capas de pentaceno evaporado térmicamente, con una
sensibilidad de 0.88 kHz/ppm.

e Baja temperatura: usando SMRs que presentan dos modos de resonancia, se
han discriminado los efectos de la temperatura y la humedad sobre las
frecuencias de resonancia, operando entre —20°C y temperatura ambiente.

e Altatemperatura: se han disefiado y caracterizado sensores basados en SMRs
de AIN funcionalizados con capas de W03 depositadas por pulverizacion
catodica. Estos sensores operan en el rango entre 200 y 350°C, y ofrecen gran
sensibilidad para detectar NO con valores por encima de 5 kHz/ppm, lo que
deja abierta la posibilidad a detectar concentraciones de gas en el rango de

las ppb.
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INTRODUCTION

Sensors are devices capable of responding to a physical stimulus and translating it
into measurable signals, which can be interpreted by a readout system. For instance,
the necessity of determining how hot or how cold things are led to the invention of
the thermometer, an instrument that, apart from its main purpose, has significantly
influenced numerous scientific advances throughout history [1]. Today, sensor
devices are present in nearly every aspect of our lives, as the applications where
they can be found are almost limitless: from pressure [2], temperature [3] and
humidity control [4], to detection of chemical species in different sectors such as
food industry [5], waste management [6] or in the monitorization of products in
industrial processes [7]. Healthcare is another sector in which the relevance of
sensing technologies has spiked up over the years, as they can be developed to
detect many biological species that would help in the diagnosis of diseases and in

drug development and testing [8].

Depending on their work principle, a wide range of different types of sensors
can be considered for the abovementioned applications. Capacitive, conductive, and
inductive sensors see their electrical properties modified when exposed to the
desired target [9]-[11], same as resistive sensors and their electrical resistance
[12]. Optical sensors usually take advantage of the changes in refraction index of the
active area [13], i.e., the part of the sensor that interacts with the target or physical
stimulus we are interested in. Photovoltaic sensors experience a change in voltage
when they are illuminated with light of a certain energy [14], whereas
photoconductive sensors experience a change in their resistance based on the light
they are exposed to [15]. Acoustic energy can also be exploited as the basis to build
a sensor, since, when confined in a structure, it can be affected by the interaction
with external factors and such changes can be monitored. Thus, the resulting

acoustic devices can offer quick response, high sensitivity, small size, and low



production costs, which are some of the most attractive properties for such a

demanding and growing sector.

Electroacoustic (EA) resonators can be functionalized in numerous ways,
making them ideal candidates as transducers for different types of sensors. These
devices present a characteristic called resonance, by which they vibrate at a known
frequency. When the functionalization layer interacts with the target analyte, this
frequency experiences a shift that can be measured, which results in a functional
sensor. From temperature and humidity [16], [17], to biochemical [18] and gas
species [19], [20], EA resonators have been widely studied in sensor applications
during the last decades. In this thesis, the focus is put on their ability to work as gas
sensors, with special consideration in their potential operation under harsh

conditions, such as low or high temperature environments.

1.1. ELECTROACOUSTIC DEVICES

1.1.1. Piezoelectric effect and acoustic waves

Acoustic waves are a type of mechanical waves that travel through a medium by the
movement of its atoms These waves can travel in both longitudinal and transverse
modes when propagating through a solid medium. Acoustic waves can be generated
when an electric field is applied to a certain type of material by means of the
(reverse) piezoelectric effect. These materials are called piezoelectric materials, and

they are the main components in an EA device.

The piezoelectric effect can be described as the ability of a material to
generate an electric field when being mechanically deformed. When the opposite
happens, it is called reverse piezoelectric effect. A brief microscopic explanation
would be that the crystalline structure of a piezoelectric material should manifest a
lattice asymmetry such that it would let a mechanical deformation create electric
dipoles. Their dipolar momentum would not annihilate each other and thus an
electric field would be generated. Macroscopically, this effect can be explained by

combining Hooke’s Law and Maxwell’s constitutive equation [21]:
T= cS—eE (1.1
D=¢€eE+eS (1.2)



where T is the stress (force), c is the stiffness tensor, S is the strain, E is the electric
field, D is the electric displacement, € is the electrical permittivity tensor and e is the
piezoelectric stress tensor. When the parameters of the equations are measured at
constant electrical field and strain, they are denoted as cf and €°. The coupling term,
i.e., the part of the equations describing the piezoelectric effect, is the part multiplied
by e in each case. To quantify the conversion rate between mechanical and electrical
energy, we can define the electromechanical coupling factor, k% from the
parameters introduced in equations 1.1 and 1.2. The idea behind this quantity is to
find the following ratio [22]:

k? = (Stored mechanical energy/Input electrical energy) (1.3)

This ratio can also be expressed when the opposite happens. In the case of
eq. 1.3, when an electric field E is applied to a piezoelectric material, the

electrical energy per unit volume is described as

1
Input electrical energy = 5 eSE? (1.4)

and the mechanical energy per unit volume can be described as

1 (dE)?

Stored mechanical energy = > CE (1.5)

By combining both expressions:

o () o) -

Since e, c and € are tensors, the value of k? depends on the direction of the

applied fields. In our case, since our devices will mainly display longitudinal modes,
the most important coefficients will be the ones attached to this type of mode. In the

case of the piezoelectric tensor, this will be the e;; coefficient.

When the acoustic waves are generated within the piezoelectric material,

their propagation can be studied combining the following equations:

Newton’s second law: F = ma (1.7)
. . Jdu

Particle velocity: V= (1.8)
N . du

Definition of strain: S = . (1.9)
vA

Hooke's law: T=cS (1.10)



Working in one dimension for simplification purposes, we obtain a wave
equation in a solid material:
10%T 10°T
= (1.11)
p 0z> ¢ 0t?
where p is the density of the material and z the direction of propagation. The

solution of this equation is a wave with phase velocity [21]:

Vg = |—= (1.12)
p
Another important magnitude of the medium in which the acoustic wave is
propagating is the acoustic impedance, which is the relation between T and the

particle velocity v [21]:

7= T jewu cv ¢ 113
B v_v-va_v-va_va_pva (1.13)

Acoustic impedance units are kg/s-m?. Phase velocity and acoustic
impedance are properties of the medium in which the acoustic wave is propagating,

so they are very important when designing an EA device.

Quartz is the most studied piezoelectric material, and the core of the quartz
crystal microbalance (QCM), which is the most typical example of an EA device. It
consists of a piece of quartz, cut in a specific way, sandwiched between two metallic
electrodes. These electrodes are used for applying the electric field that generates
the acoustic waves within the piezoelectric material. The interfaces between quartz
and electrodes make the waves suffer a reflection and therefore, interferences can
happen. When a constructive interference takes place, a resonance arises. The

frequency of this resonance follows this expression:

Nv v
- —_ 1.14
fr=57=7 (1.14)
being
NA
d=—;N={1,3,5,7,..} (1.15)

2

the constructive interference condition. Here, v is the velocity of the acoustic wave,
d is the thickness of the piezoelectric material and 1 is the wavelength of the acoustic

wave. N = 1 denotes the fundamental frequency of the resonant mode [23].



1.1.2. Types of piezoelectric resonators

Piezoelectric resonators have been widely studied since the 60s [24] and mainly
used in telecommunication industry [25], [26]. As they provide sharp and tunable
resonances they can be used as filters for radiofrequency (RF) communications, and
they are an important component of this technology even in today’s world, as some
state-of-the-art studies demonstrate [27]. In parallel, their study and
implementation as transducing mechanisms in sensor applications has been carried
out [28], [29]. As said before, the most mature and developed technology within the
piezoelectric resonators is the QCM, which has quartz as its main component and

acting as piezoelectric material.

Piezoelectric materials are the key component of the EA devices we are going
to study throughout this thesis. When a pair of electrodes are placed in contact with
a piezoelectric material and used to generate an electric field, hence creating
mechanical waves, it is called a piezoelectric resonator. Depending on its
configuration and the type of wave they take advantage of, we can classify them into
three main categories. Figure 1.1 shows these three main categories: (a) and (b)
belong to the bulk acoustic wave (BAW) family, (c) belongs to the surface acoustic

wave (SAW) family and (d) to the plate wave family.

Bulk Longitudinal Wave Surface (Rayleigh) Wave
iy
AH
© iy |
T o J___
vp=4000—12,000mh Vp = 2000 ~ 6000 m/s
Bulk Transverse Wave Plate Waves
d
) DEBABIB: symmotic
vp = 2000 — 6000 m/s vp = 2000 ~ 12,000 m/s
Ry eRFETFS Antl Symmetric
N

Vp = 100 - 4000 m/s
Figure 1.1. Graphical representation of different types of acoustic waves in solids: (a) Longitudinal
and (b) Shear BAWSs, (c) SAWs and (d) plate waves [23].

BAW devices are based on acoustic waves that can travel through the bulk
of the piezoelectric material. These waves can be longitudinal (compressional) or

shear (transverse) depending on how they propagate through the material,



generating different resonances with specific properties. Figure 1.2 shows the main
difference between compressional and transverse acoustic waves, that is particle
displacement. When particle displacement goes in the same direction as wave
propagation, we call it a longitudinal BAW, whereas when particle displacement is
orthogonal to wave propagation, we call it a shear BAW. In this case, we could have
a horizontal shear wave or a vertical shear wave. If longitudinal and transverse
waves propagate through a material at the same time, the composition of those
waves would be called an elliptical wave [30]. In these devices, the resonant
frequency is often determined by the thickness of the piezoelectric material, which
is sandwiched between two metal electrodes that are used as the electrical

excitation mechanism to produce the acoustic waves.

COMPRESSIONAL TRANSVERSE

Figure 1.2. Diagrams showing the particle displacement (in small arrows) direction and the wave

propagation direction (big arrows) for compressional and transverse acoustic waves.

As mentioned, QCMs are the most mature technology within the piezoelectric
resonators, and they fall into the BAW device category. The acoustic wave generated
in the material is a thickness shear mode (TSM) that travels from one electrode to
the other. Figure 1.3 depicts a diagram of the side and top view of a QCM. Following
equation 1.15, when N = 1 we have the fundamental resonant mode and, therefore,
the thickness of the QCM plate should be equal to half a wavelength of the TSM.
These devices were the first to be studied and successfully implemented in the
telecommunications industry as RF filters [31], since their fundamental mode
usually resonates in the few MHz range. They are also commonly used as thickness
sensors in many microfabrication techniques, such as thermal evaporation [28],
[32].
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Figure 1.3. Diagram of the side and top view of a typical QCM.

Frequency-wise, QCMs present a major limitation, since the quartz plates
cannot be thinned to reach higher frequency values. To overcome that, BAWs can be
generated in thin films from other piezoelectric materials, such as AIN, LiNbO3 or
Zn0, among others [33]-[39]. With these materials, it is possible to obtain thinner
films that allow us to have smaller devices working in higher frequency ranges.
These devices are called film bulk acoustic resonators (FBAR), and they can be
presented in different configurations. The resonator part is very similar to the QCM,
although this time the piezoelectric material is presented in thin film form. To help
confine the acoustic wave within the piezoelectric layer, the substrate on which the
resonator was fabricated can be etched, leaving an air cavity that drastically
improves the acoustic insulation of the system [40]. This configuration is usually
called free standing FBAR. A representation of one is shown in Figure 1.4(a). Figure
1.4(b) shows the other main FBAR configuration called solidly mounted resonator
(SMR). In short, the acoustic resonator is placed on top of alternate layers of high
and low acoustic impedance [41]-[43], which serves a similar purpose as the air
cavity in the free standing FBAR configuration. This design will be furthered
explained. On the one hand, free standing FBARs usually provide great acoustic
insulation, but, on the other hand, since SMRs are not suspended in air, they are less
fragile and improves potential heat spreading issues while providing good acoustic

insulation [26].
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Figure 1.4. Representation of the cross-section of (a) free standing FBARs; and (b) an SMR [44],
[45].

SAW devices work under the principle of acoustic waves with their energy
being confined near the surface of the piezoelectric material. For this purpose, a
large number of metallic comb-like electrodes are patterned on the surface of the
material, and they are called interdigital transducers (IDTs). These electrodes are
responsible for the excitation and detection of the SAWSs. There are mainly two types
of SAW devices: one-port and two-port resonators [46], [47], and two-port delay
lines [48]. Figure 1.5(a) and Figure 1.5(b) show diagrams of these two
configurations. As it can be seen the resonator configuration is also provided with
two reflector gratings that confine the acoustic energy generated between the input
and output IDTs. In the case of one-port resonators, the same IDT is used for
excitation and read-out. The resonant frequency of these devices can be tuned by
modifying the period of the IDTs and the reflectors, and the distance between them.
It also depends strongly on the acoustic properties of the substrate [49]. The delay
line configuration is similar, but it does not need the reflectors, because, in this case,
the acoustic wave generated at the input IDT is collected at the output after
travelling across the surface of the substrate. Thus, the point of this device is to

characterize this wave after a finite delay in time.

SAW devices work in a broad range of frequencies, going from few MHz [48]
to even GHz [46]. Owing to the advances reached in photolithography techniques,
smaller separations can be achieved between the comb-like electrodes of the IDTs,
thus resulting in the generation of acoustic waves with lower wavelengths. Single
crystalline materials like quartz or LiNbOs [47], [50] are commonly used for

manufacturing SAW devices, although thin films have been explored in recent years,



and materials like AIN or AlScN [46], [51] have gained the attention of researchers

and industry as key components of this type of EA resonators.
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Figure 1.5. Representation of (a) a two-port SAW resonator and (b) a SAW delay line device.

Plate wave devices are mainly based on a composition of longitudinal and
shear vertical waves, called Lamb waves, propagating across a very thin film, with
thickness comparable to A or even smaller. Their study and development began in
the early 2000s [52], so they are a technology younger than BAW and SAW devices.
These devices, also called Lamb wave resonators (LWR), use IDTs to produce the
acoustic waves, in a similar way to SAW devices [53], [54]. They can be fabricated in
two different topologies, depending on their acoustic isolation. Figure 1.6(a) shows
a typical design of a LWR with reflector gratings, which would create a resonant
cavity very similar to the ones present in SAW resonators. Figure 1.6(b) shows a
resonator with edge reflection, also called contour mode resonators [55], [56].
These resonators usually work in the range of MHz, although in recent years, their
operating frequency has been improved to the GHz range [53]. As can be seen from
Figure 1.1(d), Lamb modes can be either symmetric or antisymmetric, denoted as
S, and A4, respectively. The n subscript refers to the mode order, as these devices
are often based on higher order modes, and not only the fundamental mode one [57].
When the resonator is based on 4,, modes, they are usually called flexural plate wave
resonators [58]. There are also plate wave devices based on shear horizontal SAWs
(SH-SAW) [59], whose operation is based on the same layouts as SAWs and LWRs
but taking advantage of different cuts of the piezoelectric layers, i.e., using
piezoelectric thin films with different crystal orientations. The most common
piezoelectric materials used for this family of devices are LiTaOs [53], [59] and
LiNbO3 [57], although other piezoelectric materials such as AIN [55] and AlScN [56]

have been studied over the last years.



1. Introduction
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Figure 1.6. LWRs with (a) reflector gratings and (b) edge isolation [60].

In recent years, new types of resonators have come up as alternatives to the
devices already mentioned. For instance, new types of LWRs, called laterally excited
bulk acoustic resonators, have been developed using ZY cut LiNbOs3 very thin films
and Al IDTs. In this case, electrical excitation produces shear vertical A; Lamb
modes, operating at ~4.8 GHz and resulting in large electromechanical coupling
factors [61]. Another example is the high overtone bulk acoustic resonator (HBAR),
in which a thin piezoelectric film is placed on a low acoustic loss substrate to act as
cavity to confine the acoustic waves while supporting the thin film. Figure 1.7 shows
a diagram of a typical HBAR configuration. This coupled system induces a series of
narrow resonances with modulated amplitudes [62]. Using these resonances, the
operating frequencies of the HBARs are usually in the GHz range and with very low

acoustic losses.
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Figure 1.7. Representation of the cross section of an HBAR [63].
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1.1.3. Solidly mounted resonators

Within FBAR devices, SMRs have caught the attention of many researchers in the
last decades. The first approaches to this type of EA device came in the 60s [24]. As
mentioned in previous section, SMRs consist of a piezoelectric thin film sandwiched
between two electrodes and placed on a specific heterostructure, called acoustic
reflector, consisting of alternating high and low acoustic impedance layers [42]. This
structure must be specifically designed to provide optimum acoustic isolation to the
resonances generated within the piezoelectric slab. For this purpose, the thickness
of the layers must be set to 1/4 in each specific material. When the reflector meets
this criterium, it is called a Bragg mirror, due to its similarities to the structures used
in optics [64]. Figure 1.8(a) shows the diagram of a Bragg mirror design intended to
form part of an AIN-based SMR operating at 3 GHz in longitudinal mode. Figure
1.8(b) shows its transmittance curve, revealing a minimum at the desired frequency.
This means that the reflector has a reflectance maximum in that region, therefore
acoustic energy generated at those frequencies is better confined inside the
piezoelectric resonator. As it can be observed, the acoustic reflector shows a
different transmittance minimum for shear modes, so it is necessary to have this in
mind when designing devices intended to operate under this type of modes. A quite
usual number of layers to make the reflector is five [37], although in this thesis
almost all the designs will consist of seven layers for further isolation, starting and

finishing with the low acoustic impedance material [65].
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Figure 1.8. (a) Representation of a Bragg mirror with 1/4 for each layer. (b) Simulated

transmittance of a typical Bragg mirror used for the SMRs fabricated for this thesis.
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One of the most important things to keep in mind when designing one is that
there needs to be a great difference in acoustic impedance (eq. 1.13) between the
two materials involved. For the low acoustic impedance layers, the most common
material is SiO2 due to its low density and acoustic velocity. Its deposition process
through sputtering techniques is also well developed and very easy to control and
monitor [66], resulting in a mature technology both for research and production
purposes. There are some alternatives to SiOz, such as silicon oxicarbide (SiOC) [67],
or even some metallic materials like Ti [41]. Regarding the high acoustic impedance
materials, Mo [35], W [68], [69] or even Al [70] are the most common choices. Other
metals suchas Pt[71] or Ir [72] have been explored, too. These materials are usually
the most convenient high acoustic impedance layers due to both their high density
and acoustic velocity. However, some applications require the acoustic reflector not
to be conductive because undesired spurious modes can appear in the frequency
response of the SMR. To avoid this, dielectric materials such as AIN [73] and Taz0s
[74], [75] are employed as high acoustic impedance layers. Other insulators like HfN
[76], HfO2 [77] or SiN [67] have been studied, as well as ZnO [78]. A comparison
between some of these materials will be presented in the forthcoming chapters of
this thesis.

Typical frequency response of an AIN-based SMR is shown in Figure 1.9(a),
with their resonant and anti-resonant frequencies indicated. In this case, the
resonator follows a similar configuration to the one shown in Figure 1.8 (a) and the
displayed mode is longitudinal. As seen in previous subsection, this means that wave
propagation and particle displacement share the same direction. In terms of
crystalline structure, this means that the c-axis of the AIN wurtzite structure is
orthogonal to the bottom electrode surface. A SEM micrograph of this type of AIN

film is shown in Figure 1.9(b), where the c-axis orientation can be observed [79].
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1.1. Electroacoustic devices
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Figure 1.9. (a) Frequency response of an AIN-based SMR. The resonant (f;.) and anti-resonant
(fa) frequencies are indicated on the plot. (b) SEM micrograph of a c-axis oriented AIN film [79].

SMRs can also display shear mode excitation. A typical frequency response
measurement of a shear mode SMR is depicted in Figure 1.10(a). It can be noted that,
in this case, both shear and longitudinal modes appear in the resonator response.
This can be explained by the orientation of the AIN grains in the piezoelectric film,
as it can be observed from Figure 1.10(b). In this case the c-axis of the wurtzite
structure is not aligned with the vertical and this tilt is the responsible of the shear
mode appearance. Also, this same reason, the generated longitudinal mode is
attenuated compared to the one in Figure 1.9(a), where the vertical c-axis

orientation is stronger, and no apparent tilt is observed.
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Figure 1.10. (a) Frequency response of an AIN-based SMR displaying a shear mode. The two
modes are indicated on the plot. (b) SEM micrograph of a tilted c-axis oriented AIN film.
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As already mentioned, the ability of a piezoelectric material to transform
electrical energy into mechanical energy, or vice versa, is expressed by the
electromechanical coupling coefficient, k?, defined in eq. 1.6. However, when the
whole resonator is taken into consideration, this value is not completely precise. For
this purpose, the effective electromechanical coupling coefficient, k,fff, is
introduced. The most accepted definition for this coefficient is the one proposed by
the IEEE Standard on piezoelectricity [80]:

) — Ei;
eff 2 f, tan (g%) (1.17)

expression that can be simplified to [81]:

K2, ~ (g)zfr;af“ (1.18)

This formulation demonstrates that k,fff is proportional to the bandwidth of

the mode, f, — f,. This quantity is key for RF applications in communications, as
larger bandwidths are needed to meet the requirements of 5G standards in telecom
industry [82]. For sensor applications, although being important, this remains on a
secondary level. The other important quantity to be considered when measuring the
performance of an SMR is its quality factor, or Q factor, which is a measure of the
energy losses of the device. The most common approach to define it is using the ratio

of the energy stored in the resonator to the dissipated energy per cycle [21]:

0=2n Energy stored (1.19)
Energy dissipated

To express this ratio in terms of the characteristic properties of an SMR (and
any piezoelectric resonator in general), two similar approaches are often used, being

the first one the following:

__ Jra (1.20)
(Af)FWHM

where (Af) pwuum is the full width at half maximum of the real part of the admittance

Qr,a

(or impedance) curve at the position of resonance (or anti-resonance). The second

approach can be expressed as

0. tra (1@
=5 e ) (1.21)
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where ¢ (Z) is the phase of the impedance. Therefore, Q factor is proportional to the
steepness of the phase of the impedance at resonant (or anti-resonant) frequency.
Figure 1.11 shows a comparison between resonators displaying higher (Resonance
1) and lower (Resonance 2) Q factors together with their phase curves. It can be
noted how the phase shift for the resonant frequency is better defined in the
resonator with higher Q factor, and the same happens for the anti-resonant
frequency. Using eq. 1.21, the calculated Q factors are @, = 659.6 and Q, = 645.9
for Resonance 1 and Q, = 286.4 and Q, = 280.4 for Resonance 2. For sensing
applications, this magnitude is key because higher values mean sharper resonances,
which are easier to track and display lower noise, resulting in sensors with better

properties, such as lower limits of detection [83].
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Figure 1.11. Comparison between high Q factor and low Q factor resonances.
1.2. ELECTROACOUSTIC SENSORS

EA resonators offer a set of properties that can make them good candidates to work
as transducers for sensor applications. A small change in their electrical or elastic
properties can have a significant influence on their response, so by identifying the
cause of this change we can detect and quantify the involved magnitudes. If the
sensing target is a specific species, such as gas or biomolecules, the functionalization
of the resonator surface is required to act as a sensing layer that, after interaction
with the desired species, influences the response of the resonator. The magnitudes
that give sense of the performance of a resonator, already mentioned, are their

operating frequencies f,. and f,, their effective coupling factor kgff, and their Q
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factor values, Q,- and Q,. However, for sensing applications, the performance of the

device will be also determined by the following magnitudes:

e Sensitivity (S): the relationship between of the sensor’s change in
response and the change in the target magnitude. For an EA sensor, this
would be translated to the measured shift in frequency divided by the
change in the magnitude we aim to detect. For instance, if the target is a

specific gas species, S would be expressed as:

f=f

- [target gas] (1.22)

where f; is the original resonant frequency, before exposing the target
species to the sensor, and [target gas] is the concentration of the analyte
exposed to the sensor. S can also be expressed as a percentage:

f—fo

1
0, -
S (%) = 7 Teargetgasi ~ 100 (1.23)

e Limit of detection (LOD): the smallest change in the target magnitude

that the sensor is capable to detect. It can be calculated as three times the
standard deviation of the background noise divided by the sensitivity
[84]:

30
LOD = < (1.24)

e Resolution (R): smallest change in the target magnitude that can be

recognized in the output signal. The most usual way of reading the output
signal is using a readout circuit based on an oscillating loop with the
resonator in the feedback branch. Therefore, the potential signal noise
added by the circuit is of key importance to acknowledge this property.

A good approximation is the resolution factor (Rr):

_3x1077

Re =535 (1.25)

» where Q is the quality factor of the resonator and 10-7 is a constant
extracted from the IEEE standard 1139-1988 for frequency stability

measurement described in terms of the Allan deviation [85]. Thus, to
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obtain a low resolution factor, the product Q X S must be as high as

possible.

e Response and recovery times (t;,s, and t,..): The response time is that

required to reach 90% of the steady-state value after exposition to the
target magnitude. The recovery time is defined as the time required to
reach 90% of the baseline value once the sensor gets to the initial state
[86].

e Selectivity: the ability of the sensor to only detect the target magnitude
or analyte concentration and not provide false positives [87].

e Stability over time: the ability of the sensor to provide the same response

after a determined number of uses or after being used well after being
tested for the first time [88].

1.2.1. Principle of work

EA-based sensors do not have a unique way of operation. Although their most
common mode of operation is as a gravimetric sensor, this type of device offers more
alternatives that makes it highly adaptable to work in a multitude of environments,
and to detect a great range of species and/or changes in different magnitudes,

depending on their functionalization.

Gravimetric sensing takes place when the target analyte is adsorbed onto the
surface of the sensor. This process increases the mass being supported by the
resonator and, therefore, the resonance suffers a shift in frequency. It can also be
seen as a variation of the acoustic energy distribution due to changes on the device

surface. This mechanism can be described by Sauerbrey’s equation [89]:

2

AJup

where A is the area of the sensing layer, u is the shear modulus and p the density of

Af. = M (1.26)

the piezoelectric material, and M is the mass of the target analyte. The minus sign
means that the greater the mass adsorbed by the sensor, the lower the final
frequency value will be. This is the most common approach for EA resonators in

sensor applications, and it is also the first one reported [90].

Other properties of the resonators can be exploited to quantify certain

magnitudes with great precision. For instance, an EA resonator can be designed
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having in consideration the thermal expansion coefficients of the involved materials
to fabricate a temperature sensor with high temperature coefficient of frequency
(TCF), which can be defined as [58]

A
TCF, , = I’T'“ (1.27)

To detect changes in other environmental conditions, such as relative
humidity, the changes in Young’s modulus of the sensing layer can provoke a shift in
the frequency response of the resonator [84], so a similar quantity to the TCF can be

defined as

Afra

HCF, , = —2—
"%~ A(%RH)

(1.28)

where HCF in this case stands for humidity coefficient of frequency.

The response generated by the sensing layer-resonator structure can be
altered by changes in viscoelastic properties. When the resonators are
functionalized with either polymers or biochemical layers, changes in viscosity can
derive in a positive shift in frequency, which can be useful for biosensing

applications [91].

Adsorbing certain gas species can induce changes in the electrical properties
of the sensing layer. Therefore, measuring the changes in resistance at resonance it
is possible to detect this adsorption process and quantify the concentration of the
target [19]. This change in resistance can also induce a change in the elastic
properties of the sensing layer and thus of the entire device [92]. This behavior also
causes a shift in frequency that can be used to quantify the concentration of the
target gas [93]. This last mechanism is also dependent on the thickness of the

sensing layer and will be further discussed in Chapter 4.

1.2.2. State of the art

EA resonators, and QCMs in particular, were proposed as good candidates for sensor
applications for the first time in the 1960s [90]. However, it was not until a few
decades ago that they started to gain recognition in the research community and to
be deeply studied for this purpose [91], [94], [95]. As already mentioned, this type
of devices stands out especially for its versatility and low fabrication cost. QCMs are

the standard when measuring thicknesses and deposition rates for thin film
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technology fabrication techniques, such as thermal evaporation [96]. Many
researchers have also explored the possibility of functionalizing QCMs to act as high-
resolution humidity sensors. For instance, Wang et al. [97] developed a PAA/PVA
functionalized QCM sensor at room temperature with good sensitivity in the 5-95%
RH range. More recently, Li et al. [88] used an Sb-doped W03 nanostructure to act
as humidity sensing layer on QCMs with fast recovery and response times for
operation up to 85% in RH with a measured sensitivity of 36.5 Hz/%RH. For
temperature measurement, Tsuchiya et al. [17] reported a specific designed QCM to
work on a wide range of temperatures, from -190 to 125 °C, with good resolution
and stability. Gas sensing and biosensing applications have also been studied in the
last years for QCMs. Gomes et al [98] studied QCMs for detection of several gases,
including COz and NH3, whereas Chen et al. [20] reported a graphene oxide/cuprous
oxide nanocomposite functionalized QCM for trimethylamine detection in more
recent years. In the biosensing field, many useful approaches have been explored for

operation in air and in liquid media [99].

SAW devices have also been studied as candidates for sensing applications
over the last years [100]. Temperature and humidity sensors with high sensitivity
have been reported [101], [102], as well as pressure sensors [103], biosensors [104]
and gas sensors based on this technology. For instance, Wang et al. [105] reported a
SAW device functionalized with (Cu2*)PANI/WOs films for nitric oxide detection

with great LOD, reaching values in the low ppb range.

FBAR technology, specifically focused on the SMR configuration, will be
central to the developed work in this thesis. Several studies have affirmed the
diverse range of environments and applications in which these devices can exhibit
exceptional performance. Moreover, the higher operating frequencies they can
achieve lead to higher sensitivities than QCM and SAW based sensors. In 2007, Chiu
et al. [94] reported and AIN-based FBAR capable of working as pressure and
temperature sensors, which then was developed into simultaneous detection taking
advantage of a dual mode configuration by He et al. [106]. More recently, FBAR-
based temperature sensors have been reported with highly improve sensitivity,
reaching values up to 546 kHz/°C [107], [108]. In 2020, Liu et al. developed a PI-
FBAR sensor for relative humidity quantification with a reported sensitivity of 67.3
kHz/%RH [16].

For gas and biosensing applications, FBARs are also a promising technology.

Guo et al. proved the ability to detect epithelial tumor markers using AlN-based
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SMRs with biotin-avidin functionalization [18]. Furthermore, as SMRs can work in
shear mode configuration, this enables the possibility of operation in liquid [74]. For
example, Liu et al. reported in 2020 a ZnO-based SMR capable of detecting cardiac
biomarkers in biological fluids, such as serum [109]. Using a split mode
configuration, Wajs et al. studied ZnO-based SMRs for detection of PSA in blood
samples [110]. Regarding the gas sensing field, there are also many studies involving
FBAR devices [111]. Song et al. reported AlN-based FBARs functionalized with
CNT/polyethyleneimine for formaldehyde detection [112]. Chen et al. developed
AIN-based SMRs with Pd functionalization for Hz detection [113]. Hoffmann et al.
also fabricated ZnO-based SMRs functionalized with polyamino-siloxane with high
sensitivity towards COz detection [93]. Another interesting approach is the one took
by Gao et al., who took advantage of the shift in frequency and in resistance to
propose a dual transduction method for a single FBAR device [19]. All these studies
show the versatility of FBARs as they can be used to detect many different species
and magnitudes as they are also compatible with typical functionalization
techniques, such as dropcasting [19], spincoating [93], [114], evaporation [95], and
sputtering [113], [115]. However, almost all the found literature stablish similar

operation conditions for the sensors.

1.2.2.1. High temperature applications

The need for monitorization of gas species also extends to high temperature
environments. Economy driver industries, such as the automotive sector, demand
sensors capable of detecting different chemical species in this type of environments.
For instance, the monitorization of exhaust contaminating gases in vehicles is crucial
to keep optimal air quality levels, and to reach compliance with environmental
policies and regulations. This would not be the only sector to benefit from pushing
research on this topic, as industries like agriculture, energy and defense also share

similar necessities [116].

SAW devices are the most studied for these applications, as they have been
demonstrated to survive operation under harsh environments [117]. In 2006, Thiele
etal. [118] reported a langasite SAW sensor able to detect C2H4 and Hz in the 250 to
450°C range using W03 /Pt electrodes as functionalization layer. A similar structure
but using sputtered ZnO as sensing layer was studied by Zheng et al. [119], detecting
different O2 concentrations in the 500 to 700°C range. More recently, Ghosh et al.

20



[120] developed a Ca doped ZnO thin film used to functionalize a langasite SAW

resonator to fabricate a COz sensor for operation at temperatures up to 400°C.

There are few reported cases in where the operation temperature moves
away from room temperature conditions for BAW device sensors. Seh et al. studied
the potential of QCM resonators functionalized with BaCOs for NO2 detection,
reaching optimal operation for temperatures above 300°C [121].In 2019, Zeng et al.
reported an AlN-based SMR able to work under near 100°C operation temperatures
to detect and discriminate between different VOCs [122]. However, BAW devices,
and SMRs in particular, offer some design advantages compared to SAW devices for
high temperature operation. Despite both being robust, SAW electrodes can suffer
from destructive agglomeration, i.e., high frequency operation requires the IDTs to
be extremely close and high temperatures might cause diffusion and short circuits.
SAW devices are also harder to integrate due to the fact that they are based in bulk
materials. In addition, design in SMRs tend to be more flexible, as the same
frequencies can be reached with different electrode and piezoelectric layer
thicknesses. This allows the electrodes to be thicker at higher temperatures if
necessary, reducing thus the electrical resistance and allowing more power to be
applied. Furthermore, viable operation for SMRs under high temperature conditions
has already been studied in our group [123], [124], so the next logical step would be

to develop SMR sensors intended to work at high temperatures.

1.3. OBJECTIVES OF THE THESIS

The scope of this thesis is to expand the knowledge in the field of FBAR sensors by
designing, fabricating, and testing SMR-based sensors capable of operating in
harsh environments, such as high (200-400 °C) and low (-20 °C) temperature

conditions. For this purpose, three main objectives need to be accomplished:

e Study of the properties and behavior of the materials involved in the
fabrication process. Starting from the acoustic reflector, a study between
different configurations including materials like AIN, HfN, ZnO and Taz0s
to form fully dielectric reflectors is proposed, and a comparative study
from performance point of view with Mo/SiO2 configurations. These
configurations should provide the resonators with different
characteristics, especially in terms of acoustic isolation and noise in their

frequency response. A study of AlixScxN as an alternative piezoelectric
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material to AIN is also proposed, taking special consideration in its
thermal stability. Finally, concerning the resonator, the choice of
electrodes is also of utmost importance as they contribute to the quality of
the provided response, and in the top electrode case, is the one that
provides the interface with the environment and with the
functionalization layer, which is key specially under harsh conditions. The
last step for this objective is to study the potential functionalization layers
and their integration in order to obtain already operating devices with good
response for sensing applications.

e Design, development and testing of a sensor characterization setup. This
setup needs to be prepared to provide the necessary characterization
tools for operation at high and low temperatures. Furthermore, gas
injection and exhaust systems are needed to expose the fabricated sensors
to the target gases and a humidity generation system to set relative
humidity conditions. The setup also must allow the devices to be probed
to gather all the data from characterization measurements.

e Fabrication and characterization of SMR-based sensors for gas detection
under harsh conditions. For this thesis, the gas of choice is nitric oxide
(NO), as it of big relevance for high temperature applications, for instance

in the combustion process of fossil fuels.

The contents of this thesis are organized in six chapters that will cover the

work carried out during my predoctoral experience to meet the stated objectives.

Current chapter, labeled as Chapter 1, has introduced EA resonators and their
fundamentals, with emphasis on SMR devices. The principle of work and state of the

art of the sensor applications based on these devices has also been covered.

Chapter 2 describes the fabrication techniques used for the devices reported
in this thesis. The characterization techniques used for assessing material
properties and resonator performance are also discussed. Finally, a description of

the design and manufacturing of the gas sensing setup is included.

Chapter 3 covers the fabrication of the SMR-based sensors. From the study of
the materials involved in the acoustic reflectors, electrodes and piezoelectric layers

to the fabrication route of the SMRs and their functionalization process.

Chapter 4 discusses the obtained results for the different sensors fabricated
throughout the course of the thesis. It is divided into three sections depending on

the temperature of operation. For low temperature conditions, a study of the

22



variations of relative humidity concentration and its influence on the response of
the sensors is discussed, together with a proposal for discriminating them using dual
mode configuration. For room temperature and high temperature conditions, the
detection of NO is explored using two different functionalization methods: thermal

evaporation of pentacene thin films and sputtering deposition of WOs3 films.

Chapter 5 gathers all the conclusions extracted from this thesis and Chapter

6 suggests some future lines of work that come up from the obtained results.
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FABRICATION AND CHARACTERIZATION TECHNIQUES

In this chapter, the fabrication and characterization techniques used during this
thesis are described. To manufacture SMR devices, it is necessary to know how to
operate several microfabrication techniques, as it is a process that involves many
steps. For this thesis, most of the steps require sputtering deposition and/or
photolithography and etching processes. However, in some cases, other techniques

such as thermal evaporation or chemical vapor deposition are needed.

Furthermore, the characterization techniques used to assess some of the
most relevant properties of the materials involved in SMR fabrication are also
described in this chapter. X-Ray techniques like X-ray diffraction and X-ray
reflectometry, and Raman spectroscopy, are the ones utilized for extracting
information about crystalline properties. Rutherford backscattering spectroscopy
technique is also depicted, which is mainly used to study atomic composition.
Imaging techniques for studying surface topography like atomic force and scanning
electron microscopies are described. Concerning the electrical characterization and
the performance of the devices, the description of the techniques used during the
thesis is also included in this chapter. Finally, the last section covers the design of a
gas sensing setup to be used as the main characterization tool to assess the
performance of the SMR sensors manufactured within the context of this work. As
indicated in Chapter 1, one of the main objectives of this thesis is to design,
manufacture, and test a characterization setup capable of generating controllable
gas atmospheres in different temperature ranges, and its use is essential to meet the

rest of the established main objectives.
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2.1. FABRICATION TECHNIQUES

The most relevant fabrication techniques for the manufacture of the SMR-
based sensors are included in this section. A brief explanation of the fundamentals
behind each technique can also be found. The specific parameter values for the SMR

sensor fabrication steps will be discussed in Chapter 3.

2.1.1. Sputtering deposition

Physical vapor deposition (PVD) techniques are central to thin film technologies, as
they are used in numerous fabrication processes involving mostly metallic, but also
dielectric layers and semiconductors. Within the PVD family, sputtering deposition
is characterized by the use of a sputtering gas between two electrodes, typically Ar,
that is turned into plasma inside the sputtering chamber. Subsequently, Ar* ions are
directed towards a solid target (cathode), causing atoms from the target to scatter
as a result of collisions with the high-energy ions. The scattered atoms then are
deposited on the surface of the substrate (anode) forming a thin film. The plasma
needs to be generated by a power supply, which creates an electric field between
the cathode and the anode. Depending on the applied voltage between the
electrodes, the sputtering system can be classified as either DC, pulsed DC, or RF

sputtering [1].

The deposition rates of these processes are relatively low compared to other
thin film deposition techniques, like certain types of thermal evaporation. This issue
can be overcome by lowering the sputtering pressure. By introducing magnetron-
type systems, it is possible to work in lower sputtering pressure conditions than
with typical DC or RF systems. A diagram of the inside of a magnetron-type
sputtering system is shown in Figure 2.1. In these systems, a magnetic field parallel
to the cathode generates a trapping effect to the electrons in the plasma, allowing
more collisions with the sputtering gas atoms. Therefore, this effect increases the
plasma density, which also increases the sputtering rate at the target. As the
sputtered particles travel with lower collision rate from the cathode to the anode,

the overall deposition rate is increased [1].
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Figure 2.1. Typical magnetron spattering configuration [1].

Using a high purity metallic target and an inert gas like Ar as sputtering gas,
the process will result in the deposition of a metallic film on the substrate. However,
dielectric materials can be achieved in two different ways: by using compound
targets or by introducing reactive gases inside the sputtering chamber. The latter is
called reactive sputtering. By introducing gases like Oz and Ny, it is possible to obtain
SiO2 and AIN films, to name a few [2]. For sputtering processes regarding deposition
of dielectric films, DC voltage cannot sustain the sputtering process as positive
charged ions would accumulate on the insulating material, repelling the Ar+ ions
and switching the glowing discharge (plasma) off. To overcome this problem, RF and
pulsed DC voltages can be applied, as this can ensure that the target is not positively

charged, and therefore a successful deposition of insulators [1], [3].

Besides the applied voltage, there are other parameters that can be tuned
during deposition and are of extreme relevance to obtain thin films with the
appropriate characteristics for the desired application. Applied power to the target,
initial chamber pressure, gas flow to control sputtering pressure and distance
between target and substrate are some of the most important parameters to control
in a sputtering process. The temperature of the substrate or the application of a
substrate bias can also be important, specially to obtain films with improved
crystalline orientations [4]. In reactive processes, the ratio between Ar and the
reactive gas is also crucial to tune the stoichiometry of the resultant films [5]. Other
less common parameters have also been explored during the last years, such as the
angle between the target and the substrate, which has given name to a technique

called Glancing Angle Deposition [6].
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In this thesis, four different sputtering systems have been used. Most of the
materials were deposited using a Leybold Z-550 sputtering system (shown in Figure
2.2). It uses a pulsed DC power supply, and both metallic and reactive sputtering
operation are allowed. The chamber is pumped by a rotatory and turbomolecular
pumps to the 107* Pa range. The most important feature of this system is that
multiple targets are installed inside the chamber in separate positions, so that
multilayer processes can be carried out without breaking vacuum. The targets are 6
inches in diameter and the target-substrate distance is 4.8 cm. The system also
allows for substrate heating during deposition, although all the processes for this
thesis were conducted without intentional heating of the substrate. Regarding SMR
fabrication, this system was utilized for SiOz, Ti, Mo (acoustic reflector and
electrode), AIN (acoustic reflector), Taz0s and ZnO thin films. As it will be discussed
in Chapter 4, WOs thin films were also deposited on the surface of the SMRs to act

as a nitric oxide (NO) sensing layer.

Figure 2.2. Leybold Z-550 sputtering system.

A similar sputtering tool was used for the deposition of Au thin films to act as
part of the top electrode (passivation) in high temperature operation sensors, as it
will be further discussed in forthcoming chapters. A photograph of the system,
named MRC, is featured in Figure 2.3. Similar to the Z-550, it works under pulsed DC
voltage operation and the target-substrate distance is 8.0 cm. Multiple targets can
also be utilized without breaking vacuum. However, the Au target for this system is
3 inches in diameter. Before sputtering process initialization, the system is also

pumped down to the 10™* Pa range with a rotatory and turbomolecular pumps.
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2.1.Fabrication techniques

Figure 2.3. MRC sputtering system.

For piezoelectric thin films, an in-house ultra-high vacuum sputtering tool,
with the nickname ‘MAREA’ (Figure 2.4), was used. It presents a dual chamber
configuration, with the goal of obtaining the best possible vacuum conditions for the
growth of high quality AIN piezoelectric films. The first chamber is utilized to load
the substrates, and it can be pumped down to 10~* Pa in short time with a rotatory
and turbomolecular pumps. Then, the samples are transported to the deposition
chamber, which can be pumped down to 10~° Pa with the help of a cryogenic pump.
The resulting films are sputtered from a 99.999 % Al target with a diameter of 6
inches and a cathode-substrate distance of 5.5 cm. The substrate holder allows for
substrate heating and RF bias. A detailed description of the deposition processes
carried out for this thesis is given in the next chapter.
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2. Fabrication and characterization techniques

Figure 2.4. Ultra-high vacuum sputtering system for deposition of piezoelectric AIN films (MAREA).

The last sputtering system used for this thesis was the High Target Utilization
Sputtering system (HiTUS), located in the cleanroom of the Electrical Engineering
Department, University of Cambridge. It was mainly used for the fabrication of
HfN/SiO2 acoustic reflectors. A photograph of a HiTUS-type tool is depicted in Figure
2.5. It works under RF power supply, and the special feature of this type of
sputtering system is that Ar plasma is generated outside the deposition chamber,
which enables extra set of parameters for tuning plasma generation and
management, leading to very low stress thin films even in multilayer processes.
Similar to some of the already mentioned equipment, its chamber allows for multi
target operation without breaking vacuum, which is ideal for SMR fabrication
routes. Specific sputtering conditions for the HfN/SiO2 stack is detailed in next

chapter.
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Figure 2.5. HiTUS sputtering system [7].

2.1.2. Thermal evaporation

Thermal evaporation is a PVD process in which a vaporization source is heated, and
the released atoms or molecules reach the substrate with almost no collision from
gas molecules due to the previously generated vacuum in the deposition chamber.
In these processes, radiant energy from the evaporation source to the substrate
needs to be avoided, so the source-substrate distance needs to be large enough to
prevent this effect [8]. The thermal evaporation system used in this thesis is
represented in Figure 2.6. After loading the sample, the deposition chamber is
pumped down to 10~° Pa to ensure good vacuum conditions during deposition. Two
different methods for heating can be used: the most common one is the resistive
heating method, in which the evaporation source is in contact with a hot surface,
heated by Joule effect. The other method is the electron beam (e-beam) heating
method, which is necessary for materials that require higher temperature to
evaporate. Using an e-beam generator, consisting of a thermionic-emitting filament
and high voltages to generate accelerated electrons, and electromagnetic fields to
focus the beam onto the evaporation source, it is possible to apply higher energies

than the ones provided with resistive heating [8].
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Figure 2.6. Leybold L-560 thermal evaporation system.

E-beam heating was used to evaporate the Ir bottom electrodes on acoustic
reflectors to manufacture the SMR devices used for this thesis. Resistive heating was
mainly used for the evaporation process of pentacene films to act as sensing layers

of NO at room temperature [9].

2.1.3. Chemical vapor deposition

Chemical vapor deposition (CVD) is a deposition process in which a thin film is
deposited on a substrate after a chemical reaction involving volatile precursors is
produced. These precursors are usually reactive gases that are injected into the CVD
chamber. By adjusting experimental parameters such as substrate temperature,
process pressure, composition of reactive gas mixture and gas flows, etc. it is
possible to control the physical and chemical properties of the materials grown [10].
This deposition method is used nowadays to grow many different materials such as
graphene [11], LiNbO3 [12] or metal oxides [13], to name a few. In this thesis, the
CVD system in Figure 2.7 was used for the selective growth of carbon nanotube

(CNT) forests on the top electrode of SMRs for sensor applications [14].
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2.1.Fabrication techniques

Figure 2.7. Customized CVD tool for CNT growth.

2.1.4. Photolithography and etching techniques

Devices based on thin film technology usually have designs that require patterning
techniques to be functional. For this purpose, photolithography and etching
techniques are of key importance in microfabrication technologies. In a nutshell,
photolithography uses the properties of certain photoresists to create patterns after
illuminating them with a light of a specific wavelength. There are many types of
lithography techniques, based on the energy source used to illuminate the
photoresist, such as optical (or near optical) photolithography [15], which is the
most common one, e-beam lithography [16] or X-ray lithography [17].

For the processes carried out in this thesis, optical photolithography using
UV-light source was the technique of choice. The most common photoresists used
for optical lithography are based on polymethyl methacrylate (PMMA) [18] and
polydimethylglutarimide (PMGI) [19]. A typical lithography process starts by
spincoating the surface of the sample with the photoresist, and doing a short-time
heating treatment, called soft bake, to evaporate the solvent of the photoresist and
make it more solid. Then, the photoresist is exposed to the UV-light source through
a photolithography mask to only illuminate certain areas of the sample to create the

desired pattern. This process is carried out using a mask aligner (see Figure 2.8).
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2. Fabrication and characterization techniques

Figure 2.8. Karl Suss mask aligner with UV-light source.

Photoresists can be either positive or negative: positive photoresists become
more soluble after UV exposition, so it is possible to remove it from the surface of
the sample using the appropriate developer, whereas negative photoresists present
the opposite behavior: the soluble regions are the ones not exposed to UV light. Once
the pattern is defined, the goal of the photoresist is to protect the underlying parts
of the sample, so the etching process only removes the part of the material exposed
to the etching agent, like it is represented in Figure 2.9, showing also the differences

between positive and negative processes.
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Figure 2.9. Differences in patterning process between positive and negative photoresists [20].
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Depending on the target material, the photoresist or even the type of the
device to manufacture, etching processes can differ significantly from one another.
An easy way of classifying them could be as wet or dry etching. Wet etching happens
when the sample is submerged in a solution and the material is removed from the
sample through a chemical process. On the other hand, dry etching, like sputter or
reactive ion etching (RIE) consists in generating a plasma to remove the exposed
material by bombarding it with energetic ions. Sputter etching normally uses an Ar
plasma, whereas RIE uses a reactive gas to chemically etch the target material, like
SFe or CHF3. The dry etching equipment showed in Figure 2.10 allows the possibility
of using both techniques. Depending on the RIE etching recipe, masks based on other
materials, besides photoresist, might be needed.
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Figure 2.10. Dry Etching system.

The last patterning method covered in this thesis is the lift-off process. With
this method, the photoresist is developed prior to the deposition of the target
material on the sample. After deposition, the photoresist is removed and with it the
parts of material deposited on top of it, leaving as pattern the previously uncoated
areas with the photoresist, as shown in Figure 2.11. Depending on the deposition
techniques involved in the fabrication route, this method can be the more
straightforward as no etching techniques are required. For certain devices, it is also

the best way to ensure that no short-circuits are left when defining their electrodes.
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Development
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Figure 4-22. Process flow of the lift-off process.

Figure 2.11. Diagram of a typical lift-off process [20].
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2.2. CHARACTERIZATION TECHNIQUES

This section contains the most important characterization techniques used to assess
some of the most relevant properties of the materials involved in the fabrication of
the SMR sensors manufactured during this thesis. The techniques used to evaluate
the response of the resonators and their performance as sensors are also included

here.

2.2.1. X-Ray diffraction and reflectometry

X-ray diffraction (XRD) is the most common technique to characterize crystalline
structure in materials. This technique works by exposing the target material to an
X-ray beam. If the atoms of the material follow a periodic arrangement, i.e., they
show crystalline structure, the XRD diffractogram will show peaks at certain angles.
These peaks correspond to the reflections of the X-rays with the diffraction planes

of the crystalline material, following Bragg’s law [21]:
nA = 2dsinf (2.1)

Where A is the wavelength of the X-rays, 6 is the incident angle and d is the
distance between the specific set of diffraction planes that causes the reflection
peak. The crystalline structure of any given material can be described using sets of
infinite planes that are orthogonal to certain crystalline directions, which are also
labeled using their Miller indexes [21]. Therefore, using Bragg’s law it is possible to
know which planes are present in a sample by knowing at which angles they show

a reflection.

As discussed in Chapter 1, piezoelectric effect is heavily dependent on the
crystalline structure of the material. In fact, the presence of certain reflections is
related to the appearance of certain resonances. In this thesis, XRD scans were used
to assess the crystal orientation of AIN and AIScN piezoelectric films. As they are
both arranged in wurtzite structure, their crystal orientation will be denoted by
peaks in similar positions. For instance, high c-oriented grains show a high intensity
(00-2) peak in 8 — 26 reflection patterns [4], [22]. On the other hand, the presence
of (10-1), (10-2) and (10-3) reflections indicates that the material has several tilted
grains, which reduces the quality of the longitudinal modes but can lead to the

appearance of shear modes. In Figure 2.12, the XRD patterns of AIN and Alo.3Sco.7N
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thin films grown on Si substrates are shown. The y-axis is represented in logarithmic
scale. As it can be observed, both films show good c-axis orientation as their (00-2)
reflections (centered around 26 = 36°) are sharp and with high intensity relative to
the rest of the peaks. As it will be discussed in next chapter, the inclusion of Sc atoms

in the wurtzite structure of AIN causes a shift to lower 26 angles.
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Figure 2.12, AIN and Alo.7ScosN XRD patterns.

To analyze the resulting diffractograms, the observed XRD peaks were fitted
using pseudo-Voigt functions, which are the linear combination of Gaussian and

Lorentzian curves. These functions have the following expression:

_xz—xzo + (1 ) 1 F/2 (2 2)
e 20 -n)— .
2n V= x0)? + (1/2)2

where 7 is the parameter that shifts the profile more towards Gaussian or

pV(x) =7

Lorentzian when approaching to 1 or 0, respectively. The rest of the parameters are
the position of the maximum, x,, the standard deviation of the Gaussian profile, o,
and the full width at half maximum (FWHM), I. All the fitting processes were carried
out with the help ofthe 1mfit library in Python [23]. Using the built-in models from
this library, it is possible to fit an XRD pattern based on a set of starting parameters.
These parameters are the number of functions, and their x,, FWHM and height. If
necessary, a baseline element can be added. Then, a least squares method is
employed to fit these parameters, together with their fitting errors. An example of
the result of a fitting process is shown in Figure 2.13. In this case, the process led to

a deconvolution of one of the observed peaks into two pseudo-Voigt functions, with
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the third peak being sufficiently separated. The obtained parameters for these

functions are gathered in Table 2.1.
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Figure 2.13. Alo7ScosN XRD pattern fit.

Table 2.1. Fitting parameters for the functions used in the fitting process.

Parameters Pseudo-Voigt 1 Pseudo-Voigt 2 Pseudo-Voigt 3

Xo 34.64 35.05 36.02
Height 1761.52 21961.31 5630.82
FWHM 0.30 0.26 0.32

n 0.91 0.60 0.75

A complementary measure of the quality of the crystalline structure is the
Rocking Curve (RC) measurement. In this case, the incident beam and the detector
are fixed at the specific angle of the reflection we aim to evaluate, and the sample is
rocked (rotated) to measure the grade of misorientation of the diffraction planes.
Good orientation is indicated by a low value in the FWHM values of the RC
measurements. For AIN and AIScN 00-2 reflections, good FWHM are in the range of
1-2° [24]. The RC measurement for the AIN 00-2 reflection from Figure 2.12 is
represented in Figure 2.14 with its FWHM value, indicating great crystalline
orientation for the displaying of longitudinal modes in piezoelectric response. In this
thesis, RCs of Alo.7Sco.3N 00-2 reflections were performed to study their homogeneity
and thermal stability after being subjected to high temperatures. To obtain the
FWHM value and the position of the peak, the RC data was fitted to Gaussian
functions using the Imfit library in Python, in a similar process to the one

employed for the 8 — 26 pattern fittings.
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Figure 2.14. AIN 00-2 rocking curve.

The last X-Ray technique utilized in this thesis is X-Ray reflectometry (XRR).
This technique is based on the measurement of the intensity of reflected X-Rays
from a flat surface for low reflection angles. When the reflection angle is greater than
the critical angle, incident rays penetrate into the material by refraction and
therefore the intensity of the reflected beam decays dramatically. This critical angle

is strongly related to the density of the material, and it can be expressed as:

ToA?
0, = |2p (2.3)

where 1y is the Bohr radius and A the wavelength of the incident radiation. In
addition to density, with XRR it is possible to measure different film properties such
as film thickness and roughness [25]. Furthermore, each property is associated to a
specific part of the XRR measurement. Figure 2.15 shows an XRR measurement from
an AIN thin film deposited on Si substrate. As already mentioned, by locating the
position of the critical angle it is possible to obtain the density of the material. To
obtain the roughness, it is necessary to fit the slope of the decay in intensity. The
thickness of the film can be estimated by fitting the fringes in the experimental
curve. However, in this case no fringes appear due to the AIN film being too thick, as

the size of the fringes is inversely correlated with the thickness of the measured film.
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Figure 2.15. AIN XRR measurement and fitting.

XRR measurements were mainly used to estimate the densities of some of the
materials composing the acoustic reflectors. All the results were obtained by fitting

the experimental curves using RCRefSim software [26].

XRD, RC and XRR measurements carried out in this thesis were made in an
X’PERT PRO-MRD high resolution diffractometer provided with a Cu anode at the

CAI Técnicas Quimicas, Universidad Complutense de Madrid.

2.2.2. Raman Spectroscopy

Crystalline structure can be assessed using Raman spectroscopy. Most of the
photons from an incident light source (usually a laser) get reflected, absorbed or
transmitted when they interact with the surface of a semiconductor. There is also an
amount of them that are scattered in a Rayleigh process, i.e., they preserved their
energy after the scattering process. However, a small amount of the photons
undergoes an inelastic scattering process due to the interaction with the phonons of
the target material. Therefore, the scattered photons have different energy than the
incident. Depending on whether they lose or gain energy, the process is called Stokes

and anti-Stokes scattering, respectively.

Since this technique measures the interaction between the photons and the
phonons of the material, important information about the crystalline structure can

be extracted from Raman measurements. In this thesis, Raman spectroscopy was
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mainly used to characterize some of the sensing layers that were integrated onto the
SMRs. In Figure 2.16, a typical Raman spectrum from the sputtered WO3 thin films
used as NO sensing layers at high temperature is showed. Each peak corresponds to
a phonon interaction and, as it will be discussed in next chapter, are related to the
monoclinic phase of W03 [27].
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Figure 2.16. Raman spectrum of a W03 thin film.

Raman spectroscopy can be used not only for inorganic semiconductors, but
for other types of materials, too. For instance, it is the standard technique to assess
quality of graphene layers, and thus CNT quality, too [28], [29]. It can also be used
for identifying the structure of certain polymers, such as pentacene [30]. In this
thesis, Raman spectroscopy was employed to assess the structure of sputtered W03

and evaporated pentacene films.

To analyze the measured spectra, standard data treatment techniques were
used using Python. First, the baseline of the results was calculated using
asymmetrical least squares method and subtracted [31]. Then, to remove unwanted
noise, a smoothing process was performed using the Savitzky-Golay algorithm. Since
no presence of remarkable convoluted peaks was observed in the measured spectra

for the different samples, no deconvolution methods were performed.
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2.2.3. Rutherford backscattering spectroscopy

Characterizing the atomic composition of a sample can be extremely useful when
studying properties such as homogeneity, and stoichiometry. One of the techniques
used for this purpose is Rutherford backscattering spectroscopy (RBS), in which an
energetic beam of particles collides with the atoms from the sample and the
scattered particles are detected and quantified. The incident beam is usually made
of He nuclei, although protons or other light particles are commonly used, in the MeV
range. With RBS, it is possible to study, in addition to atomic composition, the depth
profile of the sample off to 1 pm. This could include layer thickness, atomic diffusion,

or analysis about the impurities of the sample [32].

In RBS, the incident particles, after interacting with the target material,
experience an elastic backscattering process. A representation of this process is
shown in Figure 2.17. In this type of interaction, the conservation of momentum and
energy can be used for deriving the kinematic factor K, which is the ratio between

the energies of the incident ion before and after collision.

vz,mz,Ez

v, My, Eq

Figure 2.17. Classical kinematic collision.

The kinematic factor follows the expression:

K (2.4)

2
E; |Jm2 —m?sinZ2@ + m cos 9]

_EO my +m,

where m, > m,. The energy of the backscattered ion will be determined by

the kinematic factor. For thin film measurements, a typical RBS setup is showcased
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in Figure 2.18. In this case, the resulting energy also depends on how deep the

incident ion penetrates into the film. Therefore, the energy is given by:
Ey = K(Ey — AEy) — AE (2.5)

where AE;,, and AE,,,; are the energies lost by the particle while traveling in

the material.

Eo ET
E:(®)

Figure 2.18. Typical RBS setup for thin film assessment [33].

The intensity of the signal corresponding to a determined element is given by
its backscattering yield. If the element with highest atomic number, Z,,,,, is known,

the relative height of a given element is:

et = () (2:6)

Zmax

For samples composed of two or more elements, the backscattering yield

increases with the concentration of the element:
Yiel = OreiXrer (2'7)

In this technique, the incident energy plays an important role in the obtained
measurement as some scattering processes are more likely to happen at certain
energies. Specially for light elements, their scattering cross-section increases at
certain incident energies as they start to deviate from standard Rutherford
backscattering processes. These energies are called resonances [34]. For instance,
whereas for the represented RBS spectrum at 2.3 MeV in Figure 2.19(a) the presence
of light elements is not observed, when the energy of the incident particles is raised
to 3.038 MeV, an oxygen resonance can be observed at around 350 in channel (

corresponding to 1090 keV in energy), as depicted in Figure 2.19(b). The rest of the
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RBS spectrum is similar to the ones measured at different energies because the
sample is composed of heavier elements, which always show good sensitivity in RBS

processes.
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Figure 2.19. (a) RBS spectrum of Alo.7Sco3N thin film at 2.3 MeV and (b) at 3.038 MeV.

To analyze the measurements, it is necessary to know the elements present
in the sample and the calibration data from the experimental setup. It is possible to
establish the relation between channel and energy from the channel where two

known elements are located and their energy:

Energy AE,

— (2.8)
channel Achannel number
It is also possible to calculate the energy at channel zero (offset):
E.no = Ecpy — @ - (channel number) (2.9)
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where E.,, is the channel energy of element x and a is channel resolution
(kEV/channel). Figure 2.20 shows the fitted spectra of an Alo.7Sco3N sample on Si
substrate, where the contribution from each element to the overall fit is depicted.
The relation between energy and channel is also shown. At lower energies, the
fitting function deviates from the experimental data because the fitting procedure
only considerates binary scattering processes.
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Figure 2.20. RBS spectrum fitting process using SIMNRA.

In this thesis, a study of the composition of Alo.7Sco.3N films was made using
RBS techniques. The study was carried out taking samples from different positions
of the sputtered films on full wafers following a radial distribution to study their
homogeneity and depth profile. A first set of experiments was carried out using
4He+ ions at 2.3 MeV. The backscattered ions were measured using a solid-state
surface barrier detector with a solid angle of 3.9 msr and a resolution of 20 keV. To
study the possible distribution of adsorbed oxygen, a second set of experiments was
performed varying the incident energy to 3.05 MeV, 3.1 MeV and 3.038 MeV. All the
measurements were performed in a 5 MeV tandem accelerator at the CMAM,
Universidad Auténoma de Madrid, and all the resultant spectra were fitted using
SIMNRA software [35].
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2.2.Characterization techniques

2.2.4. Atomic force microscopy

Atomic force microscopy (AFM) is a versatile technique based on short-range
(few nm) interaction forces between two non-magnetic bodies. In AFM
measurements, a small tip is attached at the end of a micro-cantilever to scan the
sample. By means of Van der Waals force interaction between the tip and the sample,
the micro-cantilever experiences a deflection that can be quantified. The most
common case is to use a laser beam pointing to a photodetector to measure these
deviations and be able to assess the topography of the sample. The AFM scans for
this thesis were performed by a Molecular Imaging Pico-SPM atomic force

microscope (see Figure 2.21) in contact mode and the results were analyzed using
Gwyddion software [36].
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Figure 2.21. Molecular Imaging Pico-SPM 2100 AFM equipment.

Two main experiments were carried out using AFM measurements. The first
one was regarding the Alo.7Sco.3N piezoelectric thin films to study their homogeneity
in terms of topography, grain size and surface roughness, and the second one was to
study low-power sputtered WOs layers to evaluate their surfaces in order to act as

potential sensing layers in SMR-based high temperature sensors.
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2. Fabrication and characterization techniques

2.2.5. Scanning electron microscopy

Scanning electron microscopy (SEM) is a useful technique to analyze the
morphology of micro and nanometric samples. To obtain these images, SEM
microscopes use a small, focused and energetic electron beam on the sample. This
beam is generated either by thermionic or field effect, and then is concentrated and
focused on the sample using electromagnetic lenses. With the beam, it is possible to
scan the sample and obtain different types of information depending on the beam-
sample interaction detected. For morphology and surface studies, the most common
interaction product used are the secondary electrons. As they are emitted from the
sample, the electrons from the incident beam travel close to the nuclei of the atoms
of the sample. The radiation liberated from this interaction can be absorbed by the
electrons in the sample and overcoming the ionization potential of the atoms. These
secondary electrons can be collected using a specific designed detector to which a
positive voltage is applied. A typical SEM image using secondary electrons is
depicted in Figure 2.22. To be able to operate, the whole setup needs to reach at least
high vacuum conditions (< 10~* Pa) prior to the generation of the electron beam.

a2

A s ¢ !& 1

Figure 2.22. SEM micrograph of an AIN-based SMR.

Cross-section micrographs for the different devices manufactured for this
thesis were obtained by SEM technique. The measurements were made using a
ZEISS EVO 10 equipment (Figure 2.23), working with a W filament to generate the
electron beam in the 3 to 7 kV range. These images were taken to investigate the
morphology of the composing layers of the SMR devices and to ensure all the

interfaces were clear and well defined.
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2.2.Characterization techniques

Figure 2.23. Zeiss EVO 10 SEM equipment.

2.2.6. Electrical characterization

Once the resonators are manufactured, the electrical characterization step is
crucial to know their suitability as transducers for sensor applications. It is
important to know, among other things, their frequency response, their
electromechanical coupling coefficients, or their Q factor values. The proposed
method to assess these properties is by measuring the scattering parameters of the
devices [37]:

S S
S = [ H 12] 2.2
Su Saz (22)

Where S;4, S, are the reflection parameters and S;,, S, are the transmission
parameters. In our case, all the measurements were made by evaluating the S;;
reflection parameter as a function of frequency. These measurements are achieved
using an Agilent N5230A Vector Network Analyzer (VNA) connected to a GSG RF-
probe for making electrical contact with the electrodes of the resonator. In our
device configuration, the top electrode is in direct contact with the S tip of the RF-
probe, whereas the bottom electrode is in contact with the G tips via capacitive

coupling. A picture of the characterization setup is shown in Figure 2.24.
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Figure 2.24. SMR characterization setup.

The whole setup is controlled by a LabVIEW application that gathers the S;,
complex parameter from the VNA measurement and transforms it to impedance

values:
(2.3)

Where Z, = 50 () is the system characteristic impedance. A typical Mod(S;4)
plot can be observed in Figure 2.25(a), with its transformation to Mod(Z) values in
Figure 2.25(b). The second representation is the preferred one for this work because
it is visually more intuitive: the frequencies of resonance and anti-resonance can be
easily recognized so a qualitative estimation of the behavior of the resonator can be

achieved prior to further analysis.
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Figure 2.25. (a) Modulus of S;; parameter for an AIN-based SMR and (b) its modulus of Z

representation. Shear and longitudinal modes are indicated in each figure.

Once the impedance and admittance (Y = Z~1) data is obtained from the Sy,
measurement, the position of the resonant and anti-resonant frequencies is
determined using the Re(Y) and Re(Z) curves, respectively. These curves are fitted
using a standard least squares Levenberg-Marquadt algorithm, specifying the initial
frequency range where the resonant (or anti-resonant) frequency should be and
minimizing the residuals [38]. From this fitted curve, the position of the resonant
(or anti-resonant) frequency can be extracted, as it can be observed from Figure
2.26(a) and Figure 2.26(b). The R; and Ly parameters represent the electrical
resistance coming from the electrodes and the inductance generated by electrode
distribution, respectively. These parameters come from the modified Butterworth-
Van Dyke’s model (mBVD) [39] and have a significant influence on the shape of the
peak, but not in the position. Thus, they are introduced to improve the fitting.
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Figure 2.26. (a) Re(Y) at resonant frequency and least squares fitting, and (b) Re(Z) at anti-

resonant frequency and least squares fitting.
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With the values of f, and f, it is possible to extract the rest of the most

important parameters to evaluate the behavior of the resonator, being k,fff, Q, and

Q. the most important ones for the applications proposed in this work. These

parameters are calculated with eqs. 1.17 and 1.20.

2.3. GAS SENSING SETUP: DESIGN AND MANUFACTURE

To evaluate the performance of the manufactured SMR-based sensors during this
thesis, a specific characterization setup was designed and built. This setup is in fact
part of one of the proposed objectives in section 1.3. For its design, the ambient
conditions that needed to be generated to carry out the characterization of the
sensing performance of the devices were carefully considered. These considerations

could be summed up in the following points:

e A gas injection and exhaust system to generate controlled atmospheres
with the possibility of tuning the concentration of the target gas.

e Operation in controlled high and low temperature regimes.

e Humidity generation.

e In-situ characterization of the sensor performance with VNA.

The final setup built during this thesis can be seen in Figure 2.27. It consists
of two separate chambers, one for low temperature gas sensing characterization and
one for high temperature gas sensing characterization, connected to a gas injection
system and humidity generator. The chambers are also connected to a rotatory
pump to generate a pre-vacuum prior to gas injection and to exhaust lines. The
overall system is controlled with a homemade dashboard, that also allows to
generate tunable gas mixtures giving instructions to the mass flow controllers
(MFC) placed in each gas line. The chambers also have SMA connectors that allow
in-situ characterization, performed with a Keysight P9371A Streamline portable
VNA connected via RF-cable.
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2.3.Gas sensing setup: design and manufacture

~ Gas injection

Figure 2.27. Gas sensing characterization setup.

The characterization setup can be broken down into three main elements:
the gas injection system, the low temperature chamber and the high temperature
chamber. As already mentioned, the main goal of the gas injection system is to create
controlled atmospheres inside the chambers and to be able to tune the
concentration of the target analyte. With the current setup, it is possible to create
tunable COz and NO atmospheres using dry air as a carrier gas, although it is possible
to replace these gases for future investigations. In Figure 2.28, a diagram of the
design of the whole gas injection system is shown. The necessary valves and MFCs
to control all the gas lines are specified, together with the vacuum and exhaust
systems for each chamber, provided also with Pirani pressure gauges, P1 and P2.
Valves V1 to V9 are pneumatically actuated solenoid valves and MFC1, MFC2 and
MFC3 are calibrated MFCs from Brooks Instrument with a 0-1000 sccm range of

operation and an inlet pressure range of 0-10 bar.

Five main gas lines are part of the injection system. Three of them share the
dry air bottle as point of origin: the vent line controlled by V1, the dry air line
controlled by V2 and MFC1, and the humidity generation line (RH in Figure 2.28)
controlled by V5. To generate humidity concentrations inside the chambers, a
regulated dry air flow acting as carrier gas passes through a bottle filled with
deionized (DI) water which is then directed to the characterization chamber. This
method also offers the possibility of VOC atmosphere generation if DI water is

replaced with a dissolution containing the target VOC.
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Figure 2.28. Gas injection system design.

The access of the gases to each chamber is regulated by V6 and V7. Prior to
gas injection, the active chamber is pumped down to rough vacuum conditions by
opening either VC1 or VC2 (pneumatically actuated vacuum valves), which are
connected to a rotatory pump. This process is necessary and fast for cleaning the
chamber from unwanted species and to create a vacuum seal to prevent leakages to
the exterior. The exhaust lines are regulated by V8 and V9, which are connected to

check valves to ensure unidirectional gas flow.

The inside of the low temperature chamber can be observed in Figure 2.29.
The low temperatures are achieved using a Peltier module controlled by a current
module and NTC sensor. The chamber is also refrigerated with coolant liquid using
a fluidic system pumped by a water pump. The coolant liquid is stored in a freezer
to ensure below 0°C operation. This fluidic system helps to dissipated power from
the hot side of the Peltier module, so the temperature in the chamber can reach
—50 °C. The chamber is also equipped with a humidity and temperature sensor from
Bosch (BME680). To perform sensor characterization in this chamber, SMR-based
sensors need to be first wire-bonded to a PCB with SMA connections as RF tip-based

measurements are not possible due to lack of space.
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2.3.Gas sensing setup: design and manufacture

Peltier module I

Figure 2.29. Low temperature chamber.

High temperature chamber, the inside of which can be observed in Figure
2.30, was acquired from NEXTRON based on an ad hoc design. It includes a heater
module controlled by PID and thermocouple sensor adapted for in air and vacuum
operation up to 450°C. The chamber also permits in situ characterization using RF
tip contact on sample, which can be handled using a micropositioner. The tip and RF
cable are connected to a portable VNA using the SMA connector installed on one of
the chamber walls. Temperature and humidity conditions can also be monitored
inside the chamber with a Bosch BME680 sensor.
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Data acquisition from gas sensing characterization experiments was carried
out using specifically designed LabVIEW applications. The software was built for
tracking the position of resonant and anti-resonant frequencies in real time,
together with the temperature and humidity data from the BME680 sensor, during
the course of the experiments. In each measurement, before starting the real time
tracking, the position of the frequencies had to be determined by fitting Re(Y) and
Re(Z) as already explained in section 2.2.6. A snapshot of the process is shown in
Figure 2.31(a). Once a satisfactory fitting is achieved, the real time monitorization
of the frequency can start. A typical sensing characterization measurement is
depicted in Figure 2.31 (b).
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Figure 2.31. (a) Resonant frequency fitting and (b) real time resonant frequency monitorization.
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SOLIDLY MOUNTED RESONATOR SENSORS: MATERIALS AND
FABRICATION ROUTES

This chapter is centered in the study of the all the materials composing the
manufactured devices for this thesis, from the piezoelectric active layer and its
corresponding electrodes to the materials used in the layered acoustic reflector.
Deposition parameters and essential properties for their role in the device (crystal
structure, endurance to thermal processes, etc.) are discussed. Frequency response

and resonator characteristics for the SMR configurations studied are also included.

The chapter starts with the design of the resonator using Mason’s model
simulations, followed by a description of the process to manufacture the SMR-based
sensors. The characterization of the materials involved in each fabrication step is
discussed afterwards. Then, the fabrication routes followed are included, specifying
the differences between the chosen routes for the devices studied in next chapter.
The functionalization processes to obtain the final sensing layers is covered in the
last section, with a further discussion on the use of WO3 thin films as NO sensing
layers for high temperature operation and their integration on the fabrication route
of the SMR-based sensors.

3.1. SMR DESIGN: MASON’S MODEL

Simulation methods are a powerful tool for the design and testing of devices that
will be then fabricated and characterized in the laboratory. Regarding the design
process of SMR devices, Mason’s model is one of the most utilized simulation

methods due to its simplicity and accuracy to represent device response [1].
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The derivation of the model starts from eq. 1.2. Assuming a thin, large
piezoelectric film between two planes z; and z,, the electric field is described as
follows [2]:

D—eS 1 edu
=—D——-—— (3.1)
€ € €0z

The voltage can be obtained by integrating the electric field over the
piezoelectric film:
Z2

v= [ B = 22 () — u(a)] (32)

Z1

where 2d = z, — z; is the thickness of the film. Particle velocity (eq. 1.8) can be

expressed as:

N (3.3)

Combining these two equations, the following expression for the voltage is

obtained:

_ZdI e

< oA + e [v(zz) — v(z4)] (3.4)

where | = jwA - D was also introduced. From this expression it is possible to obtain

the current:
. eCo
[ =jwCyV + - [v(z,) — v(zq)] (3.5)

where Cy, = €A/2d is the capacitance. The displacement u(z, t) has the form of the

solution of a classical wave equation:
u(z,t) = [asin(kz) + b cos(kz)]e/"Wt (3.6)

For z1 and z2, the coefficients a and b have the form:

a=_— [u(z,) cos(kz,) — u(z,) cos(kz,)] a7

b = Sk (20 sinkz,) — u(zy) cos(kz,)]

The mechanical force at the boundaries is given by:
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F=-TA=—(cS— ZD)A (3.8)

where eq. 1.1 was used to substitute the stress T. The strain S can be expressed in
terms of the displacement; therefore, it can be written in terms of coefficients a and

b and introduced into eq. 3.8 to evaluate the boundary z = z;:

k-c-A

)
Fi = Snczkd [u(zz) —u(z;)] — k- c- Atan(kd) - u(z,) + eT ‘A (3.9)

The acoustic impedance can be written as Z = k-c/w, and using this

expression together with the ones for intensity and particle velocity, eq. 3.9
becomes:

A

F,=7 —-
! j sin(2kd)

e
[v(z1) —v(zy)] +jZ - A -tan(kd) - v(z;) + ]oo_e -1 (3.10)
For the other established boundary, the expression is given by:

F, =2 [v(zy) = v(z,)] +Z - A - tan(kd) - v(z,) +jwie T (311

' j sin(2kd)

These equations establish a connection between the acoustic and electrical
variables. The equations give us a hint of what could be an equivalent circuit. A
graphical representation of this circuit is given in Figure 3.1. In this circuit, the left
and right ports are the acoustic ports, and the electrical port is the one helping with

the piezoelectric coupling between acoustic and electrical variables.

v,

V]
O jZtan(kd) jZ-tan(kd) O

o}
A
O

Figure 3.1. Mason model for a piezoelectric film [2].
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For non-piezoelectric films, eqs. 3.10 and 3.11 are the same but removing the
last term (e - I/jwe), which is the only term in which the piezoelectric constant e
appears. Thus, the equivalent circuit for a non-piezoelectric term is the same as the

one represented in figure 3.1 with only the acoustic ports.

By cascading each transmission line, it is possible to combine multiple layers
including piezoelectric and non-piezoelectric layers. Figure 3.2 shows a typical
configuration for an SMR structure through their equivalent circuit representation.
The top electrode is terminated by an acoustic short given by a stress-free surface
and the final impedance at the right corresponds to the impedance of the substrate
assuming it is a semi-infinite medium. The piezoelectric layer has the three-port
configuration presented in Figure 3.1 and it is coupled with the electrodes. The
layers between the bottom electrode and the last layer correspond to the acoustic
mirror. This is not the only possible configuration allowed by Mason model, as, for
instance, multiple electrical ports can be added by including additional piezoelectric
layers, or by not assuming the substrate as a semi-infinite medium and terminating
the right port with another acoustic short [2].

Top Bottom  First mirror ~ Other Last
electrode electrode layer layers layer

1 1 I 1 1
Air ! ! : ! ! Substrate
(acoustic ! ! : ! ! terminating
short) : J_i H H . . impedance
M ”

Figure 3.2. Equivalent circuit for an SMR structure with Mason model [2].

Piezolayer

Each transmission line can be solved considering the analogy between
voltage and mechanical force, and between current and acoustic displacement
velocity. With this in mind, it is possible to use electrical network theory to perform
the necessary calculations for the model [3], [4]. Thus, the acoustic part showed in

Figure 3.1 can be considered a quadrupole with an ABCD matrix:
(v3) = 2o ()
V2 Vi
cos(kd) —jZ sin(kd)) (3.12)

ABCD = 1
<—j zsin(kd) cos(kd)

With this method, calculating the acoustic impedance of the stack presented
in Figure 3.2 becomes simpler. For each interface, F and v can be calculated

considering the properties of the involved materials and the final impedance of the
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device can be obtained. By combining this expression with the ones already
provided by the model, like egs. 3.4 and 3.5, it is possible to derive the electrical

impedance of the structure at the electrical port.

The electrical impedance of the resonator can be derived assuming time

harmonic and quasi-electrostatic conditions [5]:

7=+ |- 0\2 Zp 2 (3.13)
T a kd I+ 1L (Z,Z . -
jooCo > (1Z—P2) cos(kd) +j (%—}%2 + 1) sin(kd)

where, in this case, Z1 and Z2 are the acoustic impedances of the top and bottom

electrodes, and Zp the acoustic impedance of the piezoelectric layer.

Knowing the potential frequency response of the proposed resonator, it is
important to design an appropriate acoustic reflector to minimize acoustic losses
and help confine the maximum amount of energy within the resonator structure.
The reflection coefficient at the interface between two layers with different acoustic
impedances has the form [4], [6]:

2y — 7y
T I+ Z

r (3.14)

where Zo is the impedance of the material from which the incident wave is travelling,
and Zi is the load impedance of the material beyond the interface. The transmission
line equation for the overall input impedance from the two materials and their

interface will be:

Z1+jZ,tan O
1T )% ] (3.15)

7. =7 |20
me o [ZO + jZ,tan ©

where Zin is the input impedance and 0 the total phase of the wave across the

structure.

For an ideal SMR, the reflection coefficient at the interface between the
resonator and the reflector should be as close to 1 as possible, meaning that all the
generated acoustic waves would stay confined within the resonator structure. To
achieve this, the acoustic reflector structure consists of alternating A/4-thick low
and high acoustic impedance layers to promote high reflection coefficients at each
interface, as stated by eq. 3.14. The A/4 thickness is related to the aimed frequency
for optimal propagation, being A = vy, -f the wavelength of the desired

propagation mode in each material. It is possible to calculate the total impedance at
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the resonator-reflector interface using recursive relations between each layer,

leading to the following expression:

Zmat,n]

Zniq

Zy = Lmatn (3.16)

where Zmatn is the material acoustic impedance in layer n. Adding more layers to the
reflector usually leads to a higher overall coefficient. However, it leads to a more
stressed structure. Therefore, we must try to reach the highest reflection coefficient
possible without compromising the structure of the device or adding excessive

fabrication steps.

To characterize the reflective power of an acoustic reflector, its logarithmic

transmittance is used:
T4g = 10log(1 — IT|?) (3.17)

being I" the reflection coefficient of the entire structure for a specific propagation

mode.

For this thesis, several reflector configurations were tried, including fully
dielectric configurations (AIN/SiO2, Zn0/SiO2, Ta205/Si02 and HfN/SiO2) and semi-
metallic configurations (Mo/Si02), as will be discussed in next section. Prior to their
fabrication, the design process was carried out using the presented tools in this
chapter. Mason’s model combined with ABCD matrix calculation methods was
previously implemented in a LabVIEW program, and the necessary simulations
were performed. As an example of this process, Figure 3.3 shows the simulated
response of an SMR designed to present a longitudinal mode at 3.0 GHz. The
resonator consists of an 800 nm thick AIN film sandwiched between Ir and Mo
layers, acting as bottom and top electrodes. The resonator structure lays on a 7 layer
Mo/SiO2 acoustic reflector, whose transmittance for shear and longitudinal modes
are also represented in Figure 3.3. In this case, for the reflector to show optimal
reflection coefficient at 3.0 GHz, the simulation tells us that the thickness of the Mo

and SiO2 must be 524 nm and 517 nm, respectively.
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Figure 3.3. Simulated frequency response by Mason of an AIN-based SMR on a Mo/SiOz acoustic
reflector. The simulated transmittance performance of the reflector for shear and longitudinal

modes is also represented.
3.2. ACOUSTIC REFLECTORS

As already mentioned in Chapter 1, when manufacturing an SMR it is of great
importance to have an acoustic reflector capable of offering good acoustic reflection
in the frequency range of operation. Depending on the application, the choice of the
materials composing the reflector is also important, since using the best

combination in terms of performance is not always possible.

3.1.1. Fully dielectric acoustic reflectors

Conventional acoustic reflector designs include metallic layers, usually as
high impedance materials. The reason behind this choice lies in the fact that metals
like Mo [7], Ir [8] or W [9], [10] exhibit very high acoustic impedance owing to their
high mass density, achieving a remarkable contrast with the typical values reported
for SiO2 [11], commonly used as low impedance material. Therefore, good acoustic
isolation can be achieved while providing a robust and easy-to-manufacture
structure to grow the piezoelectric resonator on. However, the presence of metallic
layers can be challenging for certain applications, like biosensing or any type of
sensing applications in liquid media that needs to separate electric pads from the

active area. These layers can create appreciable parasitic effects as they lie under
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the metallic pads, so undesired capacitive couplings can be generated [12]. To get

rid of these undesired effects, extra microfabrication steps would be required.

Another alternative would be to design an acoustic reflector configuration
with no metallic layers. Four different combinations using dielectric materials were
assessed during this thesis: AIN/SiOz2, Zn0/SiOz, Ta205/Si02 and HfN/SiO2. The main
goal of this study is to compare their performance between them in terms of acoustic
insulation, especially after processes involving harsh environments, such as high
temperature conditions. For this purpose, after studying the structural properties of
the proposed materials, the fabricated AIN-based SMRs were subjected to high

temperature treatments to study the potential degradation of their performance.

The studied acoustic reflectors consisted of a stack of seven alternating low
acoustic impedance (SiOz) and high acoustic impedance layers. Three of the
reflectors were manufactured using reactive pulsed DC sputtering at our facilities.
After optimization of sputtering conditions [13], the ones used for this experiment
are gathered in Table 3.1. For each reflector configuration, the whole structure was
deposited without breaking vacuum. The HfN-based reflector was manufactured
using reactive RF sputtering at the Electrical Engineering Division facilities of the
University of Cambridge. The chosen sputtering conditions for this reflector are
gathered in Table 3.2 [14]. The reflectors were grown on 4-inch high resistivity Si
wafers, and extra samples of each material were deposited on thermal oxidized Si

substrates to assess their structural properties.

Table 3.1. Sputtering conditions for acoustic reflector layers.

Material Power Ar N2/02 Sput. Thickness
[W] [sccm] [sccm] Pressure [Pa] [nm]
Si02 1200 4.2 25.0 0.25 516
AIN 1200 27.5 20.6 1.47 904
ZnO 600 15.5 25.5 0.33 506
Taz0s 1000 4.1 25 0.59 410

Table 3.2. Sputtering conditions for HfN/SiOz acoustic reflector layers.
Power Power Sput.

Material (Plasma) (cathode) [S(}:::l;n] [l: z{: 212] Pressure Th;;ll(:]ess
[W] [W] [Pa]
Si02 600 300 55.0 8.0 3.71 443
HfN 1000 800 30.0 56.0 3.80 386
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The deposited films were assessed by XRD spectroscopy to explore their
crystallinity. The resulting measurements were analyzed, and the most relevant
peaks were fitted to pseudo-Voigt functions, as can be observed from Figure 3.4. The
results from the fitting process are gathered in Table 3.3. The deposited AIN films
(Figure 3.4 (a)) show a clear wurtzite structure, with a preferential c-axis
orientation, hence the high intensity of the 002 reflection [15]. The same structure
is observed in the ZnO films (Figure 3.4 (b)); however, the presence of the 101
reflection indicates that some of the grains are not c-axis oriented [16]. For Taz0s
(Figure 3.4 (c)), the deposited films show an orthorhombic structure as the
appearance of 111 and 201 reflections suggest [17]. HfN films (Figure 3.4 (d)) show
a face-centered cubic structure, as the 111 reflections suggest, although the low
intensity of the peak might indicate a poor crystalline structure [18]. The FWHM of
the 111 peak is also greater than the FWHM values of the main peaks of the other
measured materials, suggesting a smaller crystallite size that could grant these films

a more amorphous structure.
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Figure 3.4. XRD 6 — 20 patterns of the high impedance materials studied in this section: (a) AlN,
(b) ZnO, (c) Taz20s and (d) HfN. The dashed lines correspond to the resulting functions of the

fitting process.
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Table 3.3. Positions and FWHMs of the XRD peaks according to the fittings.

Peak name Position [°] FWHM [°]
AIN (002) 35.98 0.31
ZnO0 (002) 34.06 0.46
ZnO (101) 35.60 1.00

Taz0s (111) 34.01 0.47

Ta20s (201) 35.90 0.36
HfN (111) 33.96 0.57

XRR spectroscopy measurements were also performed to the high acoustic
impedance materials. By fitting the resultant curves, it is possible to estimate
density, thickness, and roughness values. The most important region for the density
estimation is angle at which the intensity starts to sharply decline. In Figure 3.5, the
XRR curves for the studied materials are shown together with their fitted density
values. The deposited films display lower densities than their nominal values except
for ZnO, which presents the same density as its bulk value (5680 kg/m?3). For the
AIN films, the fitted value corresponds to the 89% of its bulk value (3300 kg/m?3),
whereas for Taz0s films, the fitted value corresponds to the 93% of the bulk density
value 8200 kg/m3. HfN films show the most remarkable change as the fitted density
corresponds to the 80% of the bulk density value 13800 kg/m3.

s AIN 3 pxrr = 5680 kg/m3
é, PXRR = 2937 kg/m3 S, XRR
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Figure 3.5. High acoustic impedance materials XRR curves: (a) AIN, (b) ZnO, (c) Ta20s and (d)

HfN.
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The acoustic impedance of any material for longitudinal and shear acoustic

waves can be calculated with the following equation:
Lis = Vvisp (3.18)

Where v, 5 is the acoustic velocity in the material for longitudinal and shear
waves, respectively, and p is the density. As already mentioned, the higher the
acoustic impedance, the greater the mismatch with the low acoustic impedance
material, SiOz in this case. This would ideally indicate that the acoustic reflector
manufactured with the materials presenting the higher mismatch would provide the
best acoustic isolation for an SMR. In Table 3.4, the calculated values for the shear
and longitudinal acoustic impedances for the studied materials is shown. HfN
presents the higher impedance values for both shear and longitudinal modes,

whereas the other materials share quite similar results among them.

Table 3.4. Acoustic impedance calculations from XRR measurements [11], [14], [19]-[21].
Material v, [m/s] vs [m/s]  pxgr [kg/m3] Z; [Mrayl] Zg [Mrayl]

AIN 10850 6170 2937 31.9 18.1
Zn0 6075 3680 5680 34.5 20.9
Taz0s5 4920 2900 7626 37.5 22.1
HfN 4950 4670 11000 54.5 51.4

Two types of AIN-based SMRs were manufactured for each reflector
configuration: one with tilted AIN grains to display a shear mode and one with c-axis
oriented AIN grains to display a high-quality longitudinal mode. The AIN films are
sandwiched between an Ir bottom electrode and a patterned Mo top electrode, with
a thin sputtered Ti film between the resonator and the reflector to improve
adhesion. A SEM image of the cross-section of one of the devices can be observed in
Figure 3.6. In particular, it is an AIN-based SMR on a Zn0/SiOz2 reflector. As it can be
observed, the AIN film in this case presents tilted grains, which means that the

frequency response of the device will display a shear mode.
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Figure 3.6. Cross-section of a shear mode AIN-based SMR on a Zn0/SiO2 acoustic reflector.

After measuring their frequency response, the SMRs were exposed to a 700°C
for 2 hours in vacuum. Then, their frequency response was again measured to
observe the effects to high temperature exposure. The resonant and anti-resonant
frequencies for the measured shear modes are in the 1.4 — 1.7 GHz range and in the

2.7 — 3.0 GHz range for the measured longitudinal mode devices.

The performance of the shear mode devices is summarized in Figure 3.7. For
all the measured parameters, the presented value corresponds to the median of the
distribution of measurements, with the error bars corresponding to the standard
deviation of the distribution. In this way, it is possible to have a broader view of the

performance of all resonators manufactured for each type of reflector. The kgff

values remain almost unaltered (Figure 3.7 (a)), indicating that no degradation in
piezoelectric properties of the AIN films occurs when the devices are exposed to
700°C environments. Regarding acoustic losses, both Q, (Figure 3.7 (b)) and Q,
(Figure 3.7 (c)) share similar behavior. The measured values improve for AIN/SiO2
and Zn0/SiO:2 reflectors and deteriorate for Ta20s/Si02 and HfN/SiO2 reflectors.
Remarkable acoustic isolation levels are achieved for ZnO-based reflectors, with
measured @, and Q, values above 500, which indicates that this configuration could

be the most appropriate for shear mode operation.
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Figure 3.7. Shear mode measured performance for the shear mode SMRs: (a) k,fff, (b) Q,- and (c)

Q. before and after high temperature exposure.

The same study was carried out for longitudinal mode devices and the results
are summarized in Figure 3.8. Similar to shear mode devices, Figure 3.8(a) shows

the evolution of kgff values after high temperature exposure, and no appreciable

changes are observed. Figure 3.8(b) shows Q, values, suggesting that acoustic
isolation deteriorates in three of the four reflector configurations, whereas Q,
values (Figure 3.8(c)) increase for AIN and ZnO-based reflectors and decreases for
Taz0s and HfN-based reflectors. In this case, no reflector displays a significant better
performance than the others, meaning that no configuration offers substantial
advantages. However, HfN-based reflectors did in fact experience major degradation
effects after high temperature exposition, as many of the manufactured resonators
did no longer display a measurable resonance. In addition, the characterized devices
showed considerably deteriorated resonances, as it can be observed from Figure

3.9(a) for longitudinal £, and from Figure 3.9(b) for longitudinal f,.
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Figure 3.9. Frequency response before and after high temperature exposition for (a) resonant

and (b) anti-resonant frequencies for resonators on HfN/SiO: reflectors.

To evaluate the behavior of the devices under temperature changes, TCF
measurements were conducted for shear and longitudinal modes on all the four
reflector configurations. Figure 3.10 shows the normalized resonant frequency shift

for temperature changes between 15°C and 100°C, together with the linear
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regression fit used to calculate the TCF for each acoustic reflector. All the obtained
coefficients with their fitting error are gathered in Table 3.5. All the calculated TCFs
are negative, meaning that increasing temperatures cause a shift to lower
frequencies in all cases. The SMRs manufactured on AIN-based reflectors are the
most unaffected by temperature changes, indicating that compensation techniques
would require less effort for this configuration. Resonators on HfN-based reflectors

are the ones displaying higher sensitivity to temperature changes for all the studied

frequencies.
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Figure 3.10. TCF measurements and linear fits for resonant frequencies of the longitudinal modes.

Table 3.5. Summary of TCF calculations in ppm - °C™1.

Reflector Shear TCFr Shear TCFa Long. TCFr Long. TCFa
AIN/SiO2 —14.33 £ 0.17 —14.84 £+ 0.15 —8.551+0.12 —8.82+0.14
Zn0/Si02 —25.30+ 0.80 —-2430+030 @ —-16.28+0.15 —23.40 £+ 0.80
Taz05/Si02 —33.30 £ 0.60 —25.204+0.50 —25.70+0.60 —23.50 £+ 0.40
HfN/SiO2 —36.00 £ 0.80 —28.30+0.50 | —31.60+1.20 | —34.90+ 0.90

The comparative study revealed that the choice of one of these materials for
high acoustic impedance layer in acoustic reflectors is subjected to the mode of
operation and intended application of the SMR. For shear mode operation, Zn0/SiO2
reflectors seem to be the ones providing better acoustic isolation, whereas for
longitudinal mode operation Ta20s5/Si0z and AIN/SiOz can also be a good
alternative. With no high temperature exposure, HfN/SiO2 also offer comparable
good acoustic isolation levels. To have a more detailed knowledge of the properties
of these reflector configurations, more experimental actions would be required,

such as measuring v; and v values and performing in situ characterization of the
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frequency response of SMRs based on each reflector at high temperature

environments.

3.1.2. Mo/SiOz acoustic reflectors

Although dielectric reflectors are quite useful for certain applications, the most
common reflector configuration is based on metals acting as high acoustic
impedance layers. As already mentioned, Mo, Ir, W and Pt [22] are common choices
for this role, as they present a high mismatch in acoustic impedance with SiOz layers.
This provides the reflectors with usually higher acoustic isolation properties than

the ones reported for reflectors with dielectric high acoustic impedance layers.

With a reported density of 10300 kg-m-3 and v; = 6190 m - s~1, Mo has a
longitudinal acoustic impedance of 63.8 MRayl [20]. For this thesis, Mo/SiO2
acoustic reflectors were used for high temperature sensing applications, as their in-
situ performance under high temperature operation was already assessed by the
group [23]. In Figure 3.11, the frequency response of an SMR with Mo/SiOz acoustic
reflector is presented. Almost no variation was observed for a seven-hour

monitorization at 400 °C.
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Figure 3.11. Frequency response of AIN-based SMR with Mo/SiOz reflector at 400 °C for seven
hours [23].
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The design of the fabricated reflectors is shown in Figure 3.12 and the
selected sputtering conditions for each layer are gathered in Table 3.6. SiO2 and Mo
layers are deposited by pulsed DC magnetron sputtering from Si and Mo targets. For
this type of reflectors, a thin Ti layer is also deposited between each SiO2 and Mo
layer to improve adhesion and prevent from delamination effects. These Ti layers
were also deposited by pulsed DC magnetron sputtering from a Ti target. The whole
resonator structure can be deposited using the same sputtering tool without

breaking vacuum like the fully dielectric reflectors from previous section.

= Ti (15 nm)

SiO, (516 nm)
Mo (524 nm)
Si0,(516 nm)
Mo (524 nm)
Si0, (516 nm)
Mo (524 nm)
Thermal SiO, (500 nm)

500 um Si (100) wafer

Figure 3.12. Design of Mo/SiO2 acoustic reflector.

Table 3.6. Sputtering conditions for the acoustic reflector layers.

Material Power [W] Ar[sccm] O [sccm] Sput. Pressure  Thickness

[Pa] [nm]
SiO2 1200 4.2 25.0 0.25 516
Mo 400 35.8 - 0.27 524
Ti 150 30.1 - 0.67 15

AlIN-based SMRs were manufactured on Mo/SiO2 reflectors. The resonators
consisted of sputtered AIN piezoelectric films sandwiched between Ir and Mo layers
as bottom and top electrodes, respectively. In Figure 3.13, the frequency response
of a typical AIN-based SMR using Mo/SiOz acoustic reflector manufactured for this
thesis is presented. Q values need to be sufficiently high for sensor applications
because they usually decrease after functionalization processes, and some sensor

properties are heavily dependent on them, such as the limit of detection.
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Figure 3.13. Typical resonant (red) and anti-resonant (black) frequencies for an AIN-based SMR on
Mo/SiOz acoustic reflector.

3.3. ELECTRODES

An important part of the design of an SMR device is the choice of the pair of
electrodes needed for the electrical excitation of the piezoelectric film. Al [24], [25],
[26] and Mo [26]-[29] are the most common metals used as electrodes, although
depending on the intended application and the rest of the materials used for the
resonator, other metals such as Pt [30], Ir [23] and Au [10], [29] have been reported.

The manufactured SMRs for sensor applications during this thesis follow the
same electrode configuration: Ir as bottom electrode and Mo as top electrode. For
AlN-based SMRs, the choice of Ir bottom electrode was based on the proven good
crystalline quality and good piezoelectric performance for sputtered AlN films on Ir
substrates [31]. Thus, 120 nm thick Ir films were deposited on the acoustic

reflectors via e-beam evaporation technique.

Patterned Mo films were used as top electrodes for all the SMRs in this thesis.
Pulsed DC magnetron sputtering was the deposition method, and the topology was
defined using UV-photolithography techniques and wet etching. The standard
thickness for the deposited Mo electrodes was 150 nm. However, for high
temperature applications, the thickness of the Mo electrodes was reduced to 120 nm
and a very thin (30 nm) sputtered Au layer was deposited on top to prevent

degradation related to oxidation processes. Final sputtering conditions for Mo and
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Au layers are gathered in Table 3.7. In this case, the Mo/Au final electrode was
defined by lift-off process. Figure 3.14 shows typical AIN-based SMR response with
Mo top electrode before and after adding the protective Au layer. As would be
expected, the extra Au layer causes a shift to lower frequencies. However, as the final
Mo/Au electrode gets thicker, its series resistance decreases, which improves the Q

factor at resonance.

30| Mo/Au Top :Mo Top

Q=320 |=— i Q=260
Q=525

o 1 L | L 1 L 1 L 1 L 1 L 1 L 1 L
2800 3000 3200 3400 3600 3800 4000 4200
Frequency [MHZz]

Figure 3.14. AlN-based SMR frequency response before and after adding a 30 nm thin Au layer to
the top electrode.

Table 3.7. Sputtering conditions for top electrodes.

Material Power [W] Ar|[sccm] Sput. Pressure [Pa] Thickness [nm]
Mo 400 18.1 0.20 150/120
Au 270 50.0 0.43 30

3.4. PIEZOELECTRIC MATERIALS

The most important part of any FBAR device is the piezoelectric film. Proper
crystalline orientation and good electromechanical coupling are required to provide
high quality resonances that can be exploited for the desired application. Specifically
for sensor applications, frequency of operation and Q factors are the most important
parameters to be considered, so high quality piezoelectric thin films need to be

achieved.

In this thesis, two different piezoelectric materials were tested: AIN and

Alo.7Sco3N. Piezoelectric AIN deposition technology is already mature and well
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established within our research group, however, AlN-based resonators have
reached certain performance limits that prevent them from meeting the specific
requirements for some applications, especially related to 5G technologies. With this
issue in mind, our group started to study AlScN-based resonators. In this section an
extensive description of the properties of Alo.7Sco.3N thin films and SMRs, and their
behavior with temperature is presented, discussing the potential use of these

devices as transducers for sensor applications.

3.1.3. AIN

Piezoelectric AIN was deposited using MAREA, our in-house sputtering tool
described in the previous chapter. Two deposition processes were employed, one
for longitudinal mode devices and one for shear mode devices. Both processes start
by placing the substrate in the transference chamber of the equipment and pumping
it down to HV conditions using a turbomolecular pump. When vacuum conditions
are achieved, the substrate is transferred to the deposition chamber, which is

already under UHV conditions thanks to a cryogenic pump.

To improve crystalline quality, the deposition process of AIN is temperature
assisted. For longitudinal mode devices, the substrate is heated up to 450°C and left
in the deposition chamber to reach the desired vacuum conditions, typically below
10-> Pa. To prepare the substrate for the sputtering process, the surface is first
cleaned with Ar plasma generated by AC voltage using an RF power supply, with a
process pressure of 1.33 Pa for three minutes. When the cleaning process is done,
the sputtering process is then conducted, with the process conditions summarized
in Table 3.8. It is worth noting that for the specified Ar and N2 gas flow values, a gas
mixture of 57.75:42.25 is set inside the deposition chamber. During the deposition
process, an RF bias of -65 V is also introduced to force the c-axis orientation of the
film.

Table 3.8. Piezoelectric AIN sputtering conditions.

Material Power [W] Tsus.[°C] Ar[sccm] N;[sccm]  Sput. Pressure [Pa]
AIN 1200 = 450 27.8 380 0.16

For shear mode devices, AIN thin films presenting tilted grains were grown,
following the studied recipe in [32]. First, an AIN seed layer of ~100 nm is deposited

at room temperature following the sputtering conditions in Table 3.9. Then, the
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piezoelectric AIN film is deposited under the conditions in Table 3.8. For this
process, the substrates are placed at the edge of the substrate holder, which together
with the seed layer promotes the growth of the piezoelectric film with its c-axis tilted

with respect to surface normal [33].

Table 3.9. AIN seed layer sputtering conditions.
Material Power [W] Tsus.[°C] Ar[sccm] N;[sccm]  Sput. Pressure [Pa]
AIN
(seed)

600 RT 16.0 22.0 0.77

The AIN-based SMRs for sensor applications that will be discussed in next
chapter were fabricated depositing piezoelectric AIN thin films following the
process for highly c-axis oriented films. Tilted c-axis AIN films were deposited to
fabricate the SMRs used to test fully dielectric acoustic reflectors under shear mode

operation.

3.1.4. Alo.7Sco3N1

In the pursuit of finding materials with higher electromechanical couplings, new
alternatives have emerged in the last decade to the well-established and mature
piezoelectric materials, such as AIN and ZnO. New materials such as LiNbO3 [34] and
AlScN [35] have been subject of study over the last years as they can offer increased
piezoelectric activity. In particular, LiNbOs3, despite offering large electromechanical
coupling coefficients, seems not to be compatible with standard resonator
technologies due to very complicated fabrication processes that require extremely
high temperatures [36]-[38]. However, since the possibility of the incorporation of
Sc atoms to the AIN structure was first reported by Akiyama [39], AIScN became a
serious alternative to current piezoelectric materials as they can offer improved
piezoelectric response. This material can be obtained by several thin film deposition
methods, such as molecular beam epitaxy [40] and co-sputtering from separate Al
and Sc targets [41]. For this study, the films were deposited via reactive magnetron

sputtering of engineered targets to obtain AlScN with Al-Sc ratio of 70:30.

1 This section is a partial reproduction of J. M. Carmona-Cejas, T. Mirea, J. Nieto, J. Olivares, V. Felmetsger and M. Clement,
“Homogeneity and Thermal Stability of Sputtered Al0.7Sc0.3N Thin Films,” Materials, vol. 16, no. 6, 2169, Mar. 2023, doi:
10.3390/mal6062169. ©2023 MDPI. The permission for its reproduction by co-authors and Publisher has been granted.
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The films were deposited in an Endeavor-MX PVD cluster tool from OEM
Group LLC. This equipment was provided with an S-gun magnetron with two
independently controlled ring-shaped coaxial sputtering targets of 7 and 11 inches
in diameter, engineered to have alternate Al and Sc segments. The design of the
chamber and targets can be observed in Figure 3.15 (a) and (b). The size of the
segments was set to achieve an Al-Sc ratio of 70:30. The target arrangement has
been proven to provide stable and arc-free reactive sputtering of nitrides and
oxides, in addition to the ability of reaching good compositional homogeneity in
large regions. More detailed information about this can be found in [42]. Prior to
deposition, the ring-shaped targets were preconditioned, first in metallic mode
under an Ar atmosphere, and then in poisoned mode with an Ar-N2 mixture. This
last step prevented the films from being contaminated with Als-Sc precipitations. To
ensure good film orientation and reduce roughness, a 50 nm AIN seed layer was first
sputtered on all the utilized substrates. Then, without breaking vacuum, the AIScN

films were deposited without intentional heating [43].

() (b)

Figure 3.15. (a) Cross-sectional view of the sputtering chamber and (b) coaxial Al-Sc segmented
targets.

Two types of substrates were employed for the study of AIScN films. To
assess structural properties and composition, 720 nm thick AlScN films were
deposited on 8-inch Si wafers coated first with the already mentioned 50 nm AIN
seed layer (Figure 3.16(a)). 5 samples were taken from equidistant spots following
wafer radius to evaluate uniformity in properties throughout the films. These
samples were used to perform RBS+NRBS and XRD measurements, before and after

applying a 600 °C thermal treatment in a vacuum for 1 h, as will be detailed below.
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Extra samples with the same characteristics were also annealed at 700°C and used

to obtain extra XRD measurements.

4-inch Si wafers (Figure 3.16(b)) were used to manufacture SMRs excited
with the AlScN piezoelectric films. A 7 layer acoustic reflector was first fabricated on
top of the Si substrate by alternating 620 nm thick SiO2 films to act as low acoustic
impedance layers and 629 nm thick Mo films to act as high acoustic impedance
layers. The piezoelectric sandwich manufactured on top of the reflectors consisted
of a 110 nm thick Mo bottom electrode, the 50 nm AIN seed layer followed by the
1.1 um AIScN piezoelectric film, and a 150 nm thick Mo top electrode, as shown in
Figure 3.16(c). The Mo top electrode was finally patterned to excite the piezoelectric
film via capacitive coupling. Figure 3.16(b) shows the wafer disposition within the
sputtering chamber and the spots where the 5 samples were taken from to evaluate
film uniformity in terms of piezoelectric properties, before and after applying 600°C
annealing in a vacuum for 1 h. It is worth noting that these spots are practically the
same as the ones chosen for the 8-inch wafers displayed in Figure 3.16(a), as this
can leave the possibility of establishing correlations between the results obtained in

all the characterization techniques applied in this study.

[ Mo Ml _150nm [ |

AIN/Si wafer

AlIScN (1200 nm)

n R S
Si0, (620 nm)
Mo (629 nm)
5i0,(620 nm)
Mo (629 nm)
Si0, (620 nm)
Mo (629 nm)
Si0, (500 nm)

Sample holder

100 mm Si (100) wafer

(b) (c)

Figure 3.16. (a) Diagram of 8-inch AIN seed layer/Si wafer used as substrate. Numbers from 1 to
5 represent the spots where samples were taken from. (b) Diagram of the placement inside the

sputtering chamber of the 4-inch wafer used to fabricate the SMRs and (c) their cross-section.

95



3.1.4.1. SMR Electrical response

Figure 3.17 shows an example of an impedance spectrum from two resonators: one
located at the right edge of the 4” wafer, corresponding to the edge of sample holder,
and another one located at the left edge of the 4” wafer, corresponding to the center
of the sample holder. The c-axis favoring the growth of Alo.7Sco3N films is evident
after observing the longitudinal mode located at around 2 GHz. However, a shear
mode is also observed at around 1.3 GHz, suggesting some dispersion in the
microcrystal orientation along the c-axis, although this is not very significant since
10-1, 10-2 or 10-3 peaks are not observed in the XRD patterns, as discussed further
in section 3.4.2.4. It is worth noting that the shear mode is excited in both samples,
although generally, it appears to be of slightly higher intensity at the center of the
wafer. This might be related to an increased deviation of the c-axis-oriented
microcrystals, possibly related to the presence of some structural defects in this

area.
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Figure 3.17. Frequency response of Alo.7ScosN-based SMRs located at position corresponding to the
sample holder center and located at sample holder edge. Shear and longitudinal modes are labeled

with an S and L, respectively.

The electromechanical coupling factor (kgff) of a series of SMRs was derived
from the S11 measurements. This parameter can be used to estimate whether the
Alo.7Sco3N films display high quality in terms of their piezoelectric properties. Figure
3.18 shows the kgff radial distribution for different wafer spots before and after the
thermal treatment. The kgf s values appearing on the chart represent the mean value
of the distribution of the resonators located in each position. The error bars attached

to each point represent one standard deviation from each kgff distribution. As one
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might observe, the kgff values increase as the distance from the center increases,

revealing an improvement in the piezoelectric activity of the films. Despite this

difference in electromechanical coupling, most of the resonators show a better kgff

value than the usual ones obtained from AIN-based resonators, which usually range
between 6% and 7% [44]-[46]. In this case, kgff values all range from 6% to 12%,

with 12.8% being the highest measured value. A comparison between state-of-the-

art values is shown in Table 3.10. After thermal treatment, resonators located near

the central positions tend to improve their piezoelectric properties and their kgff

coefficients increase to the 8-10% range. Regarding more external spots, the

annealing seems to worsen the piezoelectric properties of this area, and thus their

kgff became slightly worse, dropping to values above 10%.
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Figure 3.18. Radial distribution of mean k2 values for Alo.7Sco3N-based SMRs. The distance is

measured from the sputtering chamber sample holder center. The error bars represent one

standard deviation.

Table 3.10. kgff values of best and worst resonator presented in this work in comparison with

state-of-the-art FBAR devices.

Piezoelectric Material K2 Reference
AIN 6.5 [45]
Alo.91Sco.9N 9.53 [35]
AIN/Alo.87Sco.13N 10 [47]
Alo.s5Sco.15N 12 [35]
Alo.sSco.2N 14.5 [48]
Alo.73Sco.27N 12.18 [49]
Alo.7Sco.3N 6.3 This work (worst resonator)
Alo.7Sco.3N 12.8 This work (best resonator)

97



3. Solidly mounted resonator sensors: materials and fabrication routes

In addition to these measurements, Table 3.11 shows the measured Q-factor
distribution of the resonators located at the spots with lower (center) and higher
(edges) electromechanical coupling factors. It is noticeable how they are quite
similar to each other regardless of the wafer position for both resonant and anti-
resonant frequencies. These values remain similar to each other after the annealing

treatment, which might indicate that no extra acoustic losses are induced.

Table 3.11. Measured Qr and Qa distributions.

Distance from Center (cm) Q. o Qo
10 (As dep)  210+68 @ 181 +38
10 (after 600 °C) 176 +78 | 200 + 31
0.2 (As dep) 205+ 107 194 + 18
0.2 (after 600 °C) 166 +77 185 + 40

3.1.4.2. SEM and AFM Characterization

Morphological characterization was carried out for the fabricated devices using SEM
technique. The alternating Mo and SiO:z layers showed distinct and clear interfaces.
They also showed good thickness uniformity, the same as the two Mo electrodes that
sandwiched the piezoelectric films. The Alo7ScosN piezoelectric films are
distinguishable from the AIN seed layers and display quite good uniformity in terms
of thickness throughout the entire wafers. A typical micrograph of the cross section
from a cleaved SMR sample can be seen in Figure 3.19.
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Figure 3.19. Cross-sectional SEM micrograph of the SMR stack.
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3.4. Piezoelectric materials

The surface of the piezoelectric films was evaluated via AFM. Figure 3.20(a)
shows a 1 X 1 um topographic profile from the center of the wafer. A quite uniform
and smooth surface can be observed, showing a root mean square roughness
parameter of Rgps = 1.34 nm. Figure 3.20(b) shows the same measurement from a
spot near the edge of the wafer. In this case, the presence of abnormal grains is
spotted, with sizes up to ~20 nm in height. However, the overall surface roughness
improves, and calculating the Rpys parameter from the regions with no abnormal
grains, the results are lower (Rgps = 550 pm).
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Figure 3.20. (a) AFM topographic image of the center and (b) the edge of the Alo.7ScosN films
deposited on 8-inch Si wafers.

3.1.4.3. Compositional study with RBS and NRA

RBS and NRA measurements were performed to the film deposited on Si substrates
to investigate more about their composition. A first set of experiments [50] revealed
that the thickness of the Alo.7ScosN film was uniform across the 8-inch wafer and
that the Al-Sc ratio was relatively constant, going from 28.4% at the center to 30.6%
at the edge of the wafer, as summarized in Table 3.12. However, this slight deviation
seems not to be responsible for the observed variation in kZ values observed for

different film regions.
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Table 3.12. Atomic composition at different wafer spots.

Distance from Center (cm) Sc(%) Al(%) N (%) Alssc (%)
0-2 cm 14.3 36 49.7 284
2-4 cm 14.5 35.8 49.7 28.8
4-6 cm 14.2 35.2 50.3 28.7
6-8 cm 14.8 335 51.6 30.6
8-10 cm 15.2 34.5 50.2 30.6

To study the presence of light elements, a second set of experiments was
performed at higher energies at which their scattering cross-section deviate from
Rutherford cross-sections (non-Rutherford backscattering). The energies at which
the process cross-section increases are called resonances [51]. First, we measured
the NRBS spectra at 3.038 MeV, at which the scattering cross section of oxygen peaks
is linked to the 160(a, )10 nuclear reaction. Figure 3.21(a) shows the NRBS spectra
measured at 3.038 MeV on four different film spots, following a radial distribution.
The almost identical patterns observed in the region between 1700 keV and 2250
keV (corresponding to the Sc signal) confirms the good homogeneity in terms of
thickness of the Alo.7ScosN film [52]. The inset of Figure 3.21(a) outlines the signal
peaks corresponding to oxygen located at the surface of the films. The measurement
shows that the oxygen content clearly increases when moving from the edges to the
center of the films, which might suggest that the central region of the wafer is more
susceptible to adsorb oxygen atoms than the external region. This effect might be
caused by a larger ion bombardment of this area of the sample holder during
deposition, thus producing a more deteriorated surface with a higher concentration
of structural defects, such as dangling bonds, which could end up in an increase in
surface reactivity and the capturing of more oxygen atoms than other regions [53],
[54].

To obtain more insight into the in-depth oxygen distribution along the
Alo.7ScosN film, two other measurements were performed at higher energies (3.05
MeV and 3.1 MeV) to verify whether projectiles backscattered at 3.038 MeV with
oxygen atoms could come from greater depths in the sample. As can be seen in the
resulting spectra shown in Figure 3.21(b), no signal corresponding to
backscattering with O atoms is observed for these energies, in contrast to what is
observed at 3.038 MeV, suggesting that oxygen is only present at the surface of the
film, as higher beam energies do not produce any peak related to the oxygen

presence in the bulk of the material.
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Figure 3.21. (a) NRBS spectra taken at different wafer positions, fixing the beam energy at 3.038
MeV. The inset highlights the oxygen resonance detected when measuring at this energy [34]. (b)

RBS-NRA spectra from wafer center taken at three different beam energies.

In addition to these measurements, other spectra were measured at 4.258
MeV, at which the scattering cross section of carbon (C) is maximized, owing to the
12C(a, 2)12C nuclear reaction. These measurements did not reveal the presence of

this impurity at the surface of the film.

3.1.4.4. Structural study: XRD Measurements

Crystalline structure of the Alo.7Sco.3N films on 8-inch Si wafers was assessed by XRD
measurements. As can be observed in Figure 3.22, typical theta-2theta patterns only
displayed the 00-2 (and 00-4) reflections corresponding to both Alo.7Sco3N films and
the AIN seed layer, with no evidence of misoriented grains, as 10-1, 10-2 and 10-3
peaks are not observed. Figure 3.22 also shows that the region gathering the most
information about the structure of the films is located in the range between 34° and
37° in 20. Figure 8 shows this region in more detail, together with the resulting
pseudo-Voigt functions used to perform the deconvolution of the main features for
two samples located at the center (Figure 3.23(a)) and the edge (Figure 3.23(b)) of

the wafer.
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Figure 3.22. Typical XRD pattern of Alo.7Sco3sN/AIN/Si structure. Y axis is in log units to highlight
the absence of 10-1, 10-2 and 10-3 peaks.

The main features between 34° and 37° can be fitted by using three pseudo-
Voight functions in the sample located at the center of the wafer, whereas only two
functions are required to deconvolute the peaks at the edge of the wafer. The peak
at around 36° present in the two samples is attributed to the 00-2 AIN peak of the
seed layer. The main peak of the two spectra is associated with the reflection with
the 00-2 planes of the Alo.7Sco3N film; the fact that the peak experiences a significant
shift between samples could be related to differences in planar stress, since RBS
measurements allows us to rule out peak shifts due to compositional changes. An
extra peak at ~34.5° is required to fit the features at the central area of the wafer,
which could be attributed to the non-piezoelectric 111 ScN rocksalt phase [55]. The
presence of such phase in the central area of the wafer is apparently related to the
poorer piezoelectric response revealed by the SMRs frequency response as well as
to the increased surface reactivity revealed by the RBS-NRBS compositional

characterization.
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Figure 3.23. (a) Deconvoluted XRD pattern for a sample located at the center and (b) at the edge

of the wafer.

In order to gain more insight about the structural homogeneity and thermal
stability of the Alo.7Sco.3N films, XRD measurements were performed on five samples
taken from equidistant positions along the wafer radius, before and after annealing
at 600°C and 700°C. The theta-2 theta patterns of Figure 3.24 led to the following

conclusions:

1. The AIN seed layer is indeed homogeneous along the wafer and exhibits high
thermal stability.

2. The ScN rocksalt phase is apparently present in all the central areas (up to
position 3), although the peak deconvolution does not allow us to draw
significant conclusions about its thermal stability.

3. The shift of the 00-2 Alo.7Sco3N towards higher angles is confirmed, suggesting a

stress gradient along the radius of the wafer in the as-deposited samples.

When bringing the thermal treatments into discussion, the XRD patterns
clearly reveal considerable changes affecting the 00-2 Alo.7Sco.3N reflection. A severe
reduction in the peak intensities accompanied by a widening of the FWHM is
observed. Peak deconvolution after the heating treatments is not straightforward:
the significant flattening of the main features after the treatments in all positions
except in external areas might suggest an in-depth stress gradient in the Alo.7Sco.3N
film and/or a decrease in the crystallite size. The shift to lower 2-theta angles is also
observed in similar recent investigations of 00-2 Alo.7Sco3N peaks after thermal
treatments [56].
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Figure 3.24. XRD patterns from the Alo.7Sco3N on Si films as deposited and after 600°C and 700°C

thermal treatments, going from the center (Pos. 1) to the edge (Pos. 5) of the 8-inch wafer.

The RCs of the Alo.7Sco3sN and AIN peaks were also measured and fitted using
gaussian functions to obtain their FWHM for the as deposited films and after 600°C
annealing. The results are gathered in Table 3.13, together with their corresponding
standard errors. The RC around the AIN 00-2 peak shows minor variations across
the radius of the wafer, keeping an almost constant value after the annealing.
Concerning the rest of the RCs at the wafer center, no clear pattern is observed. This
could reinforce the idea that relevant structural changes occur once the thermal
treatment is applied and that for this film region, the deposited material lacks

stability and homogeneity. A similar behavior is observed for RCs in the mid-radius
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region. However, the fitted values for the external region reveal that the Alo.7Sco.3N
RCs remain similar, implying that the crystallites of this region could have a more

stable structure.

Table 3.13. FWHM values for the RC measurements.

Al0.7Sc0.3N-00-2 Peak
Distance from center (cm) FWHM Asdep. @FWHM @600 °C

0-2 2.09 £ 0.01 3.04 £ 0.02
4-6 1.78 + 0.01 2.68 £ 0.01
8-10 1.32+£0.01 1.35+0.01

AIN-00-2 peak
Distance from center (cm) FWHM Asdep. FWHM @600 °C

0-2 2.59 £ 0.01 2.61+0.01
4-6 2.62 + 0.01 2.74 £ 0.02
8-10 2.58 +£0.02 2.6510.01

In summary, the results of the composition and structural characterization
might help explain, in part, the piezoelectric behavior observed in Figure 3.18. As
RBS-NRA results suggested first, the excessive bombardment during the deposition
phase might have produced Alo.7ScosN films with a large number of structural
defects in central regions. This, together with the presence of an extra XRD peak
related to a ScN non-piezoelectric phase, may explain the poor kZ values obtained
when characterizing the fabricated SMRs. This hypothesis might be well supported
by the XRD patterns in Figure 3.23 in which one can observe the instability of these
regions after applying thermal treatments. On the other hand, external regions seem
to have fewer structural defects and a more stable crystalline structure, which could
be the main reason for the good k2 values obtained. However, it is worth noting
that structural changes are also observable in these regions as well since these

values slightly drop after thermal treatment.

For sensor applications, Alo7Sco3N-based SMRs show good kZ and offer the
possibility of operation at high frequencies. However, the measured Q factors are
lower than those achieved es in AIN-based SMRs, suggesting that LOD and resolution
could be smaller, also making the tracking of resonant and anti-resonant
frequencies more difficult. Moreover, their lack of stability after high temperature
exposition could make them not suitable for certain functionalization processes and

for operation under harsh environmental conditions.
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3.5. SMR FABRICATION ROUTE

The final SMR structure is obtained after following a number of fabrication steps

thought to manufacture each part of the device. Each new step needs also to be

designed taking into consideration the whole structure to not cause any unwanted

harm or degradation to the rest of the parts conforming the device.

All the SMRs for this thesis were manufactured using the deposition

parameters explained throughout this section. To obtain the final stack, the

following recipe was used:

Thermal SiO,

Si substrate

Si0,

High Z
SiO,

High Z

5i0,

High Z

Thermal SiO,

Si substrate

Ir bottom electrode

510,

High Z.

Si0,

High Z
SiO,

High Z

Thermal SiO,

Si substrate

= |

e On a 4-inch high p Si wafer, the first

SiOz layer is grown via thermal

oxidation.

Sputtering deposition of alternating
layers of SiO2 (low acoustic
impedance) and high acoustic
impedance material (Mo, AIN, ZnO,
Taz0s5 or HfN) to make a 7 layer
acoustic reflector. For the Mo/SiO2
reflectors, thin Ti films are also
sputtered between layers to improve

adherence.

e After mechanical polishing, sputtering
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of a thin Ti layer and deposition of Ir
bottom  electrode via e-beam
evaporation. In some cases, to avoid
the appearance of a split mode [29], an
extra Mo sacrificial layer is deposited
to pattern the bottom electrode and

etch the desired Ir and Ti areas.



3.6. Functionalization

AIN e Deposition of a high quality AIN film

o via T assisted reactive pulsed dc
2

High 7 magnetron sputtering to act as

S0, piezoelectric layer.

HighZ

5i0,

High Z

Thermal SiO,

Si substrate

Sputtering of the top electrode (Mo or

)
A
)

°

Mo/Au) and patterning via

Si0,

photolithographic process. Mo

High Z electrodes are etched by chemical wet

etching and Mo/Au are defined by lift-

off process. With this configuration,

Si0,

High Z

Si0,
HighZ bottom electrode is contacted through

Thermal Si0, capacitive coupling, eliminating the

Si substrate need of etching the piezoelectric layer.

3.6. FUNCTIONALIZATION

AIN-based SMRs play the role of transducers when they are intended for
gas/particle sensor applications. To manufacture an operational sensor, a
functionalization process is required to develop a sensing layer capable of detecting
the desired analyte . Thus, extra fabrication steps are often needed once the SMR
route is finished. These functionalization steps need to meet certain requirements
in order to obtain a fully functional SMR sensor:

e They need to be sensitive to the proposed analyte, and they need to show
high selectivity to avoid false positives and cross-sensitivity issues.
e They need to be able to work under specific environmental conditions, since

harsh environments are one of the main targets of the thesis.

[uny
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3. Solidly mounted resonator sensors: materials and fabrication routes

e Their fabrication and integration processes need to be compatible with the
rest of the SMR structure. Thus, not all the potential sensing layers can be
studied as their associated functionalization process could harm the
resonator and the final device response could be too deteriorated to have a

functional sensor.

To optimize sensitivity, sensing layers need to cover the maximum possible
area of the resonator. However, sensing layers are rarely composed of conductive
materials, so it is important to leave some uncoated areas to make electrical contact.
The most common electrode topology used for this thesis is represented in Figure
3.25. In this design, most of the top electrode area is coated with the
functionalization layer to form the SMR sensor structure, leaving a short pad to
make electrical contact and allow excitation of the piezoelectric layer. This
functionalization layer causes the resonance to drop to lower frequency values and
increase acoustic losses, so high Q factor values are required. Moreover, if bottom
electrode pad is not properly etched, a split mode can appear [29], which could be

an undesired effect for certain device designs and applications.

Sensing
layer

Figure 3.25. Top side representation of the topology of the top electrode plus sensing layer of an
AlN-based SMR sensor.

Functionalization processes based on thin film deposition techniques emerge
as a convenient choice for achieving a final layout like the one depicted in Figure
3.25. By means of chemical etching or lift-off processes, the final sensing area can be
precisely defined without harming the integrity of the resonator structure. The
recipes proposed for this thesis all include these techniques and will be described in
this section.
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3.1.5. Pentacene thin films

Sensing layers intended to work at room temperature usually have no limitations as
they are not required to withstand temperature-related harsh conditions for proper
operation. Therefore, organic composites are often used as active layers for gas
sensors at room temperature, as they offer high sensitivity and easy, low-cost

synthesis processes [57].

Although not very common, some organic materials can be deposited on
substrates via PVD techniques. This is the case of pentacene, which is an organic
material that can be presented in thin film form. Its structure consists of five
benzene rings linearly chained, as depicted in Figure 3.26. Depending on the
deposition parameters, pentacene films can show different arrangements, such as
the thin film, low temperature and high temperature phases [58]. Commonly used
for organic thin film transistors [59], pentacene has also been explored as sensing
layer for gas sensors at room temperature, particularly for detecting NOx in low

concentrations, showing high selectivity towards these gas species [60], [61].

Figure 3.26. Pentacene chemical structure [62].

Parting from AIN-based SMRs on AIN/SiO2 acoustic reflectors as substrates,
pentacene thin films were deposited via thermal evaporation to act as sensing layers
for NO gas at room temperature. Pentacene powder (TCIAP0030) used as source
material was acquired from VWR. The SMRs were previously coated with developed
photoresist to perform a lift-off process and remove the deposited pentacene from
the undesired parts of the devices. An optical microscope picture is shown in Figure
3.27. As can be observed from the picture, part of the Ir bottom electrode is also

removed prior to AIN deposition to avoid the appearance of split modes.
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3. Solidly mounted resonator sensors: materials and fabrication routes

Pentacene
thin film

Ir electrode
etched

Mo top
electrode

Figure 3.27. SMR device with pentacene active layer.

The evaporated pentacene films were characterized by profilometry
technique, revealing an average thickness of 50 nm. Their crystalline structure was
assessed by Raman spectroscopy, and the measured spectra before and after
deposition on SMRs surface is shown in Figure 3.28. The measured spectrum after
pentacene evaporation shows some of the characteristic Raman active modes of this
material. The peaks in the 1150-1200 cm-! region correspond to the C-H bending
vibrational modes, whereas the peaks beyond 1300 cm! are related to C-C
vibrational modes [63], [64]. The position of the band around 1370 cm-! and its
relative intensity suggests the pentacene films are arranged in high temperature
phase [65].

—SMR surface .
—SMR + pentacene C-C bending
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Figure 3.28. Raman spectra of the SMR surface before and after pentacene evaporation.

The response of the resultant device is shown in Figure 3.29. The measured

resonance is centered around 2.6 GHz. The functionalization process seems to cause
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a degradation in the resonant frequency as the Q factor calculation reveals.
However, anti-resonant frequency shows good Q value, meaning that the device

after functionalization is suitable for sensor applications.
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Figure 3.29. Frequency response of the AIN-based SMR+pentacene sensing layer.

3.1.6. CNT forests

Following an already developed and studied process in our group [6], [66]-[68],
CNT forests were grown on top of AIN-based SMRs to act as sensing layers at room
temperature. This configuration could also be used as substrate to add extra
functionalization steps to enhance sensitivity and/or selectivity [69]-[71].
However, for this thesis, the CNT+SMR structures were used to test the proper

functioning of the homemade gas sensing setup described in previous chapter.

The CNT forests are grown from catalytic nanoparticles (NPs) that are
formed on top of the resonators and enable selective growth. Once the SMR
structure is fabricated, a 12 nm Al layer and a 6 nm Fe layer are deposited via
thermal evaporation and defined on the active area using lift-off process, leaving the
same layout as the one depicted in Figure 3.25. The Al layer is evaporated to act as
protective layer and prevent diffusion between the top electrode and the Fe layer,
which is deposited as a precursor for the NP nucleation process. The CNT growth
process is achieved via CVD. First, the substrate is introduced in the chamber and
pumped down to rough vacuum conditions. To ensure the interior of the CVD

chamber is clean, several purge-vacuum N2 cycles are performed. Then, the
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3. Solidly mounted resonator sensors: materials and fabrication routes

substrate is heated to 450°C in NH3 atmosphere with a chamber pressure of 17.3 Pa.
Once the temperature is reached, these conditions are maintained during 10 min to
ensure Fe NP formation. The CNTs are then grown at 650°C in NH3:C2H2 atmosphere
in a 1:1 ratio at 32 Pa for 8 min. After the process, the sample is let cool down in
vacuum [6]. A typical device with CNT forest integration is shown in Figure 3.30(a)
and its cross-section in Figure 3.30(b). The frequency response is show in Figure
3.31, indicating that resonant frequency can be used as the tracking frequency for

sensor applications.

(a) (b)

Figure 3.30. (a) top view of an AIN-bases SMR coated with a CNT forest and (b) SEM micrograph

of the cross-section of the device [66].
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Figure 3.31. Frequency response of the SMR+CNT forest structure.
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3.6. Functionalization

3.1.7. WOs films

Metal oxides have been proven to be useful sensing layers for gas detection due to
activation of redox reactions at high temperatures [72], [73]. Although their
formation can be achieved through chemical processes such like sol-gel method
[74], sputtered metal oxides are also a good alternative and their performance in
gas sensing application has also been demonstrated, especially as chemiresistive
sensors [75], [76]. Regarding SMR based sensors, functionalization via sputtering of
thin films is a very convenient way of achieving a functional sensor without

complicating the whole recipe and without compromising the rest of the structure.

For this thesis, W03 films were sputtered on AlIN-based SMRs. The devices
followed a conventional configuration, represented in Figure 3.32(a). The WOs films

were sputtered on the SMRs and defined via lift-off process, as can be observed from
Figure 3.32(b).

WO, (180-350 nm)

Gold (50 nm) !

AIN (7500 nm)

Ir bottom electrode (120 nm
SiO, (516 nm)

Mo (524 nm)
Si0,(516 nm)
Mo (524 nm)
Si0, (516 nm)
Mo (524 nm)
Si0, (500 nm)

100 mm Si (100) wafer

(a) (b)

Figure 3.32. (a) Design of the SMR functionalized with sputtered WOs films and (b) optical

microscope image of the top view.

The sputtering process was carried out from a W target at room temperature.
Two different Ar/02 (50:50 and 70:30) atmospheres were tested, keeping process
pressure and power at 0.15 Pa and 100 W. Some of the samples were also deposited
positioning the substrate with a 45° tilt with respect to the W target to increase the

roughness of the sensing layer and try to enhance the effective sensing area. The
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sputtering conditions gathered in Table 3.14. The process was conducted directly
on the AlN-based SMRs acting, defining the sensing area on the Mo/Au top
electrodes by lift-off process. The sputtering power is sufficiently low to not burn
the developed photoresist. Once the WOs layers are integrated on the surface of the

SMRs, an annealing treatment in air was performed at 350 °C for 12 hours.

Table 3.14. WOs sputtering conditions.

WOs layer Pressure Power [W] 02 conc. [%] Thickness

(label) [Pa] [nm]
Tilted-1 0.15 100 50 190
H-1 0.15 100 50 220
Tilted-2 0.15 100 50 330
H-2 0.15 100 30 270
Tilted-3 0.15 100 30 320

Good crystalline quality is essential for a metal oxide layer to function as
sensing layer. Raman spectra showed that sputtered W03 films on SMRs tend to
grow with a very poor crystalline structure, as it can be seen from figure 3.33. The
lack of the most characteristic Raman modes of W03 suggest that the thin films are
practically amorphous after the sputtering deposition. However, the spectra took
after the 350 °C annealing show a remarkable improvement in the crystalline
structure of the films. The most prominent peaks are the ones located at 710 cm™!
and 801 cm™!. These peaks are related to asymmetric and symmetric W-0-W
stretching modes, respectively, and are often associated with the monoclinic phase
of W03 [77], [78]. Additional observed peaks after annealing are the 260 cm™! and
320 cm™1, commonly associated to 0-W-0 bending modes [79]. Finally, the peaks
located at 123 cm™?! and 650 cm™? correspond to a lattice mode and a stretching
mode similar to the 710 cm™! one but in presence of water molecules, respectively
[80]. As it also can be observed from Figure 3.33, no significant difference is
appreciated between the two different sputtering processes for WO3 thin films, so
they seem to behave in a similar manner before and after annealing, going from
nearly amorphous to the highly dominant monoclinic phase observed from Raman

spectra.
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Figure 3.33. Raman spectra of the as deposited (black) and after annealing (red) WOs3 thin films
for the (a) 50:50 Ar:02 gas mixture and (b) 70:30 Ar:02 gas mixture during the sputtering process.

Topography and grain size analysis from AFM characterization reveal a quite
homogeneous behavior for the different W03 deposition conditions studied in this
work. In terms of surface roughness, the measurements reflect a slight increase after
the annealing treatment, going from an average 20.48 nm to 22.93 nm, which is
consistent with the literature [81]. The values of the RMS surface roughness
measurements for all the WOs3 sensing layers after the annealing process are shown
in Figure 3.34(a). In all the studied samples, the WO3 films grown on SMRs show a
remarkable variability in terms of grain size, going from 40 nm to 170 nm in
diameter. This variability, together with the mean roughness measurements, can
indicate that the films are highly microstructured and show a high surface ratio, a

rather helpful property for sensing applications. The 3D micrographs shown in
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3. Solidly mounted resonator sensors: materials and fabrication routes

Figure 3.34 show the dispersion in grain sizes and high roughness profiles. It can
also be noted that the Figure 3.34(b) image reveals tilted grains as a consequence of
the sputtering conditions, in opposition to the surface shown in Figure 3.34(c), in
which the WOs film is sputtered with a regular substrate-target disposition.
However, the observed tilted grains do not exhibit a straightforward correlation

with improved sensor performance, as will be discussed further in next chapter.
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Figure 3.34. (a) RMS surface roughness of the WOs films after annealing. AFM 3D topography
images of WOs films deposited by (b) 452 tilted sputtering and (c) regular sputtering conditions.

The frequency response of a typical device can be observed in Figure 3.35.

The final layout after defining the WOs sensing layer causes the generation of two
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resonances. This behavior will be further described in next chapter. The study of the
resonant and anti-resonant frequencies reveals that although presenting low
electromechanical coupling values, Q factors are good enough for the devices to

operate as high sensitivity gas sensors.
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Figure 3.35. Frequency response of W03-SMR sensor.
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SMR SENSORS IN HARSH ENVIRONMENTS: RESULTS AND
DISCUSSION

This chapter focuses on the response of the designed and manufactured devices

throughout the thesis. Proving the versatility of SMR-based sensors, we examined

their performance under different conditions depending on the temperature regime

and the specific utilized sensor.

The chapter is divided in three sections depending on the working

temperature: room, low and high temperature. Each section is structured as follows:

Room temperature section includes ethanol vapor detection
measurements using SMR sensors functionalized with CNT forests. This
section also includes the study of NO detection by pentacene
functionalized devices.

Low temperature section focuses on the study of dual-mode resonators
and their potential to decouple humidity and temperature effects from
their frequency response. This effect is achieved and tested in a wide
range of temperatures, going from —20 °C to room temperature.

High temperature section covers the characterization of the sensitivity to
different NO concentrations of SMR sensors functionalized with
sputtered WOs films in the 200-350°C range. Their principle of work is
thoroughly discussed, since their response seems not to be related to
gravimetric detection, which is the most typical behavior for SMR based
gas sensors. In this case, the frequency shift under analyte exposure can
be explained by the variation in elastic properties of the functionalization

layer.
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4.1. ROOM TEMPERATURE

Following previous research by the group [1], [2], we conducted detection
experiments for SMRs sensors at room temperature. These experiments allowed us
to link previous works with the proposed objectives. The first experiment consisted
in the detection and characterization of the sensitivity of SMRs functionalized with
CNT forests to ethanol vapor. This experiment was also useful to check the readiness
of the experimental characterization setup proposed as one of the objectives of the
thesis. The second one consisted in the study of SMRs functionalized with thermally
evaporated pentacene thin films as potential NO sensors. Pentacene has already
been explored as NOx sensing layer [3], [4], so its integration to SMR devices and

ability to detect NO gas molecules are studied in this experiment.

4.1.1. Ethanol vapor detection with CNT functionalized SMR sensors

As stated in previous chapters, CNT forests growth is an already mature procedure
well established within our group’s know-how [5]-[7]. They have been used as
active layers for sensor applications [8]. Extra functionalization steps to improve
their properties have also been studied [9], [10]. So, their integration on the SMR
top electrode and the characterization of the whole structure is a good starting point
to test the experimental setup and software specifically designed for this thesis.
Figure 4.1 shows the frequency response of a typical device, with its resonance
centered around 3.25 GHz. The Q factor values after CNT integration are Q, = 150
and Q, = 100, which are low for a typical c-axis oriented AIN-based SMR device.
This is due to the addition of the CNT forest to the structure, which deteriorates the
performance of the longitudinal mode. However, the observed Q factor values are
high enough to track the resonant and anti-resonant frequencies during sensing
activities. It is also worth noting that these devices are intended to operate in a
gaseous medium at room temperature, so no extra deterioration for the resonance

is expected.
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Figure 4.1. Frequency response of a SMR functionalized with CNTs SMR.

The sample devices were placed in the high temperature chamber. For this
experiment, the temperature controller was kept powered off. Then, the chamber
was sealed and purged with the help of a rotatory pump. Dry air was introduced to
the chamber at a constant flow of 300 sccm. The ethanol vapor gas cycles were
generated by a bubbler fed with dry air and filled with liquid ethanol. By mixing it
with the first dry air gas line, ethanol vapor concentration in the chamber can be
tuned. To test the change in sensitivity provided by the functionalization layer, we
first ran ethanol vapor detection experiments to the non-functionalized SMR device.
Figure 4.2(a) shows the frequency shift at resonance for three 100% ethanol vapor
exposure cycles. The behavior is repeatable after each adsorption-desorption cycle,
and the average shift is Af,, = —166 kHz. The integration of CNT forests on the SMR
surface enhances the sensitivity of the device for the same exposure cycles, as can
be observed from Figure 4.2(b). In this case, the shift at resonance is Af, =
—791 kHz, indicating that functionalization improves sensitivity by almost 5 times.
A second cycle at alower concentration causes a shift of Af, = —516 kHz, suggesting
sensitivity follows a linear dependence. From the measurements taken for the two

devices, the detection mechanism seems to be purely gravimetric.
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Figure 4.2. (a) Frequency shift for bare SMR and (b) CNT functionalized SMR upon ethanol vapor

exposure cycles.

In summary, c-axis oriented AIN-based SMRs functionalized with CNT forests
are able to successfully improve sensitivity towards ethanol vapor at room
temperature. This result confirms the suitability of the CNT forest-SMR structure as
gravimetric gas sensor. Extra functionalization steps, such as CNT decoration with
nanoparticles, can be addressed to improve sensitivity towards this or other species,

and to move operation temperatures out of room temperature range.
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4.1.2. Pentacene functionalized SMR sensors for nitric oxide detection

As already stated, pentacene is an organic material composed of five chained
benzene rings that can be arranged in crystalline structures. It has been studied as
material to be part of organic transistors [11], [12] and, more recently, as sensing
layer in NOx gas sensors, offering good sensitivity and high selectivity towards these
gas species [3], [4]. Pentacene can be deposited by thermal evaporation, which
makes it a convenient candidate for SMR functionalization. For this experiment, we
defined by lift-off a thermal evaporated pentacene thin films on the top electrode of
c-axis oriented AIN-based SMRs. First, we evaluated the frequency response of the
devices. The measured resonances were centered around 2.6 GHz, with Q factor
values in the range between 50 and 350, which makes them suitable for sensor
applications at room temperature. After placing them in the sensor characterization
chamber and running a purging cycle with dry air, we tested the sensor behavior to
humidity changes. Figure 4.3 shows results of the measurement, which indicates
that the sensitivity towards humidity is Sgy = 3.9 kHz/%RH.
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Figure 4.3. Relative humidity dependence of resonant frequency.

The devices were exposed to NO concentrations of 33.3 ppm, using dry air as
carrier gas, for 150 s and then cleaned with dry air for 300 s. Figure 4.4(a) shows
the response of the sensor for three NO exposure cycles. For each cycle, when the
analyte is injected to the chamber, a frequency shift is observed. The average
calculated frequency shift is Af. = 35 kHz. The observed baseline drift is in part

induced by the change in humidity conditions. However, an additional drift was
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observed, likely related to the use of dry air as carrier gas [13]. The temperature and

humidity conditions observed during the experiment are gathered in Figure 4.4(b).

In average, we observe AT = 0.3°C and A(%RH) =~ 1.4% in each gas exposure cycle.

These increments translate to a Af. = 5.7 kHz frequency shift. Therefore, a more

accurate sensitivity calculation towards NO can be obtained by subtracting this shift

to the one observed in fig. 4.4(a). This results in a sensitivity of Syo = 29.3 kHz
towards 33.3 ppm of NO, which is close to 1 kHz/ppm (0.88 kHz/ppm).
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Figure 4.4. (a) Pentacene functionalized SMR frequency shift upon NO exposure and (b) ambient

conditions during the experiment.

These measurements prove that SMR surfaces can be functionalized with

evaporated pentacene thin films and be used as gas sensors. The manufactured
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devices, as a proof of concept, were tested and their frequency changes were
monitored. Despite cross-sensitivity effects especially towards humidity changes,
we observed shifts in frequency indicating detection of 33.3 ppm of NO in ambient
at room temperature. However, additional detection tests at different analyte

concentrations are required to study the linearity of the variation in frequency shift.

4.2. LOW TEMPERATURE

This section covers the experiments carried out in low temperature environments.
One of the main issues that come up in this type of atmospheres is humidity
presence, therefore SMR devices need to be tested under these conditions first to
assure their viability as low temperature sensors. Moreover, the possibility of
tracking and discriminating humidity and temperature effects using a dual mode

configuration is also explored.

4.1.3. Dual-mode SMR sensor for humidity and temperature discrimination?

Electroacoustic resonators are one of the most relevant and well-established
devices within the telecommunication industry, as they have become key
components in current communication networks [14]. In addition to RF
applications, these devices have been found promising as high-resolution sensors
for a wide variety of magnitudes and targets [15], such as temperature [16],
pressure [17], different gas species [18]-[20] or even biosensing [21]-[23].
However, this versatility can lead to the observation of undesired effects, such as
cross-sensitivity or the response changes due to external ambient factors as
temperature and/or humidity. Their use as gravimetric sensors relies on the shift
experienced by the resonant frequencies when the targeted species are linked to the

properly functionalized surface of the resonator.

In this section, detecting and decoupling humidity changes from the
evolution of frequency response of a resonator specifically designed to display two
resonances at frequencies f; and f, subjected to temperature and humidity changes

is proposed. This behavior could be described with the following equations:

2 This section is a partial reproduction of J. M. Carmona-Cejas, T. Mirea, R. Hervés-Garcia, J. Olivares and M. Clement, “Dual-mode SMR-

based sensor for discriminating temperature humidity effects,” Sensors, 2024 (under review).
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Afl = TCF]_ - AT + HCFl - A(RH)
Af, = TCF, - AT + HCF, - A(RH)
where Af;, are the observed frequency changes, AT and A(RH) are the

(4.1)

variations in temperature and relative humidity (%) experienced by the devices, and
TCFy,, HCF,, are the temperature and humidity coefficients of frequency,
respectively. Therefore, a single resonator in dual mode configuration should allow
quantifying humidity and temperature variations through a single measurement

and decoupling one from the other.

AIN-based SMRs were manufactured in collaboration with Sorex Sensors Ltd.
[24]. The piezoelectric AIN film was sandwiched between two electrodes and grown
on top of an acoustic reflector similar to the one used in [25]. This configuration
contributed to provide good acoustic insulation. Additionally, a 50 nm-thick Au layer
was deposited on top of the devices, to prevent the electrode from oxidating at high
humidity concentrations and to prepare the sensor surface for further

functionalization.

The fabricated SMRs displayed two longitudinal modes at 1.78 GHz and 2.33
GHz. This phenomenon was achieved by engineering the acoustic reflector, which
leaded to two different resonances with different behavior upon temperature
variations [26]. Figure 4.5 shows the typical frequency response of a dual mode

resonator together with a schematic representation of the device.
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Figure 4.5. Typical frequency response of a dual mode resonator and an illustrative diagram of its

layout.

After fabrication the SMRs were bonded to a PCB (to ease the connection to

the VNA from inside the testing chamber), and placed on top of the Peltier module,
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4.2. low temperature

as can be observed in Figure 4.6. After evacuating the chamber with the rotary
pump, the flows of dry and humid air were adjusted with an array of MFCs to set the
desired atmosphere in the testing chamber. The characterization was carried out
by measuring the S parameters with a portable VNA and sending the data to a
computer to process the using our own LabVIEW designed software. The
environmental conditions inside the chamber were measured using an NTC and a
humidity sensor. A set of measurements at different temperatures and atmospheres
was carried out to prove the ability of the resonators to decouple the humidity and

temperature contributions to the shift in their resonant frequency.

Figure 4.6. View of the inside of the characterization chamber. The SMR is bonded to the PCB and

connected to a VNA via an RF cable.

The typical frequency response of the SMRs used for this work is shown in
Figure 4.7. Two resonances displaying (slightly) different properties appear
separated by around 540 MHz. These peaks experience frequency shifts without
interfering with each other over the wide range of temperature and relative
humidity envisaged in this work. The first mode has a resonant frequency of f, =

1789 MHz, an electromechanical coupling factor (kgff) of about 1.15%, and a

resonant quality factor of @, = 371, giving a figure of merit (FOM) of 426. For the
second mode, f, = 2332 MHz, whereas kgff = 1.1% and Q, = 206, resulting in
FOM = 227, indicating that both modes could be well suited for sensing
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applications. However, a maximized FOM is not the aim of this device, as we have

been focused on the temperature-humidity decoupling phenomenon.
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Figure 4.7. Typical frequency response of the SMRs.

The sensitivity of the two modes to temperature and relative humidity
changes in the environment can be assessed through the corresponding variation

coefficients in terms of frequency:

_Af

TCF = AT (4.2)
_ A

HCF = ARE (4.3)

where Af is the shift in resonant frequency, AT is the temperature variation,
ARH is the relative humidity variation and TCF and HCF are the temperature and
relative humidity frequency coefficients. These equations can also be normalized to
the value of resonant frequency measured at initial time. Prior to operation in any
given environment, these coefficients should be experimentally determined in order
to have an SMR sensor with a proper calibration. Since our devices display two

resonances, we have four coefficients to evaluate: two for each resonant frequency.

TCF measurements were carried out by tracking the resonant frequency of
the two modes while performing temperature sweeps at atmospheric pressure
under constant humidity conditions. The obtained coefficients were TCF; =
2.64 kHz/°C for the first mode and TCF, = 34.21 kHz/°C for the second mode. This

supposes a variation in almost 32 kHz/°C between the two coefficients, being the
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second mode much more sensitive to temperature changes than the first one, which

displays a low variation coefficient.

Once the TCF determined, the resonators were subjected to relative humidity
changes in the 20% to 60% range. During these experiments the temperature was
also tracked since slight temperature changes could take place. The typical
frequency shift of the two modes is shown in Figure 4.8. Both modes experience
different shifts, although this can be explained by the small temperature changes
undergone during data acquisition, as it can be seen from the temperature variation
measured and displayed on the right axis. Since the two modes behave differently
under temperature changes, both frequencies experience different variations after
each iteration. This also explains why after each sensing iteration both modes seem

to move upwards in frequency.
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Figure 4.8. Frequency shift under different relative humidity atmospheres for resonance 1 (black)

and resonance 2 (red). Temperature monitorization is displayed on the right axis.

Figure 4.9(a) shows the frequency response of the two modes for the same
relative humidity variation taken at room temperature and at low temperature
environments. The temperature changes during each measurement are also
different, being the low temperature experiment the one with higher temperature
variation from start to finish, as it can be extracted from the higher difference
between the two resonances. After applying a temperature-related correction, the
two modes seem to behave more similarly under the two different temperature
environments, as suggested by Figure 4.9(b). This correction is no more than
subtracting the frequency shift related to the temperature change during data

acquisition and leaving just the humidity-related changes:
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using their calculated TCFs. With the resulting frequency shifts we can deduce the
humidity coefficients for the two resonances. This calibration process is gathered in
Figure 4.10, where variations from 0 to ~65% are represented for the two
resonances together with their linear regression fits. Calculated HCF values are
HCF; = —1.94 4+ 0.09 kHz/(%RH) with a correlation coefficient R*> = 0.99 for
resonance 1 and HCF, = —1.62 + 0.08 kHz/(%RH) and R? = 0.98 for resonance 2.
The variation between them, which in this case is of around 0.32 kHz/(%RH), can

be neglected after considering the variation between temperature coefficients and

AfRH = AfTotal — TCF-AT

(4.4)

thus implying a very similar sensitivity to humidity changes from both modes.
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Figure 4.9. (a) Frequency shifts for a relative humidity variation of ~50% taken at room

temperature and at low temperature (~ — 2 °C), respectively, without keeping temperature

constant; (b) same measurements after subtracting the temperature variation contribution to the

frequency shifts.

138



-20 F : @ Resonance 1

40 b ".-.-..'.'_'_'. ° @ Resonance 2

80 | .
-100 [

-120

Frequency shift (kHz)

140 |

-180 L L L L L L
0 10 20 30 40 50 60 70

Relative Humidity (%)

Figure 4.10. HCF measurements for resonance 1 and resonance 2 within the range between 0 and
~65% RH together with their linear regression fits. The error bars represent the standard error of
the fit.

As HCF; and HCF, are similar to each other, we can decouple the influence of
relative humidity from the response of the resonator taking advantage of this
phenomena. So, starting from eq. 4.1 and assuming HCF;=HCF, we get the following
equation:

_ Ap—Af
TCF, — TCF,

which gives us a linear dependence between the temperature variations and the

AT (4.5)

difference of frequency shifts between the two modes.

Figure 4.11 shows a series of measurements where temperature variations
were recorded while the experimental conditions were set between 13 and 17.5°C.
The plotted frequency shifts represent the differences in resonant frequency
between resonance 1 and resonance 2. Additionally, arbitrary relative humidity
concentrations between 0 and ~65% were injected to the testing chamber to force
humidity-related frequency shifts to the two modes. Good linear dependence is
observed between the frequency and temperature variations despite the variation
in humidity atmospheres, leaving a linear regression parameter a = 0.02783 +
0.0011°C/kHz with a regression correlation coefficient R? = 0.99. The calculated
slope of this dependence from the TCF measured values would be (TCF, —
TCF;)~! = 0.0317 °C/kHz, which would lead to a difference of just 0.0039 °C/kHz,
proving a good agreement between the derived expression and the experimental

results is found. The same experiment was carried out at a larger range of
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temperatures, going from 17 to -18°C and applying different humidity
concentrations, too. The results are gathered in Figure 4.12 together with their
linear fit. In this case, the regression parameteris a = 0.0331 + 0.0022 °C/kHz with
a correlation coefficient R? = 0.99. This parameter differs with the calculation from
the TCF in 0.0014 °C/kHz. The good correlation found in this case proves that this
relation is independent from the temperature range and the humidity conditions in

where the device is operating.
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Figure 4.11. Difference in resonant frequency shift between resonance 1 and 2 for different
temperature variations in the 11.5 to 13 °C under arbitrary relative humidity concentrations.
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Figure 4.12. Difference in resonant frequency shift between resonance 1 and 2 for different

temperature variations in the 17 to -18 °C range under arbitrary relative humidity concentrations.
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Since different humidity variations at different temperatures imply different
water concentration in atmosphere, finding a similar behavior at room temperature
and lower temperatures for different humidity conditions suggest that the
frequency variations measured for the two resonances are linked to this relative
humidity changes and not only to the absolute concentration of water in the air. This
behavior has also been reported for higher temperatures in [27], where the
detection mechanism is not entirely gravimetric but based on the Young’s modulus
variation of the sensing layer. For a gravimetric detection process with negative
frequency shifts upon humidity exposure, a similar response for a higher

temperature range is reported in [28].

To summarize, the frequency response to both temperature and humidity
changes was evaluated and calibrated for a dual mode SMR sensor. Since the two
modes react in the same way to relative humidity changes, one can decouple this
effect from the sensor response from other potential target magnitudes, as it was
demonstrated with temperature changes. This behavior was proven at room
temperature and under a below 0°C environment, demonstrating that the two
modes are indeed sensitive to relative humidity changes and not purely to water
concentration changes in air. This also opens the possibility of just needing a
humidity calibration at any given temperature to work in any desired temperature

conditions.

As a potential application, the proven behavior of the SMRs in this work
suggest that a single SMR could be enough to be used as a gravimetric sensor after

decoupling both temperature and humidity effects from its frequency response.

4.3. HIGH TEMPERATURE

After testing the behavior of AIN-based SMRs at high temperatures and proving they
offer a sustainable performance [29], the devices were ready to be functionalized
through a non-harming process. This section covers the experiments conducted to
assess the performance of functionalized AIN-based SMR sensors operating at high
temperature. In this case, the devices were functionalized with W03 thin films. Metal
oxides have been widely studied as active layers for chemiresistive sensors. In
particular, WOs films offer great sensitivity and high selectivity towards oxidizing
gases such as NO and NOz2 [30], [31]. Moreover, sensors based on metal oxide thin

films usually need high operation temperatures (T,, > 150°C). These two
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4. SMR sensors in harsh environments: results and discussion

properties can be exploited to fabricate a NO sensor with the ability to operate at
high temperatures, which falls within the scope of one of the main objectives stated
at the beginning of the thesis.

4.1.4. AIN-based SMRs functionalized with WO3 films for nitric oxide
detection3

4.1.4.1. Frequency response of the SMR

The electrical response of AIN-based SMR sensors functionalized with W03 thin
films described in previous chapter was characterized. The corresponding modulus

of impedance, together with a top view of the sensor, are shown in Figure 4.13.
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Figure 4.13. (a) SMR response at room temperature and air before and after the deposition
of WOz layer (solid lines) and transmittance of the acoustic reflector (dashed lines). (b)
Optical microscope picture of the top electrode used to capacitively excite the SMRs

displaying the W03 covered and uncovered areas.

Results from Figure 4.13 reveal that the addition of the patterned WOs layer

significatively affected the performance of the resonator performance. Specifically,

3 This section is a partial reproduction of J. M. Carmona-Cejas, T. Mirea, J. Olivares, R. Hervas-Garcia and M. Clement, “AIN-based Solid

Mounted Resonators functionalized with WO3 films for NO detection,” Sens. and Actuators B: Chem., 2024 (under review).
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the longitudinal mode of the original uncovered resonator splits into two modes
after the addition of the W03 layer. Mode 1 remains close to the initial resonant
frequency, representing the resonator defined by the uncovered portion of the top
electrode. Meanwhile, Mode 2 appears at lower frequencies, corresponding to the
WOs3/AIN-SMR stack [32]. The shift to lower frequencies of mode 2 is proportional
to the thickness (or weight) of the WOs3 layer. This mode, which we will hereinafter
refer to as “active mode”, is crucial for sensing. It is worth noting that the two modes
fall within the region of lowest transmittance for longitudinal modes generated by
the Mo/SiO2 acoustic reflector, ensuring effective acoustic insulation. It is also
interesting to highlight that Mode 1, representing the unaltered SMR, was not
sensitive to the analyte studied in this work but could be influenced by ambient
factors such as temperature and humidity. Conversely, Mode 2 (the active mode),
appeared to be highly responsive to the analyte and provided the sensor response
during each exposure cycle by displaying changes in both resonant and anti-
resonant frequencies. For all the devices manufactured, the modes of the
unmodified SMRs were located approximately at 3 GHz, whereas the W03-SMR
active modes were positioned in the range of 2.1 to 2.7 GHz region, depending on
the thickness of the W03 layer.

An essential part of the characterization of the resonators was to verify
whether, after the heat treatment they undergo to enhance the crystallinity of the
WOs layer, the resonators remained suitable for use as sensors. A critical criterion
for resonator viability as a sensor is the maintenance of a reasonable Q factor,
indicative of its ability to preserve energy within the piezoelectric capacitor. The Q

factor of the resonators was deduced from the frequency response through [33]:

Qr,a

_fra (M)f (4.6)

2 df

where f, , are the resonant and anti-resonant frequency values and ¢(Z) is the
phase of the impedance. The Q factors for the NO-active modes exhibited values
within the 100 to 270 range, for both resonant and anti-resonant frequencies. This
indicates that the resonators maintained sufficiently high Q-factors for sensor
applications. Previous research on the high temperature performance of SMRs
similar to those employed in this study [34] indicate that the annealing temperature
remained well below the threshold from which the resonance is significantly
degraded. To illustrate mode behavior under high temperature operation, Figure

4.14 shows anti-resonant frequency measurements at room temperature, 200 °C
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and 300 °C. As evident, the response of the resonators degrades as operation
temperature increases, although still hold good Q values that allow for gas detection

experiments.
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Figure 4.14. Anti-resonant frequency measured at room temperature (black), at 200 °C (red) and
at 300 °C (blue).

Another important aspect of the resonator characterization involved
evaluating the impact ambient factors, specifically temperature. The TCFs of the

different resonant modes, defined as:

Afra

TCF,q = —

4.7)

were obtained by measuring the frequency response with the previously described
experimental setup under ambient temperatures ranging from 20 °C and 100 °C.
The TCFs for the unaltered SMR modes always stayed in the —35 kHz/°C range, for
both resonant and antiresonant frequencies. As for the W0O3-SMR active modes, they
showed a dependence on the thickness of the sensing layer. Specifically, for the 190
nm WOs layers, the TCF values were -62 kHz/°C and -67 kHz/°C for resonant and
anti-resonant frequencies, respectively. For the 330 nm WOs layers, the
corresponding TCF values increased to -128 kHz/°C and -134 kHz/°C for resonant

and anti-resonant frequencies, respectively.
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4.1.4.2. NO detection experiments

The performance of the SMR-sensors was evaluated using a custom-designed and
constructed setup. A schematic of the design is illustrated in Chapter 2. The devices
were placed inside the test chamber, and the gas flow maintained at 700 sccm
throughout process. The heating system was then activated to achieve the desired
operating temperature, and the sensor was allowed to stabilize overnight under
these conditions to ensure a consistent frequency response during measurements.
Subsequently, the sensor performance was assessed through cycles of NO gas
exposure lasting approximately 20 minutes using dry air as carrier gas, followed by
20 minutes of pure dry air flow to purge the atmosphere of the analyte. These cycles

were repeated at least three times for each device for every operating temperature.

The performance of the sensors was evaluated at 200 °C, 250 °C and 300 °C.
Two of the sensors also showed good sensitivity at 350 °C (H-1 and Tilted-3). The
rest of the sensors did not show sensitivity at 350 °C due to frequency modes
becoming too deteriorated. The temperature range used is within the already
proven range of optimum sensitivity of metal oxide functionalization layers [30]. All
the measurements were conducted using 50 ppm NO exposure cycles diluted in dry

air. A typical sensor response is shown in Figure 4.15.
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Figure 4.15. Transient response of the W03-SMR sensor (H-1) upon two 50 ppm NO exposure

cycles at 250 °C for resonant (black) and anti-resonant (red) frequencies.

Both resonant and anti-resonant frequency experience a strong response to

NO exposure. However, recovering baseline values proved challenging, due to a
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linear increase of frequency over time alongside the NO response, which had a more
pronounced impact on the resonant frequency. Apparently, this frequency drift
could not be attributed to a temperature decrease, as the temperature was
maintained constant via PID control. Moreover, the different drifts experienced by
the two modes cannot be justified by their corresponding TCF values determined
previously. Nevertheless, since the drift is linear over time it barely affects the

calculation of the sensors’ sensitivities.

To explore the detection limit of the sensors, detection experiments were
carried out at decreasing NO concentrations of 25, 15 and 5 ppm. All exposure cycles
were carried out at 200 °C, temperature that proved maximum sensitivity within the
measurement range. As shown in Figure 4.16, significant detection capability was
observed across all cases; the observed shifts suggest that lower even
concentrations, conserving linearity, could be effectively detected. The observed
response and recovery times are consistent for resonant and anti-resonant
frequencies and fall within the same ranges as those reported in the literature for
WOs-based chemiresistive NOx sensors [35]. These times range from 12-16 min at
200 °C to 4-8 min at 300 °C, indicating that temperature accelerates the

adsorption/desorption process of the NO molecules on W03 surface.
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Figure 4.16. Transient response of the W0O3-SMR sensor (H-1) upon 25 ppm, 15 ppm and 5 ppm

NO exposure cycles at 200°C for anti-resonant frequency shift.

The sensitivity of the sensors, defined as the ratio of the frequency shift
experienced by the resonant or anti-resonant frequency to the NO concentration,
through the equation:
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Afra
Sr,a = m (48)

was determined for all the operation temperatures. The corresponding
results are depicted in Figure 4.17. As evident, the sensitivities to NO for both
resonant and anti-resonant frequencies are very similar in each instance. If the
sensitivities and TCF values are known, a simultaneous measurement of the
resonant and anti-resonant frequencies can provide analyte concentrations while
decoupling temperature effects, as reported in [36]. The highest sensitivity was
achieved with H-1 sensor operating at 200 °C, with a nearly 300 kHz shift for 50 ppm
value, resulting on 5.32 kHz/ppm shift for the resonant frequency and a 5.48
kHz/ppm shift for the anti-resonant frequency. However, its performance degraded
at higher temperatures, yielding sensitivity values of 3.62 kHz/ppm and 3.87
kHz/ppm at 250 °C, 1.22 kHz/ppm and 1.20 kHz/ppm at 300 °C, and 1.14 kHz/ppm
and 1.49 kHz/ppm at 350 °C. The Tilted-3 sensor, although initially showing lower
sensitivity at 200 °C (3.51 kHz/ppm and 3.36 kHz/ppm), offered the best
performance at high temperature, with a sensitivity of 1.5 kHz/ppm at 350 °C. Other
evaluated sensors, while demonstrating good response to the analyte, specially at
200 °C, showed poorer sensitivities compared to the aforementioned sensors. The
superior performance observed in the H-1 sensors, despite displaying the lower
surface roughness, could be attributed to the 50% O2 partial pressure used during
sputtering process, which has been reported to be optimal for enhancing sensing
behavior [37]. Another possible cause could be the thickness of the sensing layers,
as thicknesses below 200 nm and above 250 nm provide a reduced response
compared to the obtained in the H-1 sensors, corresponding to 220 nm. No

significant variation in sensitivity was observed between the tilted non-tilted WOs.
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Figure 4.17. Sensitivities towards 50 ppm of NO for the studied sensors at the different operating
temperatures for resonant (dashed lines) and anti-resonant (solid lines) frequencies. The lines are

plotted to guide the eye.
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In all scenarios the sensors’ response decreased with increasing
temperature. This trend can be attributed to the higher rate of oxygen adsorption
on the WOs surface at higher temperatures [38]. Since the sensing mechanism relies
on analyte adsorption at oxygen vacancy sites [39], if O2 molecules dissociate in
these sites, NO molecules must compete with them, potentially resulting in a weaker
overall sensor response. However, at higher temperatures, the response and
recovery times enhanced, indicating that the higher kinetic energy of NO molecules
helped to speed up the adsorption/desorption process. Furthermore, increasing the
operation temperature produced some degradation of the resonators’ performance,
with significant lowering of the Q factors in some cases. Since the Q factors are
closely related to the limit of detection of the sensor, this could explain why some
sensors failed to detect at 350 °C.

Contrary to the typical behavior observed in BAW/SAW gravimetric sensors,
the adsorption of NO molecules resulted in a positive frequency shift for both
resonant and anti-resonant frequencies across all the sensors examined. This
indicates that following NO exposure, the frequencies tended to rise relative to the
baseline frequency. It is known that when NOx molecules adsorb onto WOs3 surfaces,
the electrical resistance of the films increases due to oxidation, contrary to what
happens when they are exposed to reducing gases [30]. Furthermore, this oxidation
process can induce alterations in the elastic properties of the sensing layer [40]. In
this case, following NO adsorption, the acoustic velocity of the longitudinal mode
experiences an increase. As resonant frequency is directly proportional to the
acoustic velocity [15], a positive shift in acoustic velocity would consequently lead
to a positive shift in frequency. In this case, this shift would be greater than the
negative shift induced by mass incorporation. This effect has been already reported
in SAW devices [13], [41] and in FBAR-based sensors [42]. Figure 4.18 shows a
simulation using Mason’s model to investigate the influence of variations in the
acoustic velocity of the W03 on the resonant frequency of the devices. The SMR
configuration corresponded to that of the devices fabricated for this study. The W03
material properties were taken from [43]. As evident in Figure 4.18, the frequency
shift is clearly influenced by the acoustic velocity and significantly increases with
the thickness of the WOs layer. It is evident that for thicknesses of 100 nm or less, a
change in acoustic velocity and, therefore, in stiffness, does not lead to an
appreciable shift in frequency. However, for thicknesses ranging from 200 to 300
nm, the effect becomes more pronounced and a remarkable shift in frequency is

induced.
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Figure 4.18. Frequency shifts due to longitudinal acoustic velocity changes for different WOs3 film

thicknesses using Mason’s model simulations.

AlN-based piezoelectric resonators were fabricated on Mo/SiO2 acoustic
reflectors to operate in the 2-3 GHz range. These resonators were tested as a
potential transduction method for NO gas sensors. The full sensor consisted of dc
pulsed sputtered WOs thin films integrated on the top electrode of the resonators,
leaving part of it uncoated to allow electrical contact. Two different Ar:02 gas
mixtures were used during sputtering process. After all the fabrication steps, a 12
hour, 350 °C annealing process in air was performed to improve crystalline quality
of the WOs3 films.

From material characterization techniques, Raman spectra showed that W03
films were practically amorphous before annealing and presented a monoclinic
structure after, with rather improved crystalline quality. The films also presented
relatively large surface roughness and great dispersion in grain size values,
indicating good surface ratio. The electrical characterization showed that the
resonance modes generated after integrating the sensing layers had good enough Q

factors to perform as sensors even after the annealing process.

To test the performance of the W0O3-SMR sensors, 50 ppm NO exposure cycles
were carried out for all the fabricated devices at 200, 250 and 300 °C. They all
showed great sensitivity, higher than 1 kHz/ppm in most of the cases, and two of
them also showed good performance at 350 °C. The highest sensitivity measured
was 5.32 kHz/ppm and 5.48 kHz/ppm for a device with 220 nm WOs layer at 200

°C, meaning that sub-ppm levels of detection could be achieved. However, frequency
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drifts during sensing performance measurements were almost unavoidable in many
cases and thus further research needs to be carried out on that. Moreover, an
improvement in Q factor values for the W0O3-SMR modes would lead to higher

resolution and lower limits of detection.
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CONCLUSIONS

The final goal of this work is summed up in its title: to design, fabricate and

manufacture AIN-based Solidly mounted resonator gas sensors for harsh environment

applications. However, this was broken down into several objectives, as stated at the

end of Chapter 1. So, to summarize the findings throughout the original work

presented and discussed in this thesis, it is interesting to analyze the conclusions

obtained for each individual objective.

Study of the properties and behavior of the materials involved in the

fabrication process.

We performed a comparative study of the properties and performance of
four fully dielectric acoustic reflector configurations: Zn0O/SiO2,
Ta20s5/Si102, AIN/SiO2 and HfN/SiO2. All the configurations displayed good
Q factor values, suitable for sensor applications. High temperature
exposure deteriorated their performance, although maintaining
acceptable performance. However, resonators on HfN/SiO2 reflectors
were the most affected and got destroyed in some cases. Mo/SiO2
reflectors were also studied. This configuration displayed higher stability
after high temperature exposure, which is why we concluded they were
the most suitable for the manufacture of SMRs intended to work as gas
sensors in high temperature environments.

The electrodes of the resonators are an important component since they
are employed for the electrical excitation of the piezoelectric film. For the
bottom electrodes, Ir was the material of choice as it is a good substrate
for sputtering of high quality AIN piezoelectric films. Top electrodes for
high temperature operation were made of Mo/Au. The top Au thin film

was sputtered as protective layer in sensing applications, since bare Mo
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electrodes are highly sensitive to oxidation processes, especially at high
temperatures.

For sensing applications, we chose AIN as piezoelectric material. AIN-
based resonators usually display higher Q factor values, which is essential
in this type of application. Moreover, the piezoelectric films were
deposited with high c-axis orientation so the resulting SMRs could
present high quality longitudinal modes. Shear mode devices were
manufactured to assess the performance of the different fully dielectric
reflector configurations but were not required for sensor applications
since in-liquid operation is out of the scope of this thesis.

Additionally, we studied Alo.7Sco.3N thin films and their performance as
piezoelectric materials in SMRs. Although some of the devices showed
great piezoelectric performance, the observed Q factors and lack of
stability after high temperature exposure do not make them better

candidates for sensor applications than AlN films.

To have completely functional gas sensors, the final proposed task was to

study the potential functionalization layers and their integration in order to

obtain already operating devices with good response for sensing applications:

Following an already established process, we were able to grow CNT
forests on the top electrode of the SMRs via CVD technique. The outcome
devices showed Q factors in the range of 50-350, making them suitable
for sensing applications at room temperature.

We employed thermal evaporation techniques to deposit pentacene thin
films on the SMRs to act as functionalization layer. The resulting devices
displayed Q factors in the 50-330 range, suitable for room temperature
sensing applications.

Finally, we developed a reproducible method of SMR functionalization
with WOs thin films, sputtered at very low power and defined within the
active layer of the Mo/Au top electrode by lift-off process. In order to
enhance sensitivity to NO molecules, the films underwent annealing at
final conditions of 350 °C for 12 hours, aiming to mitigate potential
damage to the resonators. After this process, the observed Q factors of the
SMR sensors stayed in the 100-300 range, making them suitable for high

temperature sensing applications.

Design, development, and testing of a sensor characterization setup.
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e We successfully developed a sensor characterization setup, provided
with two chambers: one for low temperature and one for high
temperature experiments. Each chamber receives input from four gas
lines regulated by MFCs, supplying dry air, CO2, and NO. The fourth gas
line is employed in a bubbling system to produce humidity and/or VOC
vapors. Considering the two chambers, the setup can operate in the —40
to 450 °C range.

Fabrication and characterization of SMR-based sensors for gas detection
under harsh conditions.

e In the low temperature range, we tested dual mode SMRs to detect
temperature and humidity changes. This configuration proved to be
useful for discriminating temperature and humidity contributions to the
observed frequency shifts. This behavior, initially tested at room
temperature, was reproducible at temperatures below 0 °C,
independently from the temperature variation to which the device is
subjected.

e Regarding high temperature conditions, we demonstrated high
sensitivity detection of NO achieved with AIN-based SMRs functionalized
with sputtered WOs3 thin films. Film thicknesses from 190 nm to 330 nm
were tested in the 200 to 350 °C range. All devices demonstrated
sensitivity to NO, with the highest measured values of 5.32 kHz/ppm and
5.48 kHz/ppm for resonant and anti-resonant frequencies, respectively.
These peak sensitivities were observed in sensors featuring 220 nm thick
WOs films at 200 °C. The achieved sensitivities, showing good linearity
upon exposure to various analyte concentrations, enable sub-ppm range
detection, which is in the state of the art within NO chemical sensors at
high temperatures. Concerning sensing mechanisms, the study revealed
that the frequency shifts caused by NO adsorption could not be explained
by a purely gravimetric approach, but rather by a change in the elastic
properties of the sensing layer. In this case, the adsorbed molecules
increased the acoustic longitudinal velocity of the material, inducing a

positive frequency shift used to detect the target gas.

Although beyond the main scope of the thesis, yet in agreement with its
thematic focus, we also conducted some gas sensor characterization experiments at

room temperature, leading to the following conclusions:
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We detected ethanol vapor using SMRs functionalized with CNT forests,
enhancing the device's sensitivity by almost 5 times. This experiment also
served the extra purpose of verifying the completion of a primary thesis
objective: the successful construction and operation of a gas sensor
characterization setup.

Using pentacene functionalized SMRs, we were able to detect NO
concentrations of 33.3 ppm at room temperature. The sensors exhibited

a net sensitivity towards the analyte of 0.88 kHz/ppm.
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FUTURE WORK

The objectives proposed for this thesis are a consequence of the previous research
carried out by our group. In the same way, the work conducted to achieve these
objectives can lead to new research. The envisioned research lines further explore
optimization of processes and integration of new materials for the already studied
devices. Moreover, some of the suggested lines are intended to combine tools from
other fields of knowledge to enhance the properties of the sensors and to bring them

closer to a state of market readiness.

The suggested lines are:

e Optimization of dielectric acoustic reflectors. Conduct further
experiments to optimize manufacturing processes and improve Q factor
values of the resonators, which would help delivering better sensor
performance. Start testing processes of SMR sensors on dielectric
acoustic reflectors at high temperatures.

¢ Electrode materials for high temperature applications. Conduct an
extensive study of diverse electrode materials, such as Pt and alloys
tailored for high-temperature sensor applications [1]-[3]. Perform a
comparative analysis, specifically focusing on the already developed
Mo/Au electrodes, to point out which materials show superior
performance in high temperature environments.

e Comparative analysis of AIN vs AlScN based SMR sensors. Perform a
detailed comparative study between AIN and AlScN based SMR sensors.
Explore their respective advantages and limitations, considering factors
such as sensitivity, stability, and response characteristics under different
environmental conditions.

e Optimization of W03 annealing process. Study of the annealing times

and temperatures influence in the performance of the sensors. The ideal
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outcome of this study would be to reach shorter annealing times without
compromising the performance, since the already proposed ones are
hardly compatible with fabrication routes at an industrial level.
Additional functionalization steps for CNT forests. Implement extra
functionalization steps for CNT forests to make them suitable for both
high and low-temperature sensing applications [4], [5]. For instance,
explore the decoration of CNTs with nanoparticles (NPs) to enhance their
sensing capabilities.

Functionalization layers for high temperature applications. In
parallel to the optimization of WO3 layers for NOx detection, extend the
study of functionalization layers to other gases at high temperatures, such
as CO and CO2. Explore new materials and surface treatments to develop
sensors with increased sensitivity and selectivity towards these specific
gases.

Electronic readout circuit development. From a final prototype
perspective, the sensor should incorporate dedicated readout electronics
to streamline device usage. Designing electronic circuits for high
frequencies and high temperature environments can suppose a
significant challenge. Various designs will be explored, covering options
based on oscillators with Pierce or Colpitts topologies [6]. The objective
is to develop two types of readout circuits: one relying on discrete
components and another utilizing silicon chips with CMOS technology.
After integration of the sensor and electronics, the characterization of the
final sensing configuration will be possible, especially in terms of
resolution and LOD.

Packaging of SMR gas sensors. Progress to the packaging phase for
already functional SMR sensors. This process will be addressed first for
the individual sensor and then for the sensor and electronic readout
system. To ensure practical application of the sensors, durability,
environmental protection, and long-term stability will be considered.
Additional specifications for high temperature applications will be
required.

Integration of Machine/Deep Learning models. Develop advanced
Machine/Deep Learning tools to improve sensor properties such as
sensitivity, selectivity, and limit of detection. Generate a database

consisting of sensor response measurements under different
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environmental conditions and gas concentrations. Then, perform the
training and optimization phase for carefully selected models, complying
with the possible specifications of each model in terms of data pre-
processing. Some of the potential models are Gradient Boosting and
random tree-based models, as well as recurrent and convolutional neural
networks [7]. For cross-sensitivity studies, clustering algorithms like
KNN and K-means will be explored [8].

And of course, the final goal is to continuously explore and integrate new
research directions as these studies progress, adapting the focus based on emerging

materials, technologies, and applications in the field of sensor technology.
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