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Abstract

Piezoelectric thin films play a crucial role in the modern communication world, as they are the core of
radio frequency (RF) filters used in virtually all mobile devices. These components ensure the trans-
mission and reception of signals at specific frequencies. Surface Acoustic Wave resonators (SAW) and
Bulk Acoustic Wave (BAW) resonators are the current standard for piezoelectric-based RF filters, with
Aluminum Nitride (AIN) being one of the most commonly used material. As mobile network technology
advances, RF filters must work at higher frequencies with larger bandwidths, and the devices’ designs and
materials must be developed too. In this context, this thesis aims to optimize the sputtering deposition of
piezoelectric thin films. The experimental work has been carried out in the Center of MicroNanotechnol-
ogy (CMi) at the Ecole Polytechnique Fédérale de Lausanne (EPFL) under the direction of the Advanced
NEMS Laboratory led by Prof. Guillermo Villanueva. The optimization process focused on tuning the
deposition parameters of a newly available sputtering tool, the Alliance Concept CT200 Clustertool. The
research was organized keeping in mind the final application of the thin films. The optimization process
hence included the development of a quality bottom electrode in Platinum, the deposition of AIN thin
films, and the characterization of their properties. Finally, to study the piezoelectric properties of the
deposited films, a Free-Standing Bulk Acoustic Resonator (FBAR) microdevice was realized to analyze
its frequency response. A brief investigation of the tool’s potentiality of co-sputtering Sc-alloyed AIN
(AIScN) was also carried out. Crystallographic measurements indicated the production of poly-crystalline
AIN thin films with a good degree of orientation along the [001] direction (FWHM of the rocking curve:
1.72 °), proving the efficacy of the tool to deposit piezoelectric thin films on the bottom electrodes. The
Pt electrode also showed a good degree of crystallization along the [111] direction, and electrical mea-
surement indicated films only 10% more resistive than the bulk material. Composition and thickness of
the thin films were proven consistent over several depositions by measurements, while film crystallinity
results were less conclusive, as they were influenced by tool contamination. The realization of FBAR was
successful, and the frequency response measurement indicated that the device had an effective coupling
coefficient k'gf 7 equal to 6.20%, compared to a theoretical value k3 of 7.46%. This result proved that
the AIN thin films deposited with the sputtering tool were compatible with RF microdevices. Finally, the
composition analysis of the AIScN films proved the capability of the tool of co-sputtering films with a
controlled doping content.
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1. Introduction

Modern telecommunications employ a wide range of signal frequencies to deliver information in an ever
more connected world. To be able to receive the information encoded in these signals, a device must be
equipped with an appropriate filter able to separate useful frequencies from noise and unwanted signals.
At the core of most Radio Filters chips lays a piezoelectric micro-electromechanical system, either in the
configuration of a Bulk Acoustic Wave (BAW) Resonator or Surface Acoustic Wave (SAW) Resonator.
These devices utilize a thin piezoelectric layer to generate a clear response to a determined input frequency
with Aluminum Nitride (AIN) being one of the most used material for this application. The advancement
of communication technologies requires that RF Filters work at higher frequencies and broader band-
widths. To do so both the research on devices design and materials must be developed further.

In this context, this thesis aims at optimizing the deposition by sputtering of AIN thin piezoelectric films
using the Alliance Concept CT200 Cluster Sputtering tool. The resulting thin films must have adequate
properties for the integration in microdevices. In order to do so, the experimental work unfolded in three
parts: the development of a Pt layer, with optimized properties to function both as a growth template
for the piezoelectric layer and as a bottom electrode; the optimization of the deposition parameters for
the AIN piezoelectric layer; and finally the development of a simple Free-standing Bulk Acoustic Res-
onator (FBAR) to prove that the process is compatible with the realization of microdevices and to assess
the piezoelectric quality of the film. To assess the quality of the thin films deposited with the CT200
tool, several direct characterization techniques are employed, in particular X-Ray Diffraction Measures
to determine the crystalline properties of the thin films and Spectroscopic Ellipsometry to measure the
film thickness and uniformity. The characterization of piezoelectric properties is done by studying the
frequency response of the FBARs.

This thesis is divided in chapters according to the work outline described above. This chapter is dedicated
to the introduction of Aluminum Nitride, its piezoelectric properties sputtering deposition and Scandium
doping. Chapter | covers the experimental methods and details. Chapter Bl focuses on the development
of the Pt bottom electrode, discussing the material selection and the various depositions processes. In
Chapter H the optimization process for the AIN deposition is discussed, and the potentiality of the ma-
chine to produce Sc-doped AIN thin layers is briefly investigated. The development of the microdevices
and the results of the frequency response measurement are discussed in Chapter . Finally, Chapter [ ties
together the results of every step to draw the conclusions of this work.

1.1 Aluminum Nitride and its piezoelectric properties

Aluminum Nitride is a III-V semiconductor, characterized by excellent mechanical, thermal, electrical,
chemical and optical properties. The main properties highlighted by literature are the high thermal con-
ductivity, in the order of 300 W m~! K~ [[1]], the wide direct band gap of 6.2 eV [2], the high acoustic
velocity, in the range of 10* m s~! [3]. AIN crystallizes in a wurtzite lattice under normal pressure con-
ditions, with cell parameters a = 0.3110 nm, ¢ = 0.4980 nm [4]. The wurzite crystalline lattice, reported
in Figure [L.1], is not centro-symmetric, and this causes the formation of an electric dipole moment in the
crystalline cell along the c-direction. The dipole moment density, or polarization, varies when the mate-
rial is subjected to an external stress that modifies the interatomic distance along the c-axis. At the same
time, and external electrical field applied to the material can deform the crystalline lattice, generating a
strain in the material. These two phenomena are the direct and inverse piezoelectric effect, that allow
AIN to be used to convert mechanical energy into electrical energy and viceversa. Piezoelectricity is at
the core of several kinds of Micro Electro Mechanical Systems (MEMS), including Frequency Filters [5,
6], Energy Harvesters [[7-9], Sensors [[10, 11] and Precision transducers [[12].
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Figure 1.1: AIN wurtzite crystalline lattice, view from a plane parallel (a) and perpendicular (b) to ¢

direction [4, 13]

Piezoelectricity can be be modeled as a linear interaction between the electrical and mechanical state
of the material. The resulting fundamental equations of piezoelectricity (Eq to [L.4), that express the
relationship between stress T, strain .S, electric field F and electric displacement D can be reported as:

S=sT+d'E (1.1)
D=dT +<"E (1.2)
T =cPS+¢eFE (1.3)
D=eS+¢%E (1.4)

In which s¥ is the elastic compliance matrix at constant electrical field, d and its transpose dt are
the matrix of piezoelectric strain coefficients, €T is the permittivity matrix measured at fixed stress, cP
is the stiffness matrix at constant electrical field, e is the matrix of piezoelectric stress coefficients and
€5 is the permittivity matrix at constant strain [[14]. Eq and use the Stress-Charge notation and
Eq [L.3 and [L.4 use the Strain-Charge notation, which are interchangeable using Eq [L.3 to [L.7:

1
E _
e
el =¢S5+ De (1.7)

For AIN, considering the symmetry of the lattice, Eq and Eq can be rewritten with the Voigt
notation as Eq [I.§ and [I.9:
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Where for strain and stress components S; and 73, the subscript 1,2,3 denote normal strain and stress
components along the main direction, and 4,5,6 shear stress and strain components. For the piezoelectric
coefficients, d;; and e;; ¢ denotes the direction in which the electric field is applied and j where the strain
or stress is obtained. The piezoelectric coefficients are defined accordingly by Eq and [L.11]:
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61] = (a_EZ>S (111)

In AIN, direction 3 is assigned to the c-axis direction, and hence the main modes of piezoelectric

excitation are the thickness mode, governed by dss, and the transversal mode governed by ds;. The
values of AIN piezoelectric coefficient reported in literature are 5.5 pC N~! for d33 [[15] and -0.893 pC
N~ for ds3 [[16]. These values however can vary greatly due to the quality of the material, its production
methods, and the configuration with which the measurement was conducted.
All piezoelectric material present a critical temperature above which the non-centrosymmetry of their
crystalline lattice is broken, and the material is no more capable of coupling electrical and mechanical
energy. This temperature is defined as the piezolectric Curie temperature, and for AIN it is equal to
1150 °C [[15]. AIN piezoelectricity can then be exploited at temperatures at which other piezoelectric
materials loses their properties or undergo thermal decomposition [[17]. The stability of AIN at high
temperatures however is not the only property that makes this material suitable for MEMS production.
Implementing AIN in piezoelectric MEMS offers several advantages [[18]. For instance, the high stiffness
coefficients and a relatively low density (3.255 kg m™3) give AIN excellent acoustic properties, such as
high sound velocity and acoustic impedance, useful for the confinement of mechanical energy in Acoustic
Wave Resonators. AIN thermal and chemical stability reduce significantly the risk of diffusion between
different layers of the devices, and make the material suitable for the realization of sensors employable
in aggressive environments. AIN can also be produced in form of thin films with a large number of
depositions techniques, with an easier and better control over its stoichiometry compared to piezoelectric
material made of ternary compounds, such as Lead Zirconate Titanate. Finally, thanks to this production
flexibility, AIN is also depositable as an oriented polycrystalline thin film using Magnetron Sputtering
at temperatures below 500°C, making it integrable with the production of Complementary Metal-Oxide-
Semiconductor (CMOS) technologies [|19].

1.2 Deposition of AIN thin films by Magnetron Sputtering

Sputtering is a Physical Vapor Deposition technique that utilizes a plasma to eject matter from a target
cathode and deposit it on the desired substrate. As plasma is composed of electrically charged particles, it
is capable of conducting current and magnetic field can be used to contain it in the proximity of the targets.
The confinement implies a higher plasma density that make the sputtering more efficient. To deposit a
material in a system like the one reported in Figure [1.2, the deposition chamber is firstly evacuated
to a base pressure value set, then the sputtering gas, very frequently represented by Argon, is pumped
in the chamber to reach the desired process pressure. The plasma is created by imposing a potential
difference between the cathode and the anode. Depending on how the power is provided to the cathode,
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the sputtering can be classified as Direct Current, in which the power is supplied continuously, as pulsed
Direct current, in which the power supply is periodically shut off and as Radio Frequency, when the power
source uses Alternated Current. The magnets responsible for the confinement of plasma are generally
planar and located behind the target [20]. By implementing heating elements in the substrate holders it is
also possible to deposit films at high temperature, to possibly enhance the properties of the film sputtered
The deposition of AIN via sputtering requires the presence of Nitrogen in the sputtering gas. This variation
of sputtering is defined as reactive sputtering, as the Ny gas in the plasma gets ionized and reacts with the
particles ejected from the target. The reaction however occurs also on the target. If the rate of sputtering is
lower than the rate of reaction, on top of the target a layer of nitride is formed, poisoning it. The resulting
nitride is dielectric, and if the sputtering power is being supplied continuously, charges accumulate on
the surface of the target, reducing or stopping completely the ion bombardment from the plasma. For
this reason AIN sputtering is prevalently deposited in pulsed-DC or RF configuration. Target poisoning
however can be used to control effectively the stoichiometry of the films at the expense of deposition rate.
If the reaction rate and etching rate of the nitride on the target are equal, the deposition rate is constant
and both Al and N atoms are extracted with the same rate from the target.

L Anode (+) J Substrate
O
Argas — @ ... ° T 4 @ Ar atom
o Electron
° ® ° Q Ar’ ion
R Y °
v o Target (fragment)
'y . 4 Q ® . S
° /' ° { J
O @) O @ Plasma
Q) . : @)
. Target (bulk)
Cathode (-)
Cooling water Cooling water

— To vacuum

Magnets

Power supply
Figure 1.2: Schematics of a generic magnetron sputtering tool. Adapted from [[19]

The operating parameters strongly influence the properties of sputtered films. The mean free path
Lynean of particles in the plasma depends on its pressure and temperature according to Eq [21]:
ky T

L = 1.12

e ﬁp(él’ﬂr?nean) ( )
where kj, is the Boltzmann constant and 7,4y, is the mean radius of the constituent species in the plasma.
The mean free can then be related to the collision probability Qp;; of a particle ejected from the target
hitting the substrate at a distance Dpg [L.13:

—Drg

Qnit = 1 — exp (1.13)

Lmean



If the substrate is put at a distance where (p;; is below a certain value (0.5 for AIN in [21]]) the
film will always be amorphous. These relationship however is limited to the transport of the sputtered
particles to the substrate, where the film growth also involves their adsorption, and the movement of the
adsorbed atoms through surface and bulk diffusion. In order to obtain a determined crystalline structure,
the particles impinging on the surface of the growing film must have and adequate energy that allows
their adsorption and provides sufficient mobility to the adatoms. If the energy is too elevated, the par-
ticle can effectively damage the surface, while if it is too low, the adsorption might not happen or the
mobility is then not sufficient to modify the microstructure. Thorthon [22] developed a zone model for
the sputtering of metallic coating that related the obtained microstructure with the sputtering pressure
and the temperature of the substrate, showing of these two parameters can be tuned to obtain a desired
microstructure. For the deposition of AIN however a lot of parameters are involved in the determination
of the final microstructure, especially if considering that the plasma composition is not uniform. Several
studies have been carried out to determine the correlation between the sputtering condition and the final
microstructure of AIN thin films [23, 24, with demonstration of the capability of producing AIN nanos-
tructures or nanostructured films using magnetron sputtering [[7, 25].

The main process parameters that are controlled for the deposition of AIN are the gas ratio of Ng to Ar
[6, 23, 26-29], the substrate temperature [6, 27, 29, 30], the sputtering power [23, 28] and the deposition
pressure [23, 28, 29]. Other parameters that were also proved to be effective for depositing AIN with
controlled microstructure were the configuration of magnetic field containing the plasma [31], the con-
figuration of pulsed sputtering power [2€] and the application of a bias to the substrate [23, B0].

It has to be pointed out that while general correlations can be traced between sputtering parameters and
the resulting film properties, the complexity of the system implies each sputtering tool with different
configuration has a different parameter tuning to obtain the desired microstructure of the AIN films. As
the piezoelectric properties of AIN are maximum along the c-direction, the most common target config-
uration for these applications are polycrystalline films grown along the (002) planes, with the highest
possible grain orientation in the c-direction [24].

1.3 Aluminum and Scandium Nitride

Despite the several excellent properties of AIN, its actual piezoelectric coefficients are modest if com-
pared to other piezoelectric materials, such as Lead Zirconate Titanate, that can reach ds3 values 75 times
greater than those of AIN. [32] In order to address this issue, is possible to modify the composition of the
material by adding Scandium, creating the Aluminum Scandium nitride alloy, AIScN. This can be done
wither by mean of conventional magnetron sputtering using a target of Al-Sc alloy at fixed composition
[33], or by the simultaneous sputtering of two targets. This technique is called co-sputtering and was used
by Akiyama et al. [[15], who were the first to report the effect of Sc concentration on the piezoelectric
coefficient of AIScN, proving a five fold increase in the dsgz coefficient compared to pure AIN with a
Sc concentration of 43%. Thanks to co-sputtering by providing different powers to each target the Sc
concentration in the film can be effetively regulated. The concentration at which the maximum peizo-
electric coefficient was measured was also proved to be the limit for for which the material still exhibit
piezoelectricity, as at Sc concentrations above 46% AIScN crystallizes in a cubic form, which is typical
of ScN. The Sc doping modifies the lattice, increasing the a parameter while decreasing the ¢ parame-
ter. Tasnadi et al. explained this enhancement through ab-initio calculations [34]]. As Al and Sc atoms
compete to bond with N atoms, the lattice parameter decreases in the c direction and the lattice becomes
more deformable. This in turn causes a softening of the elastic stiffness coefficient c33, and doing so the
material becomes more reactive to polarization, increasing the piezoelectric response. Following works
[B3, B5] proved this effect, which combined with a slightly higher density results in lower acoustic ve-
locities in the c-direction. A further investigation conducted by Satoh et al. [36] on the phase transitions
of the AIN-ScN system proved that in the range of Sc concentration between 35% and 43% the wurtzite
and cubic crystalline structure coexist. This in turn can lead in the formation of Abnormally Oriented
Grains, AOGs, that can reduce the piezoelectric response of the film and modify the stress distribution
of the film [B7]. The advantages of alloying AIN with ScN however are not limited to the increase in
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the piezoelectric response: above a Sc concentration of 27%, AlScN exhibit clear ferroelectric properties
[38]. Ferroelectricity in a material is the presence of a spontaneous polarization in its crystalline lattice,
which value and direction can be varied with the application of an external fields. While all ferroeelctric
material are piezoelectric, the opposite is not true, as demonstrated by the absence of ferroelectric proper-
ties of AIN. Thanks to the enhancement of piezoelectric properties and the acquisition of ferroelectricity,
AIScN configures itself as a material capable of substituting AIN in most application. However, as the
research in this field began only 16 years ago, AlScN technology is not as ready as the AIN’s one to
enter the phase of mass-production [39]. While control over the Sc concentration of film deposited has
been managed from the beginning of Akiyama et al. research [[15], the production of highly ordered and
uniform has been more challenging, especially at higher Sc concentration.



2. Experimental method and instrumentation

2.1 Process flow

To determine the experimental outline of the work, an initial process flow was developed. This pro-
cess flow is aimed to produce FBAR devices by means of sputtering deposition of metal electrodes and
piezoelectric layers, photolithography of photoresist masks for etching steps, lon beam etching for pat-
terning the electrodes, wet etch to pattern the AIN layer and Xenon diflouride etching for the release of
the devices. The process flow is summarized in Table

Table 2.1: Preliminary process flow

Step Process description Cross-section after process
01 Wafer curvature measurement
02 Adhesion layer deposition

03 Bottom electrode deposition

04 Photolithography for bottom
electrode mask

05 Bottom electrode patterning
06 Photoresist stripping
07 Piezoelectric layer deposition
[ I
08 Top electrode deposition —




Table 2.1: (continued) Preliminary process flow

[ .
09 Photolithography for top elec- I
trode mask
10 Top electrode patterning I
|
11 Photoresist stripping I
12 Photolithography for piezoelec- |
tric layer mask
13 Piezoelectric layer etching ]
[ |
14 Photoresist stripping ——
[ |
15 Device release e




2.2 Thin film deposition instrumentation and substrates

2.2.1 Alliance Concept CT200 Sputtering Cluster tool

As stated in the Scope of Work section, the CT200 Sputtering Cluster by Alliance Concept [40], is the
main experimental instrumentation, around which the optimization of deposition parameters is centered.
In particular the tool utilizes four variations of Magnetron Sputtering: Radio-Frequency (RF) Sputter-
ing, Direct Current (DC) Sputtering, pulsed DC (p-DC) Sputtering and High-Power Impulse Magnetron
Sputtering (HiPIMS). The core of the machine is a transfer module equipped with a robotic arm that
moves the samples between the chambers and the loadlock, all without breaking vacuum. The tool was
configured to have five deposition chambers, each equipped with different targets and complementary
equipment. All chambers except for PM 4 contain a heating system that can bring the substrate holder up
to 950°C for high temperature depositions. All the chambers are equipped with throttle valves to control
the pressure in the modules and two gauges to measure the pressure. The whole system and each chamber
are outfitted with primary pumps and cryogenic or turbomolecular pump for High Vacuum. All the the
substrate holders can be polarized with a RF generator. Figures 2.1 and .2 shows the configuration of the
tool. The substrate holders are discs of stainless steel used to allow the robot to move the substrates for
one chamber to another without directly touching it. In CMi they also are used as adapters, as the CT200
intended configuration is for 200 mm diameter wafers, while the most common size used for experimen-
tal purposes in the laboratory is 100 mm. This causes the substrate holders to have a significant thermal
mass, which in turn causes a difference between the temperature set in the deposition program and the
actual temperature measured on the wafer. For a set point of 500°C, the temperature measured on the
wafer is around 350°C. All the following references to the deposition temperature concerning the CT200
will refer to the setpoint and not to the actual measured temperature on the substrate, which is obtainable
only by positioning external thermocouples on the substrate. Additionally, before each high temperature
process, a wait time of 15 minutes is added to ensure that the wafer is heated properly. The depositions
chambers, excluded PM 4, contain multiple sputtering targets (3 or 4) in a confocal configuration, tilted
by about 15° and distant around 100 mm from the substrate. To ensure that the film thickness is homo-
geneous, the substrate is rotated during deposition.

Figure 2.1: Front view of CT200 cluster, showing the loadlock open and the control screens.



Figure 2.2: Back view of CT200 cluster, with all the modules open.

The chambers used in this work were Process Module (PM) 2, 4 and 6. PM 2 is dedicated to the
deposition of oxides and metals and was used to deposit the Pt electrodes. This deposition chamber is
equipped with three confocal targets with a diameter of 100 mm and RF and p-DC generators. The Pt
target purity is of 99.99 %. he process gases available in this chamber are Ar, Ny and O2. PM 4 is
dedicated to the deposition of Silicon Oxide (SiO2) by RF sputtering, and it is the only one capable of
actively cooling the samples, and it was used in this work for that purpose for every high temperature
deposition. PM 6 is dedicated to the deposition of nitrides and was used for the deposition of all the
piezoelectric films. It is equipped with 3 confocal targets (Al, Sc, TiN) with a diameter of 100 mm and
RF and p-DC generators. The Al and Sc target purity are respectively 99.999% and 99.99%. The process
gases available are Ar and No.

Before deposition, each chamber was pumped down to a base pressure of 10~8 Pa. After that, the wafers
were heated in the PM to reach the deposition temperature set, and a pres-sputtering step was done before
the actual deposition, to clean the target from impurities. To avoid contaminating the films, this process
was done with both the target and the substrate shutter closed. The deposition of nitrides was conducted
by pulsed-DC reactive sputtering, with a pulse frequency of 20 kHz and an off-time of 5 s, in a Ar and
N, mixture. Before the actual sputtering, a step in the process was dedicated to poisoning the target, to
ensure that the films is sputtered with the right stoichiometry. The deposition of Pt used DC sputtering,
with only Ar as the processing gas.

How the other deposition parameters were chosen and modified to test their influence on the thin films
is reported in Chapters [J and J.

2.2.2 Pfeiffer SPIDER 600 Sputtering cluster tool

Due to several maintenance interventions occurring on the CT200 during the thesis duration, some metal-
lic films were deposited using the cluster tool Pfeiffer SPIDER 600 [41]], which is used for the sputtering
of several materials. It is composed of four chambers each equipped with a 200mm diameter planar target
and a plasma generator, either RF, DC or p-DC and a substrate RF generator. The substrate can also be
heated, up to 350°C. Three process gases are available, Ar, No and O2. The pressure is also controlled
with a throttle valve, that however can only be set in three different positions: the deposition pressure is
in fact determined by the flux of process gases in the chamber. This tool has some advantages and disad-
vantages compared to the CT200: bigger targets allow for higher plasma powers, which in turn results in
significantly higher deposition rates; on the other hand, only one material can be deposited at the same
time on the substrate. As this tool was used as a replacement for the CT200 when it was not available and
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only to deposit some metal films with no optimization, the results of these depositions are only briefly
reported on Chapter .

2.2.3 Alliance-Concept EVA 451 Thermal Evaporator

EVA 451 by Alliance-Concept [42] is a thermal evaporator that was used in this work for the quick coating
of dielectric samples for inspection with Scanning Electron Microscopy (SEM) or Energy Dispersive X-
Ray Spectroscopy (EDX). The system is fitted with four thermal sources for the deposition of Cr, and
with quartz microbalances to control the deposition rate. One source is also fitted with an additional
quartz microbalance under the shutter to control more accurately the deposition rate. The substrate itself
is mounted on a fixture that is actively cooled down to avoid the heating of the sample. This system was
preferred over other evaporators as it utilizes a loadlock to maintain the evaporation chamber in vacuum
thus reducing the time needed for the coating.

2.2.4 Substrates

For the deposition tests 100 mm p-doped <100> Si wafers were used. These wafers were 525 um thick,
polished on only one side. They were acquired at the Center of MicroNanotechnology and produced by
Siegert Wafer. For the realization of the devices 100 mm High Resistivity (HR) <100> Si wafers were
used, to avoid parasitic currents developing in the substrate from the bottom electrodes. These wafers
were also 525 pum thick, but they were polished on both sides and acquired by the ANEMS Laboratory
from the producer Biotain Crystal.

2.3 Microdevices realization instrumentation

For the realization of microdevices photolithography and different etching techniques were used. As the
device’s optimization was not in the goals of this work, simplicity and rapidity of processes were favored.
The critical dimension for the photolithography was set to 1 pm.

2.3.1 EVG 150 Automatic Coating and Development tool

EVG 150 Automatic Coating and Development tool The EVG 150 [43] is a cluster tool for the auto-
matic coating and development of photoresists (PR). It is equipped with three spin-coating modules and
a development module, eight hotplates and three coolplates. The tool is also capable of pretreatments
for preparing the wafer’s surface to be coated. All the wafers that were exposed during this work were
coated with a positive photoresist, specifically AZ ECI 3007 by Merck [44] chemically amplified and
sensitive to light with wavelengths ranging from 436 nm to 356 nm. The use of one formulation or the
other was determined by the desired thickness of the PR mask: for thinner masks, below 1 um, AZ ECI
3007 was used, while for thicker masks, around 2 um, AZ ECI 3027 was used. Before each coating the
wafers underwent a dehydration process to ensure a good adhesion of the coating to the layer that was
going to be patterned. The development of the exposed PR consisted in a post exposure bake at 110°C
for 90 s and then a coating of the wafer with a layer of AZ 726 MIF developer by Merck [45]. This is
a water solution of 2.38% Tetramethylammonium Hydroxide (TMAH) with the addition of surfactant,
that makes it suitable for puddle (this case) and immersion development. The development phase for
the PR used in this work was 50 s. It is important to note that if the PR masked a metal layer that was
going to be dry etched the coating was reflowed after exposure. In this process the PR is heated above
its glass transition temperature, to reduce its surface roughness and produce rounded sidewalls, to avoid
redeposition of metal bridges during the ion bombardment. This was done on a hotplate at 125 °C for
120s.

2.3.2 MLA150 Writing tool

The MLA150 by Heidelberg Instrument [46] is a laser writing tool that exposes photoresists without the
need of producing a mask. The light is focused on and scanned over the sample following the design
contained inside a digital file. The system has two light sources, at 375 nm and 405 nm that can expose
PR at different intensities and focus length. The minimum feature size that this tool can successfully write
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on a PR is of 1um, which is compatible with the design requirements of the devices. For the PR used in
this work the wavelength used was always 405 nm, as its source had a higher power and ensured a shorter
writing time. The machine was in general chosen to avoid the need to produce a mask for exposure that
would have required much more work and validation steps.

2.3.3 Nexus IBE350

Nexus IBE350 by Veeco [47] is an ion beam etcher that utilizes an Inductively Coupled Plasma (ICP)
to produce Ar ions. The ICP source has a diameter of 350 mm, which allows for the production of a
highly uniform plasma. A system of three Molybdenum grids, the ion optics, then extracts, accelerates
and collimates the ion beam. The ions can be accelerated with a voltage ranging from 50V to 800V,
in accordance to the desired etch rate. The substrate to be etched is placed on a fixture that is actively
cooled and always kept below 90°C during processing. The fixture can be rotated, up to 10 rpm and tilted
from +90° to -70°. After the ion optics a plasma bridge neutralizer injects electrons into the ion beam
to neutralize it. The electrons do not combine with the ions but ensure that no space or surface charging
occurs. The system is also fitted with a Secondary Ion Mass Spectroscopy (SIMS) that detects in real
time the mass and hence the chemical nature of the ions ejected from the substrate. The system is kept
in vacuum by a turbomolecular pump, and a loadlock to insert the wafer to be etched without breaking
the vacuum in the etching chamber. The system configuration is represented in Figure 2.3. The system
was used for the etching of the electrodes, as they were realized with Platinum, a metal that can be wet
etched only by aqua regia. The dry etching is highly directional. The etching parameters are reported in
Chapter fl.

To pre-pump and
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Figure 2.3: Schematics of IBE350. The loadlock is not represented.

2.3.4 TMAH wet etching

While also the piezoelectric layer can be etched with an ion beam, to simplify the production of the
devices, the etching step of AIN was done in AZ 726 MIF developer [45], as it can be effectively used to
etch both Aluminum and its Nitride. TMAH, the active principle of this developer, is an effective etchant
of AIN. The developer itself was safer to handle than a maximum concentration solution of TMAH and
provided a more controllable etch rate. The discussion of the wet etching parameter for the piezoelectric
layer is reported in Chapter .

12



2.3.5 SPTS Xactix X4

SPTS Xactix X4 by KLA [48] is a Xenon Difluoride (XeF2) etching system that is mainly used for the
selective and isotropic etching of Silicon, in particular for the release of suspended microdevices. XeF,
is a substance with a vapor pressure of 6.0 - 10? Pa at 298 K, about 4,5 torr. When in contact with Silicon
it is adsorbed on the surface and split in Xe and F. The latter reacts with Si to form SiF,, which is gaseous,
effectively etching the Si surface. This tool is composed of a chamber connected to a system of tubing
and valves that allows for the controlled injection of etching vapors and purging of the residual vapors and
products. The vapor is produced from a chamber containing solid XeF, that is heated to 35°C. The vapor
is then directed in one of the two expansion chambers, where the pressure can be increased up to 6 torr.
From the expansion chamber the vapor is sent to the etching chamber where it stays for the determined
amount of time assigned for each etching cycle. While a cycle is ongoing, the other expansion chamber
is filled with vapors to prepare the other cycle. The release of the microdevices was done with cycles of
45s at 5 torr. The results are reported in Chapter .

2.3.6 Tepla GIGAbatch and Tepla 300

Both the GiGAbatch and model 300 by PVA TePla [49] are microwave plasma systems used for the
stripping of photoresist coatings after they are no longer needed. They utilize a high frequency Oxygen
plasma to quickly oxide the polymer composing the photoresist, removing it from the surface of the
wafer. The main difference between the two machines is the power that can be selected for the processes.
These tools were always employed after each photolithography step, either by themselves if the carbon
contamination was not important in the successive steps or combined with a wet PR stripping using the
solvent SVC-14 [50] at 70°C for a combined time of 10 minutes. The wet PR stripping was especially
used in the case that the PR had been exposed to degradation by Ion bombardment.

2.4 Characterization techniques and instrumentation

Several techniques were used to inspect the thin films deposited and their properties. While some proper-
ties were easily determined by a direct measurement or a simple formula, such as resistance, composition,
crystalline orientation, the direct measurement of piezoelectric properties posed more challenges. In the
first place, the instrumentation for a direct measurement of the piezoelectric constant according to the
Berlincourt method [51]] was not available. This quasistatic measurement procedure requires a double
laser interferometer to detect the displacement of the film when subjected to an electric field. On the sec-
ond hand, measuring the piezoelectric coefficient of thin films yields results that are strongly influenced
by the geometrical configuration of the sample [52]. The coefficient measured directly differs from a bulk
free-standing piezoelectric material due to the clamping acted from the substrate to the film. Keeping this
in mind, the observation and characterization of piezoelectric properties of the thin films were done by
studying the response of resonators microdevices.

2.4.1 Curvature measurements with Toho Technology FLX2320-S

The intrinsic stress of thin film is an important parameter that must be controlled to ensure that the film
is suitable to be implemented in microdevices. Films too stressed bend when they are released from the
substrate they are clamped to, and this in turn can break the microdevices realized with it. Stress can
also modify the crystalline lattice, modifying other properties of the film. The variation of the radius of
curvature of a wafer after the deposition of a layer on top of it can be correlated to the stress in the film.
The correlation is represented by the Stoney Equation [53] (Eq R.1):

1 E h? 1 1
v (5 w) &b

In which T is the film built-in stress, £ is the Young’s modulus of the substrate, v is the Poisson’s
modulus of the substrate, h is the thickness of the substrate, ¢ the thickness of the film and Ry and R are
the curvature radius of the wafer before and after the deposition. The biaxial elastic modulus E /(1 — v)
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of Silicon is set equal to 180.5 MPa. To determine the stress of every layer it is then necessary to measure
the curvature radius before and after its deposition. The FLX 2320-S by Toho Technology [54] uses two
laser sources to scan the wafer and determine the angle of reflection in function of the distance from the
scanning point. The slope of this function gives the curvature of the wafer, that is the inverse of the radius
of curvature. The machine can vary the wavelength of the lasers to maximize the reflected signal. The
manufacturer declares an accuracy of measurement of 1 MPa or lower than 2.5 % of the measurement.
The latter value was used as the relative error for every curvature radius measured, as the software used in
the machine does not account for the uncertainty of the film thickness. The minimum radius measurable
by the machine is 2.0 m and the maximum is 33 km.

All the measurements of the curvature radius were done along the direction perpendicular to the wafers
flat, identified as 0° and the direction parallel to the wafers flat, identified as 90°, to obtain an average
value of the stress in the wafer.

2.4.2 Sheet resistance measurement with Filmetrics R50 - 200 - 4PP

One of the most important characterizations for metallic thin films is the measurement of sheet resistance.
It is directly measured with a four-points probe system and is a quick assessment of the electrical proper-
ties of the thin film. Ifthe thickness of the film is uniform in the area that is being measured, the resistivity
of the film, p,, is calculated the product of the sheet resistance R, and the film thickness ¢. Thanks to
this correlation the sheet resistance values can be used both to evaluate the resistivity of the thin film but
also estimate the thickness of a metal film with know resistivity. Considering a single metallic film, and
supposing a uniform resistivity, a map of sheet resistance value can be used to determine the thickness
distribution of the film. The measures were done by Filmetrics R50 - 200 -4PP by KLA Instruments [55].
This tool allows for the measurement and mapping of the sheet resistance of wafers, with an accuracy of
=+ 1%, a repeatability lower than 0.5% and a range of measuring between 5 m{2/sq and 5 M{2/sq. All the
wafers were measured on 25 points and the sheet resistance value reported was the arithmetic average,
and the standard deviation as its error. Figure 2.4 is a map of sheet resistance of a bottom electrode layer,
showing the disposition of the measured points on the wafer surface.

Figure 2.4: Measurement map of a sample Pt thin layer deposited with CT200.
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2.4.3 Spectroscopic ellipsometry for thickness determination with Woollam RC2

The deposition rate of a material must be precisely determined to ensure that the fabrication process
yields consistent results and the microdevices work as close as possible to the design specifications.
To assess the deposition rate, thickness of test layers must be measured accurately. There are several
characterization techniques that allow to characterize the thickness of a film, and in this work ellipsometry
is used for the determination of the thickness of non-opaque films. Spectroscopic ellipsometry is an
optical characterization technique that utilizes polarized light to determine the thickness of thin films and
their optical properties. The name of the technique stems from the fact that the light that is analyzed is
elliptically polarized. The polarized light beam is reflected by the surface of the wafer. The interaction of
the light wave with the sample’s materials has different effects on its components, in this case identified as
parallel to the surface, s-direction or perpendicular to it, p-direction. The instrument measures two values:
the variation A between the phase shift between the wave in the p-direction and the s-direction before and
after the reflection; and the value ¥, the angle whose tangent is the ratio between the magnitude of total
reflection coefficient for the p- and s- directions, R, and R,. If the incident light is linearly polarized A
is the opposite of the phase difference in the reflected beam. The fundamental equation of ellipsometry
(Eq R.2) correlates these two values:

By = tan(\I/)eiA (2.2)
R

The instrument measures these two values in function of the incident wavelength and the incident
angle. To derive the thickness and other optical properties of the film regression models are employed to
fit the values measured [56]. The instrument used for these measures was the RC2 Ellipsometer by J.A.
Woollam [57], equipped with a Xenon Arc Lamp (Power 75W) that can produce light with wavelength
ranging from 210 nm (UV) to 2500 nm (NIR). The beam diameter is around 3 mm, and the stage is
motorized to analyze several points of the wafer surface. The incident angle can be varied between 45°
and 90°. The measures were used to determine the thickness of the piezoelectric layers and were carried
out on 37 points per wafer with three angles of incidence, 55°, 65° and 75°. The fitting of the raw
ellipsometry data were carried out in the CompleteEASE software by J.A. Woollam [58§], and the value
of thickness was the arithmetic average of the fitted thickness value of all point, and its standard deviation
was considered as the absolute error. This method is not applicable for the determination of the thickness
of metallic films above 10-20 nm, as they are completely opaque to the wavelengths used in this analysis,
and the model requires the light to be reflected by a layer and the one under it to determine its thickness.

2.4.4 Surface Microroughness measurement with Bruker Dimension FastScan AFM

The physical configuration of a surface plays an essential role in several phenomena, including the growth
of another layer on top of it and in the transmission and reflection of acoustic waves. Determining the
surface roughness is then important to assess if a film contains defects, if it would work as a good growth
layer or its properties (optical, acoustical ...) are fully exploitable in a microdevice. Depositing the thin
film on polished surfaces, the roughness obtained are in the order of nanometers, and Atomic Force
Microscopy (AFM) is an excellent technique to characterize surfaces at that resolution. This extremely
high-resolution imaging technique utilizes a physical probe to scan the surface of a sample. The probe is
mounted on a cantilever, which is deflected when the probe interacts with the surface at sub nanometric
distances. A laser reflects on the cantilever, and a photodetector measures the deflection, reconstructing
the intensity of the interaction and the topography of the sample. AFM can be conducted in different
configurations, with the tapping mode being the most used and the one used in this work. In this case the
cantilever is oscillated near its resonance frequency, with a constant amplitude. When the probe interacts
with the sample, the oscillation amplitude changes, and this variation is fed back to the piezoelectric
controls to adjust the height of the cantilever to maintain the amplitude constant. The Dimension FastScan
AFM by Bruker [59] was used in this work to analyze the surface roughness of the thin films deposited to
observe the presence of abnormally oriented grains and other deposition defects. All the measures were
done with ScanAsyst Fluid+ [60] tips with a nominal tip radius of 20 nm. The scanning parameters that
were adapted for each measure were the scan size, the scan rate and the number of samples per line. The
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images were analyzed with the NanoScope Analysis Software (v1.80) by Bruker [61]. The parameter
chosen to represent the roughness of the surface was the quadratic mean roughness, 1?4, which is derived
from a set of N height measures z as follows (Eq R.3):

(2.3)

To derive the Roughness parameter, a 3-rd order plane fit was executed to remove the effect of the wafer
tilting and bowing.

2.4.5 Scanning Electron Microscopy and Composition analysis with Zeiss MERLIN

SEM was used to inspect the results of the photolithography steps and eventual defects of the thin films.
The MERLIN system by Zeiss is based on a GEMINI II [ZeissMerlin] column that uses a field emis-
sion gun and can accelerate the electron with a voltage up to 30 kV. The tool is equipped with three
electron detectors: an in-lens secondary electron annular detector used for high resolution imaging; a
Everhart-Thornley detector sensitive to secondary and backscattered electrons, used mainly for topog-
raphy purposes; an annular in-column Energy Selective Backscattered detector used to observe compo-
sitional contrast. The system is also equipped with a X-Ray detector, the X-Max 50mm2 by Oxford
Instruments [62], to perform compositional analysis by Energy Dispersive X-Ray spectroscopy, EDX.
The accuracy of this measurement is about 1% atomic and is hindered by the volume of interaction of the
electron beam in the sample, which is often greater than the thin film thickness. Nevertheless, EDX was
chosen as the composition analysis technique as it is relatively quick and non destructive. Compositional
analysis were carried out to quickly asses the correct stoichiometry of the nitride films and investigate
the eventual presence of contaminants.

2.4.6 X-Ray analysis with Bruker D8 Discover Plus TXS

The piezoelectric properties of a thin film heavily depends on its crystalline configuration. The amount
of crystalline phase, the dimensions and orientation of the crystalline grains determine how effectively
the material convert electrical energy into mechanical and vice versa. Crystallinity is also important for
the metal films, as it influences resistivity and the efficacy as growth layer for the AIN layers. X-Ray
Diffractometry (XRD) was used to determine the crystallographic properties of the films. As X-Rays are
a versatile probe for the analysis of materials, by slight modification of the measuring configurations,
X-Ray Reflectrometry was also possible in the same tool. This technique was used to determine the
thickness of the metal films.

XRD relies on the diffraction of X-Rays by crystalline lattices to identify the crystalline phases according

to Bragg Equation (Eq 2.4):
n\ = thkl sin 93 (2'4)

Where n is an integer, A is the wavelength of the radiation, dp; is the interplanar distance for the Miller
indexes h, k, [ and 63 is the Bragg angle, for which constructive interference between reflected rays from
the different crystalline planes is observed. XRD measures can be conducted moving the source and the
detector at the same time, with the two moving symmetrically, giving this configuration the name of -26
scan, as the incident beam impinges on the sample at an angle 6 and the detector captures a signal at
an angle 20 from the direction of the incident beam. This configuration is used to scan the sample to
identify the crystalline phases present and their relative concentration [63]. Another information that can
be obtained from #-26 is the average crystalline domain size 7, employing the Scherrer Equation (Eq 2.5)
[64]:
KA

T = ———

Bcosfp

in which K is a geometrical parameter, (set to 0.89 in this work) and [ is the Full Width Half Maximum
(FWHM) of the diffraction peak, to which an instrumentation widening is 0.05° is removed. Another

(2.5)
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configuration possible for an XRD measurement is the w-scan, where the source angle (in this case indi-
cated by w) is varied in a small range centered around a Bragg angle 6, and the detector is set still at an
angle 20p. This kind of measurement is also called a rocking curve, as the source is rocked around the
diffraction angle. The result is a bell curve that can be related with the orientation of a crystalline film.
The width of this curve grows as the film becomes less oriented, contains more defects or as the surface
of the sample becomes more curved. For thin film the rocking curve is used to determine whether the
crystalline growth was correctly oriented and how much the orientation varies [63].

XRR instead exploits the reflection of X-Rays from the sample at low incident angles. Below a critical
angle all the incident radiation is reflected, while increasing the angle the intensity diminishes. In case
the film is composed of different layers, the intensity of the reflected beam oscillates with the angle of
incidence. This effect is caused by the variation of electron density at the interfaces between layers, and
by fitting the measurement with mathematical models it is possible to infer the thickness of the layer ana-
lyzed. It is worth noting that thicker layers produce oscillations that are closer to each other, complicating
the model fitting and reducing the accuracy of the thickness value obtained. The measurement proceeds
in the same way as a 6-26 scan, but for a lower range of angles [63].

Both XRD and XRR measurements were carried out with the D8 Discover Plus TXS by Bruker [64].
This XRD tool is fitted with the ATLAS Goniometer, which allows for a maximum angular deviation
from the measured angle of 0.007°. The X-Ray source is a Turbo X-Ray Source (TXS), that utilizes
electrons emitted by a tungsten wire via thermionic effect to bombard a copper cathode to emit X-Rays.
The cathode spins at 104 rpm to spread the bombardment and emission on all the surface of the cathode,
allowing for a more efficient dissipation of heat. This configuration of the source allows for a higher
intensity of the X-Ray beam. The source emits X-Rays at a defined wavelength, nominally at 0.154060
nm, the Cu K-al line, and 0.139222 nm, the K-f1 line, which is not used for measuring due to its lower
intensity. All the measures reported in this work occurred with the generator source set at 120 kV and 45
mA.

The detector is the EIGER2 500K [67], a solid-state detector with a large area composed of 500000
75x75um? pixels. This detector supports three data acquisition modes: 0D, 1D and 2D, based on whether
all the signal from each pixel is integrated over the whole area (0D), a line (1D) or reported as is (2D,
not used in this work). The system is then equipped with different optic components to adapt the X-Ray
beam to the measurement happening. Both for XRD and XRR measures a Gobel Mirror is mounted after
the source. This parabolic mirror composed of several crystalline layers turns the divergent beam into a
parallel one, with the downside of reducing its intensity. After the mirror a horizontal Ni collimation slit
is mounted to reduce the dimension of the beam in the vertical axis. The slit used for XRD measures was
0.2 mm large, while the XRR measures were done with a 0.1 mm slit.

For the XRD configuration after the mirror and the slit a 2-bounce monochromator is mounted. In this
device the incident beam hit on the first Ge crystal, that diffracts the beam to another Ge crystal, produc-
ing a highly monochromatic beam that allows for a high resolution of the measurement, at the cost of the
beam intensity. On the other arm of the tool, a 2.5° Soller slit is put in front of the detector to reduce the
divergence of the diffracted beam in the horizontal axis. This component is made of an array of vertical
thin Cu parallel plates. Before each measure an alignment procedure was carried out. For the -26 scans,
the 26 values varied between 32° and 72°, with an increment per step of 0.005° and an acquisition time
of 0.1 s per step. The detector aperture was set to a square of 2°x 2°, the acquisition mode was set to 1D.
The rocking curves were carried out after identifying the peaks with the 26 scans, and the indecent angle
varied by 15°, centered around the 65 detected. The increment per step was 0.01° and the acquisition
time per step was 0.1 s. The 6-26 scans are comparable to each other thanks to the presence of the Si
(100), that is used as reference to normalize the intensity of different scans.

For the XRR measures after the Ni slit a 2.5° Soller slit was mounted, and a motorized slit was installed
in front of the detector, and set to the minimum aperture, 0.01 mm. 26 varied between 0.2 ° and 5.999°
degrees, with steps of 0.003°, with an acquisition time of 0.2 s per step. XRD results were analyzed with
the Diffrac.Eva software by Bruker [68]. The Bragg’s angles 0 were determined as the one with the
highest signal intensity. The peaks were fit with gaussian curves to obtain the FWHM.
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XRR results were analyzed with Diffrac.Leptos by Bruker [69]. The curves were fit using VarMetrix -
Simplex algorithm, and the error of the fit was used as absolute error for the thickness values.

2.4.7 Frequency response measurements with Rohde & Schwarz ZNB20

As was stated above, the piezoelectric properties of the AIN films were characterized by measuring the
frequency response of microdevices. To do so the devices were activated with a Ground-Signal-Ground
(GSG) probe, the T26A by MPI [70], connected to a Vector Network Analyzer (VNA), the ZNB20 by
Rohde & Schwarz [[71]]. The Probe has a characteristic impedance of 50 €, a frequency range up to 26
GHz, an insertion loss lower than 0.4 dB and a return loss greater than 16 dB. The VNA has a frequency
range from 100 kHz to 20 GHz and a dynamic range of 140 dB. The measures were done after an Open-
Short-Match calibration. The results are discussed in Chapter 5.
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3. Bottom electrode development

3.1 Material selection

The first step to creating a suitable bottom electrode was the deposition of a metallic film that could
allow the growth of an oriented crystalline layer. The goal thickness of the bottom electrode was set to
50 nm, as it would be a suitable thickness for an FBAR device, avoiding an excessive mass loading of
the resonator [[72]. Metallic films of these thicknesses exhibit higher resistivity than the bulk material, as
the surface scattering of electrons has a greater effect on the conduction of charge in the film [[73]. In the
selection of the material, it is also important to consider the deposition conditions for the piezoelectric
thin film. The AIN would have been deposited by reactive sputtering at high temperature, so the bottom
electrode must be able to withstand these conditions, not react with the Ny plasma and be stable at the
selected temperature. To promote an oriented growth of AIN, which has a wurtzite crystalline structure,
the underlying layer should have a hexagonal texture, such as the (111) face of face-centered cubic lattice
(fce) [74]. The lattice parameters of the growth layer as close as possible to AIN to reduce the strain of
the sputtered film and the and the amount of defects in it [[75].

Researching literature, several metals had been used as substrate for the growth of AIN, including Al
[74-77], Au [[75], Cu [[77], Mo [74-78], Pt [[74, 75] and Ti[[74, [75, 77]. While Al, Au, Cu and Pt have
fce lattices, Mo has a body-centered cubic lattice (bcc) and Ti has a hexagonal close-packed (hep) lattice.
Mo is considered despite its lattice mismatch with AIN for bottom electrode production due to its high
acoustic impedance and relatively low resistivity [78]. Other properties that an ideal bottom electrode
should have are: a thermal expansion coefficient close to AIN (for high temperature depositions), ease of
patterning and ease of deposition. In Table B.1| the values for the metals cited are reported.

Table 3.1: Summary of metal properties. AIN properties reported too at the end. The mismatch refers to
the in-plane lattice parameter [79-83].

Metal lattice direction a(pm) mismatch% o (107 °K~!) p.mOQm) p(gem™>)

Al foc (111)  404.93 7.99 22.87 26.5 2.699
Au fec (111)  407.86 7.33 14.13 21.92 19.283
Cu fec (111) 3615 17.86 16.64 16.76 8.935
Mo bee (110)  314.71 12.42 5.1 53.4 10.223
Pt fec (111)  392.36 10.85 8.93 100.87 21.452
Ti hep (0001)  295.05 5.19 9.68 7.86 4.502
AIN  wurt. (a)  (0001)  311.0 - 42 - 3.255
wurt. (c) 498.0 - 53 -

The material that was selected for the bottom electrode was Pt, as the AIN films deposited on it
were the one with the best orientation [[74, 75]. Pt also exhibits good stability at the process temperature
and does not react with the Ny plasma. Its high density and high resistivity can affect the quality of the
resonators produced with it, but in accordance with the scope of this work the quality of the AIN film was
privileged over the quality of the microdevices. Pt however shows poor adhesion to Si, so an adhesion
layer must be implemented. AIN shows good adhesion to Si [86] and Pt shows good adhesion to AIN
[87]. In addition, AIN diffuses in Pt happens only at temperatures above 900° [88] . AIN was chosen
as an adhesion layer to reduce the number of materials sputtered. The target thickness for the adhesion
layer was initially set to 20 nm. The influence of the adhesion layer was also analyzed.
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3.2 Adhesion layer deposition

After the selection of Pt as the bottom electrode material, a brief investigation of the AIN adhesion layer
was carried out, mainly to determine the deposition rate of AIN at different sputtering power for the Al
cathode. This had not been tested for powers over 200 W in the CT200 machine. The first deposition of
AIN was carried out with the deposition parameters reported in Table B.2, which are based on a deposition
recipe developed by CMi staff to ensure the complete poisoning of the Al cathode.

Table 3.2: Deposition parameters for the adhesion layer test

Wafer # Pai(W) P (Pa) Fja, (scem) Frna (seem) Tgep (°C)  tgep (9)

1 300 0.5 50 15 500 1200
2 350 0.5 50 15 500 1200
3 400 0.5 50 15 500 1200

The results of these tests are summarized by Table B.3, that confirms that the deposition rate increases
with sputtering power.

Table 3.3: Results summary for the adhesion layer test

Wafer # Pa, (W) taep(s) ty(nm) 7gep (nm min—7t)

1 300 1200 83,74 4,19
2 350 1200 95,33 4,77
3 400 1200 109,36 5,47

To reduce the production times, all subsequent AIN depositions were carried out at 400 W, the maxi-

mum power that was considered safe to deliver to the Al cathode. The deposition rate with these reference
conditions was determined to be approximately 5.5 nm min—!. XRD measures were carried out to deter-
mine whether the thin film had grown with some crystalline order. The #-26 measurement of the wafers
showed no diffraction peaks associated with AIN. Considering that the thickness of these films was sig-
nificantly higher than target ones, it was concluded that the AIN adhesion layer would not influence the
XRD results for the AIN layers grown on top of Pt.
An adhesion layer’s thickness was measured from the following deposition batch. The deposition param-
eters were the same as wafer # 1, save for the deposition time, set to 220 s, to achieve a goal thickness
of 20 nm. The ellipsometry reported a thickness of 21.3 nm, which was deemed satisfactory. After the
characterization of the Pt films deposited on these two batches of wafer (discussed in the following sec-
tion), it was decided to reduce the thickness of the adhesion layer, to ensure that the quality of the bottom
electrode was virtually uninfluenced by the adhesion layer. The new target thickness was set to 10 nm
(deposition time of 105 s), and the following batch of adhesion showed an average thickness of 10.8 nm.
After these results, the following adhesion layers were not characterized, as their efficacy had already
been proven.

3.3 Sputtering power influence tests

The first deposition batch focused on determining the effect of the sputtering power on the Pt films. The
deposition parameters are reported in Table B.4. The adhesion layers used for this deposition were the
first ones that were produced.

Table 3.4: Deposition parameters for the sputtering power test

Wafer # Ppi (W) P (Pa) Fja, (scem) Tgep (°C)  tgep (5)

1 100 0.5 50 350 300
2 125 0.5 50 350 300
3 150 0.5 50 350 300
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Figure 3.1: 6-20 scan for the sputtering power test.

The characterization of these films showed poor quality of the films. The XRD measures, reported
in Figure B.1, reveal very low diffraction peaks for the Pt (111) reflection, with an additional undesired
peak for the (100) reflection. The average crystallite size was in the order of 29 nm. This shows that the
nucleation of crystalline grains was very limited, and the film is prevalently amorphous. Sheet resistance
measurements correlate with thickness measurements, as thicker films, obtained at higher sputtering pow-
ers, have lower sheet resistance values. However, the resistivity of the films is up to 65% higher than
in the bulk counterpart (17.9- 1076 Om vs 10.9- 10~% Om), once again showing the poor quality of the
obtained films.

The sputtering power was set to 125 W for the following depositions, as it showed the strongest Pt (111)
reflection peak, and the deposition rate of around 9.7 nm min~! was deemed satisfactory. This is coherent
with the results from Schmidl et al. [89] and Slavcheva et al. [90] that report a decrease in the Pt (111)
intensity by increasing excessively the sputtering power.

The following batch of wafers were deposited on thinner adhesion layers, as described in the previous
section, with the deposition parameters reported in Table B.3. This batch was used to confirm that 125
W would be a suitable sputtering power for Pt deposition. The deposition pressure and the Ar flow were
also slightly changed to determine whether one of the two parameters had a more substantial influence
on the Pt films. While the resistivity of the film was still 53% higher than the bulk one, the crystallinity
improved, with the absence of the Pt (100) peak and higher intensity for the Pt (111) reflection. The av-
erage crystallite size was similar to the previous depositions, with an average of 30 nm. The 6-26 scans
are reported in Figure B.J. The average stress decreased, from an average of 640 MPa in the previous set
of wafers to an average of 412 MPa. The surface roughness of the films was also measured, resulting in
an average R, of 1.1 nm. The Pt film deposited at the highest pressure and flow (0.5 Pa and 50 sccm)
showed the overall best properties.

Table 3.5: Deposition parameters for the second test batch

Wafer # Ppi (W) P (Pa) Fja, (scem) Tgep (°C)  tgep (5)

1 125 0.4 50 350 300
2 125 0.5 40 350 300
3 125 0.5 50 350 300

21



Lalall

200.000
11

2.000

1

200 400 700
Lootalattl

2.000 7.000 30.000

clal L
Lotal 1l

20 30 50 80

|

Intensity, Counts

bl

10 20 40 80 200 500

50 60 70
2Theta, °

Figure 3.2: 6-20 scan for the second test batch, with a magnification of the Pt (111) peak.

Considering these results, three actions were taken to continue the optimization process:

1. Reducing the thickness of the adhesion layer from 20 nm to 10 nm, as all the films deposited in the
second batch showed better crystalline properties than the previous one.

2. Increasing the deposition temperature to 500°C, to promote the nucleation of crystallites in the film
[91].

3. Varying the pressure in a wider range of values, as it was reported by Schmidl [89] as the most
influential parameter on crystallinity.

3.4 Process pressure influence test

The deposition parameters are reported in Table B.6. The films produced in this test proved to be signif-
icantly improved compared to the previous runs. In the first place, the resistivity of the films decreased
significantly, reaching a value only 10% higher than bulk. The stress increased again to values around
600 MPa, and the roughness values remained in the order of 1.0 nm. XRR measures reported films thick-
ness varying significantly with the deposition pressure, while still being on average slightly higher than
the previous batch. The 6-26 scans (Figure B.3) showed significantly stronger Pt (111) peaks, with nar-
rower FWHM, resulting in an average crystallite size of 45 nm, 50% larger than previously measured.
All these results confirmed that more crystalline grains nucleated and grew larger. The intensity of the
peak increases with the amount of crystalline phase. The resistivity decreases as grain size growth as
the density of grain borders decreases. The stress increases as the crystals grains grow due to the lattice
mismatch with the adhesion layer.
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Table 3.6: Deposition parameters for the pressure test

Wafer # Ppi (W) P (Pa) Fj, (scem) Tgep (°C)  tgep (9)

1 125 0.8 50 500 300
2 125 1.6 50 500 300
3 125 24 50 500 300
4 125 3.2 50 500 300
5 125 4.0 50 500 300
6 125 4.8 50 500 300
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Figure 3.3: 6-26 scan of the Pt(111) peaks fo the films deposited in the pressure test.

Correlating the properties of the film and the deposition pressure, these trends can be observed:

* Peak intensity of Pt(111), crystallite size and deposition rate grow to a maximum and then decrease

with the pressure (Figure B.3, B.44, B.44).
« Resistivity decreases by raising pressure, stabilizing to a value around 12.0 -10~8 Qm (Figure B.4d).
« Roughness is poorly influenced by pressure (Figure B.4d).

* Stress values show a more complex behavior, initially decreasing with higher pressure, but the last
film (4.8 Pa) shows a higher stress than the previous (Figure [3.4d).

All results are summarized in Table B.7. The deposition rate behavior is easily explained by the initial
increase of sputtering yield due to higher plasma density, that then lowers as the plasma becomes too
resistive. Peak intensity and crystallite size behaviors have a similar explanation, as the sputtered particles
initially arrive on the substrate with more energy as the pressure increases, but then when the plasma
becomes too dense the mean free path of the sputtered particles reduces and they hit the substrate with
lower energy. The energy of the impinging particles is fundamental to ensure mobility and crystallization,
and hence the crystallinity is depended on the deposition pressure. Rising the substrate temperature is
also an effective way to provide more energy to the substrate, further increasing the crystallinity.

In light of these results, the optimal deposition pressure was determined to be 3.2 Pa, and the deposition
parameters were considered optimized.
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Table 3.7: Summary of results from the pressure deposition test

P (Pa) ty (nm) Tdep (MM min~1) p, a0-"Qm) 6gPt(®) B(C) T (nm)

0.8 51.47 £0.14 10.29 +0.03 1.27 £0.01 39.845 0.239 42.8
1.6 54.76 +£0.12 10.95 £+0.02 1.24 +0.01 39.855 0.219 46.7
24 54.32 +£0.17 10.86 +0.03 1.22 +£0.01 39.86 0.214 47.8
3.2 51.4 £0.16 10.28 +0.03 1.21 £0.01 39.86 0.220 46.4
4.0 47.68 +0.11 9.54 +0.02 1.20 £0.01 39.855 0.231 44 .4
4.8 42.87 +0.03 8.57 £0.01 1.20 £0.01 39.845 0.247 41.5
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Figure 3.4: Influence of deposition pressure on average crystallite size (a), deposition rate (b).
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3.5 Optimized recipe tests and chamber contamination

After obtaining a clear set of deposition parameters, a recipe was developed to streamline the produc-
tion of bottom electrodes to use for the AIN deposition test. The recipe combined the deposition of the
adhesion layer and of the bottom electrodes, and two batches of three wafers were tested. In an attempt
to reduce the process duration, the heating time in PM 2 was set to 5 minutes instead of 15. Thickness,
resistivity and stress of these Pt films were consistent with the test deposition at 3.2 Pa. Roughness was
not measured as it appeared consistent in all of the previous depositions. The crystallographic properties
were instead different. While first film of each batch had an intensity comparable to the one obtained in
the pressure test, the following two films showed a noticeably smaller peak, as can be seen in Figure B.3.
The rest of the film’s properties, including average crystallite size, were consistent with the results, as
reported in Table B.§. The immediate hypothesis for this behavior was that the heating time in PM 2 had
not been sufficient, and the chamber had actually cooled too much due to the insertion and extraction of
wafers. To test this hypothesis other thin films were deposited with a complete heating time of 15 minutes
in PM 2.
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Figure 3.5: 6-20 scan of the Pt(111) peaks of the two batches of films deposited with the combined recipe
for adhesion layer and bottom electrode.

Table 3.8: Results summary for the combined recipe result

# Film ty (nm) T'dep (NM min~Y) p.(10'Qm) O Pt(®) B() T (nm)
1 51.60+0.31 10.324+0.06 1.2340.01 39.860  0.222  46.1
2 51.4240.42 10.284+0.08 1.2240.02 39.850 0.219  46.8
3 51.4740.46 10.29+0.09 1.2240.02 39.845  0.220 464
4 51.61£0.32 10.3240.06 1.2340.02 39.850 0.222  46.2
5 51.5740.46 10.314+0.09 1.2240.02 39.850 0.216 475
6 51.48+0.39 10.3040.08 1.2240.02 39.850  0.220  46.5

The results of these depositions were even worse: while all the other properties remained coherent
between depositions, the intensity of the Pt(111) peak decreased abruptly, as shown in Figure ??. An
additional test, whose results are included in the Figure mentioned above, was carried out to test it was
the combined recipe to yield a poorly crystalline film, by testing the combined recipe against the two
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separate recipes. The results of this test also had small Pt(111) peaks. The problem were caused by the
other target available in the PM2, nominally SiO and TiO,. After the pressure test several long lasting
deposition test (up to 24h) were conducted in PM2, depositing large quantities of oxides on the walls of
the chambers. These oxides deposits were identified as the cause of the poor crystalline properties of the
films, as once they were removed, the results returned to be coherent with the pressure test results (Figure
B.6). The mechanism with which the oxides deposits damaged the crystallinity of the Pt films is supposed
to be linked with pressure regulation. The oxides depositions test were carried out at room temperatures,
while all the Pt depositions at high temperatures. This caused the deposits to out gas a lot of trapped
gas or byproducts, which troubled the pressurization of the chamber. Several depositions were severely
delayed by the machine as the PM 2 would struggle to reach the base pressure due to the presence of
these deposits. As shown before, pressure is a very influential parameter on crystalline properties of the
sputtered film, and if the chamber had another source of gas during the depositions, it is reasonable to
assume that it was the cause of the poor quality of the films.
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Figure 3.6: 6-20 scans of the Pt(111) peaks of film deposited before PM2 contamination, with PM2
contaminated and after PM2 cleaning.

The final optimized recipe for the deposition of Pt electrode was then set with the parameters reported
in Table B.9.

Table 3.9: Optimized parameters for Pt sputtering.

Ppt (W) P (Pa) Far (scem) Taep (°C)  taep (5)
125 3.2 50 500 295

3.6 Spider600 bottom electrodes

To continue the experiments on AIN depositions other bottom electrodes were deposited with the Spi-
der600. The deposition of Pt had already been optimized with this tool [B3]], so a standard recipe for 25
nm of Pt on 10 nm of Ti was employed, with the exception of one films that had a target thickness of
50 nm, to be confront it with the CT200 films. XRR measures indicated film thickness around 40 nm,
in good accordance with the target. Sheet resistance measures reported film with higher resistivity, also
due to their reduced thickness, and a lower level of uniformity in the film, as the standard deviation of
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R,j, measures was about ten times higher than for the films produced in the CT200. Crystallographic
measures show films with a good degree of crystallization and orientation. Crystallites are smaller, with
an average value of 27 nm. In Table is reported the confront between the 50 nm Pt film deposited
with the Spider600 and the films obtained with the optimized recipe in the CT200.

Table 3.10: Confront between 50 nm Pt electrodes deposited with different sputtering tools

Tool Ry, QUsq) Ty (MPa) OpPt(°) 7 (nm)
CT200 2.3540.01 610427 39.860 46.4
Spider600  2.89+0.13 327+14 39.760 39.1
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4. Piezoelectric layer deposition

4.1 Reference setting and preliminary depositions

Once the bottom electrodes were developed, the deposition of the AIN piezoelectric layer deposition was
addressed. As discussed in Chapter [[, several deposition parameters can be tuned to modify the properties
of the thin films. It was necessary to select few depositions parameters for two main reasons: to comply
with the tool operational limits and to contain the time needed for experiments, as the deposition rate
of AIN in the CT200 is pretty low, averaging just over 5 nm min—'. The main tool’s limits considered
were the maximum power deliverable to the targets, nominally 400 W for Al, the maximum Ny flow
deliverable to PM6, 25 scem, and the temperature limit of 500°C to move the wafers from a chamber
to another. This last factor was not in itself a limit of the tool, but it substantially increased the process
time, already aggravated by 15 minutes of thermal stabilization time. The low deposition rate comported
that to reach the target thickness of 400 nm the sputtering process should have run for at least 75 minutes
per each deposition. The sputtering power was already address in the adhesion layer deposition tests,
and it was set to the maximum value to not decrease the deposition rate. The process temperature was
set to 500°C not only to comply with the tool programming, but two other reasons: better film proper-
ties were reported with deposition temperatures up to 500°C [27, 30], and this temperature is compatible
with Complementary Metal-Oxide-Semiconductor (CMOS) production processes. Deposition pressure
was chosen as one of the deposition parameters because it showed the most impact on Pt properties and it
was a way to exploit the potentiality of CT200 to decouple the control of the gas flow and the processing
pressure. The second selected deposition parameter was the application of a RF bias to the substrate,
which is used to improve the growth orientation of the thin film along the c-direction [30]. The effect of
the Ny ratio in the gas flux was the last parameter to be analyzed, as it can greatly influence the quality
of the grown films, with the possible downside of reducing the deposition rate [23, 26].

Two preliminary AIN depositions were done to be set as references for the following depositions. The
first deposition was done following the recipe developed by CMi engineers to ensure that the Al cathode
is fully poisoned before deposition, with the only modification being the sputtering power for Al raised
to 400 W to maximize the deposition rate. The parameters are reported in Table §.1]. The first deposition
was run for 3600 s, to control that the deposition rate remained consistent over longer depositions. Ellip-
sometry measures revealed that the average thickness of the film was 341.9 nm, resulting in a deposition
rate of 5.7 nm min—!, coherent with previous results. The uniformity of the film was also assessed at
a standard deviation of 3.6 nm and a maximum thickness variation of 4.1% of the average thickness.
The film was also significantly more stressed than the Pt films deposited before, with an average stress
of 874+22 MPa. The XRD measures showed that the AIN film did crystallize in the desired direction
showing only the (002) reflection peak, with an average crystallite size of 47 nm (Figure §.1), confirming
the effectiveness of the bottom electrodes as growth layers for AIN. The rocking curve measures showed
also a level of grain orientation, with a FWHM of 5.83°. The most concerning results however were
some macroscopic defects visible in the films, which were then investigated with electron microscopy.
In Figure ¢.2 is possible to see the morphology of one of these defects, whose sizes range from 3 pm to
30 um. Analyzing the composition of the films with EDX, the presence of iron was revealed, suggesting
that the defects are most likely inclusions of particles produced by the deposition chamber or the substrate
holder.

Table 4.1: Basic recipe for the deposition of AIN in CT200

Al sputtering Power Substrate Power Pressure Ar flux N flux Temperature
400 W 0w 0.5Pa  50sccm 15 sccm 500 °C
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Figure 4.2: SEM image of a defect in the first AIN film deposited.

To rule out the substrate holder as the cause of the contamination, another deposition was run using
a different substrate holder and following the same recipe as before, only increasing the deposition time
to 4500 s, to meet the target thickness of 400 nm. This film still showed some macroscopic defects, but
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in smaller numbers and the EDX analysis didn’t show any iron contamination, proving that the problem
was caused by a substrate holder that had deflaked during sputtering. The substrate holder responsible
was sanded down by CMi staff and an additional maintenance break solved the problem, as all the fol-
lowing films deposited had no macroscopic defects. This film also showed a slightly improved thickness
uniformity, as ellipsometry measures reported a thickness of 408.7+0.9 nm, with a maximum variation
of 0.72%. As the thickness goal for the film was reached, all the following deposition time were set to
4500 s. At the same time the average stress decreased to 437410 MPa, and the XRD measures reported a
higher intensity for the AIN(002) peak, and an average crystallite size of 64 nm (Figure }.3)). The growth
orientation was also higher, as the FWHM of the rocking curve decreased to 3.33°. A final deposition
proved that the film contained no inclusions, and the first deposition parameter was tested, the deposition
pressure.
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Figure 4.3: 0-26 scan of the second AIN film deposited.

4.2 Depositions pressure test

To test the influence of the process pressure on the AIN films, five films were deposited, with pressures
ranging from 0.5 Pa (the first film without inclusions from the preliminary depositions) to 2.5 Pa. The
results of these depositions are summarized in Table #.2. The thickness of the films decreases linearly
with pressure, reducing the deposition rate to half of the first value at the maximum pressure (Figure 4.4)).
XRD measures reveals that the intensity of the AIN(002) peak drops drastically, possibly affected by
the reduced thickness, to the point where the peak is basically absent, revealing a completely amorphous
film, as shown in Figure .3. The average crystallite size also decreases with increasing pressure, and
is of course null at the maximum pressure #.6. Also the orientation of the films decrease significantly,
as the FWHM of the rocking curve grows from 3.09 ° to 5.84 ° up to 1.5 Pa, after which the rocking
curve is not detectable, showing no orientation of the few crystalline grains if presents. Thickness uni-
formity behaves less predictably, with standard deviations ranging from 0.5 nm to 3.3 nm and maximum
thickness variation reaching a maximum of 5.4%. The average stress of the films decreases significantly,
even becoming compressive at the maximum deposition pressure, as shown in Figure §.7. This can be
explained by the combined effect of reduced crystallinity and reduced thickness of the film.
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Table 4.2: Summary of results from the pressure deposition test

P(Pa) ty(mm) 7rgep (nm min—!) At f OBAIN(C) 7(mm) rcFWHM () T, (MPa)
0.5 410.4+2.3 5.47 3.3% 36.030 67 3.09 479+11
1.0 348.4+0.5 4.64 0.5% 36.005 53 492 260+7
1.5 286.9+2.2 3.83 2.7% 35.995 49 5.84 93+8
2.0  229.0+3.2 3.05 5.4% 35.995 39 - 87+9
2.5 197.0+2.4 2.63 5.0 % - - - 1717
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Figure 4.7: Effect of pressure deposition on average stress of AIN films.

Considering these results, it is clear that raising deposition pressure over 0.5 Pa strongly degrades the
the properties of the thin films. It was then decided to test lower deposition pressures. The tool however
could not regulate properly the pressure below 0.5 Pa with a total gas flux of 65 sccm. After a failed
deposition at 0.3 Pa with the same deposition parameters, the pressure for the next deposition test was set
to 0.5 Pa in order to maintain the same total gas flux and Ny-to-total flux ratio. A successive deposition,
done after the test on the substrate bias application revealed that the tool could maintain a deposition
pressure of 0.4 Pa with a total gas flux of 65 sccm. The results of this deposition were significantly
better than the previous depositions, with a slightly higher deposition rate (5.8 nm min—! instead of 5.5
nm min~—'), lower stress (394-5 MPa rather than 479411 MPa), slightly smaller crystallite size (59 nm
vs 67nm) and a significantly more oriented crystalline growth, with a rocking curve FWHM of 2.29°.
However, due to the difficulty of the tool to maintain a deposition pressure below 0.5 Pa and having
obtained better results with the application of a substrate bias, the value for the deposition pressure was
still set to 0.5 Pa for the final recipe.
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4.3 Substrate bias test

The application of a RF bias was not straightforward in the CT200. The tool would struggle to activate
the substrate generator and would often detect plasma instability and interrupt the process. To solve
this issues, a step was added to the deposition process to activate the substrate generator in the most
suitable condition to keep it stable at lower power. This procedure required the intervention of CMi
staff to change the deposition parameters for each process, so only four values of power delivered to the
substrate (Ps,;) were set: 0 W, 5 W, 10 W and 20 W. The resulting bias on the substrate were 20 V,
55V, 86 V and 131 V. The rest of the process parameters were kept the same as the base recipe (Table
B.1)). Ellipsometry measures showed that film thickness was not significantly affected by the substrate
bias: the films deposited with a substrate bias were only about 10 nm thinner than the film deposited
without it. Thickness uniformity was also pretty consistent, with a maximum thickness variation of about
1.75% in the film deposited at 5 W. However, XRD measures revealed that the bias greatly influenced
the crystallinity of the films, as shown in Figure §.§. The film deposited at P,,;= 5 W showed a great
improvement of crystalline properties. The AIN (002) peak FWHM indicated an average crystallite size
of 106 nm, and the rocking curve FWHM of 1.75° showed a good degree of orientation of the grains.
The film deposited at Ps,;,= 10 W instead showed a significantly less strong AIN (002) peak, shifted to
slightly smaller angles (35.78° rather than 35.97°) with a smaller average crystallite size of 47 nm, and a
wider rocking curve FWHM at 4.41°. Finally at P,;,=20 W the film did not crystallize at all, not showing
any diffraction peak related to AIN. The average stress also changed significantly: the film deposited at
OW and 5W had a tensile residual stress, higher in the film deposited with a bias, while the film deposited
at higher substrate powers had a compressive residual stress, higher in absolute value for the highest bias
applied. This behavior can be explained considering the role that the substrate bias plays in the deposition
and growth of the films and is also reported in literature [23, BO]. The substrate bias is used to provide
more energy to the sputtered particles arriving on the substrate: providing more energy increases the
mobility of adatoms on the surface of the forming film, assisting the growth of the crystalline grains.
Over a certain value however the particles impinge on the surface of the film with too much energy,
reducing the crystalline growth. If the bias is increased even further, the substrate is actually sputtered,
as the impinging particles remove matter from it. When the bias is too high to promote the crystalline
growth of the film, it actually densifies it, creating compressive stress. The results are summarized in

Table #.3.
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Figure 4.8: 6-26 scans of the AIN(002) peaks of the films deposited on the bias test.
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Table 4.3: Summary of results from the bias deposition test

Py (W)  ty(mm)  7gep (nm min—') At f OB AIN(®) 7T @mm) rcFWHM(C) T,, (MPa)

0 412.1£0.8 5.49 0.7% 35.975 68 1.89 53247
5 399.3+1.9 5.32 1.8% 35.970 106 1.75 613+5
10 393.1+£0.2 5.24 0.2% 35.780 47 441 -217£1
20 399.3£1.2 532 1.2% - - - -386+4

The properties of the film deposited without an applied bias need to be addressed too. They are
coherent with the previous depositions, except for significantly smaller rocking curve FWHM, as can be
seen in the Figure f.9. This discrepancy can be explained by considering the residual stress in the Pt
layers before the deposition. The pressure test was conducted using Pt layers deposited by CT200, which
all showed a tensile residual stress of around 600 MPa. The substrate bias test instead was conducted
using Pt film produced by Spider600, which are consistent with the ones deposited by CT200, except for
the first one, which a small unnoticed variation in the deposition parameters caused it to have a significant
compressive residual stress of -764+38 MPa. The compressive state of the growth layer is hypothesized
to be the cause for the better orientation of the film, but this effect was not further explored, as the Pt films
produced by CT200 never showed a compressive residual stress, and in the moment the PM2 was still
producing Pt films with poor crystallinity properties. As discussed in however the effect of the optimal
substrate bias on a tensile bottom electrode proved to be still more impactful on grain orientation than
the use of a compressively-stressed Pt layer. The value of SW for the substrate power generator was set
for the final recipe. In the following test a substrate bias was not used as the deposition parameters had
to be changed significantly.
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Figure 4.9: Confront of the rocking curve for AIN films deposited on tensile and compressive stressed Pt
electrodes.
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4.4 Gas ratio test

To test the influence of the ratio of No flux to the total gas flux, a preliminary deposition was conducted.
The gas flux was comprised entirely of Nitrogen, and to ensure that the tool could successfully complete
the deposition with a gas flux significantly lower (25 sccm), the deposition pressure was lowered to 0.3
Pa. The rest of the process parameters were kept the same as the base recipe (Table i.1)). The main goal for
this deposition was to observe the resulting crystalline orientation of the film. As the deposition pressure
was lowered and the gas was entirely comprised of No, the deposition rate was expected to significantly
decrease. Ellipsometry measures confirmed this, resulting in a film thickness of 261.6+1.4 nm and a
deposition rate of 3.5 nm min~!, 36% lower than the reference value of 5,5 nm min~!. The film was
significantly stressed, with a residual stress of 77748 MPa. The XRD measures however indicated good
crystalline qualities of the film, with and average crystallites size of 86 nm and a rocking curve FWHM of
2.06 °. With these results in mind, it was deemed worth to deposit films using a higher No gas flux ratio.
To accommodate the tool limitation and ensure that the pressure was regulated successfully, the Fo was
set to 20 sccm and the F4,- value reduced accordingly. The N» ratio values (Fyo / Fiot) considered were
0.33, 0.50 and 0.67, to be compared with a previous deposition done at 0.23. The deposition parameters
are reported in Table B.4. It is important to note that the final deposition has a total gas flux of 30 sccm,
which is the limit for which the tool is capable of maintaining a pressure of 0.5 in PM6 while sputtering
AIN.

Table 4.4: Deposition parameters for the gas ratio test

Fpro (scem)  Fpp (scem)  Fyop (scem)  Noratio Pgy (W) P (Pa) Tyep  tyep (5)

20 40 60 0.33 400 0.5 500 4500
20 20 40 0.50 400 0.5 500 4500
20 10 30 0.67 400 0.5 500 4500
25 0 25 1.00 400 0.3 500 4500
15 50 65 0.23 400 0.5 500 4500

As it was observed in the previous deposition, reducing the total gas flow reduces the deposition
rate. Plotting the deposition rate in function of the total gas flux, it can be observed that the correlation
is not linear, probably due to the varying amount of Ny, as can be seen in Figure .10 Nitrogen has a
lower sputtering yield than Argon [23], and that reduces the deposition rate. How influent was this effect
compared the total gas flux variation is not clear, but was not investigated, for the sake of not further
reducing the deposition rate of AIN. Stress measures indicated that the stress increases for both low and
high values of the Ny ratio, with a more pronounced effect for higher ratios (Figure #.114d). 6-26 scans
(Figure §.12)) showed that the AIN(002) peak with the highest counts was the one with the lowest N
ratio, while for Ny ratios above 0.50 the peak intensity was very similar. However it is to be consider
that the films showed different thicknesses, so it was possible that a lower signal could still be associated
with a higher density of crystalline grains in the film. Crystallite size remained pretty constant with Ny
ratio, apart for the film deposited without Ar, that showed an average crystallite size 50 % larger and
the film deposited at a Ny ratio of 0.33, that showed a small decrease in crystallite size #.115. Rocking
curve measures (Figure f.13) however clearly show that higher Ny ratios improve the orientation of the
crystalline grains in the film: the FWHM reached a minimum of 2.03° for Fiyo / Fior = 0.67, only slightly
better than the film deposited in pure Ny. The results of these depositions are reported in Table §.3.
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Figure 4.10: Effect of total gas flux on the deposition rate for the films deposited at different N» ratios.
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Figure 4.12: 6-26 scans of the AIN (002) peak for films deposited at different N5 ratios.
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Figure 4.13: Rocking curves of the AIN (002) peak for films deposited at different No ratios.

Table 4.5: Summary of results from the gas ratio deposition test

N, ratio ty (nm) Tdep (NM min—) At f OB AIN(®) 7 (mm) rcFWHM(°) T,,(MPa)
0.23 410.38+2.33 3.28% 5.47 36.030 67 3.09 479+11
0.33 368.09+2.11 2.48% 491 35.960 56 2.69 34145
0.50 319.0040.68 0.87% 4.25 35.940 63 2.32 424+5
0.67 301.8140.82 0.93% 4.02 35.960 66 2.03 46846
1.00 261.624+1.38 1.62% 3.49 35.985 86 2.06 77748
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These results proved that a higher concentration of N5 in the processing gas do improve the orientation
of crystalline grains in AIN films. However, due to the tool’s limitations, a higher Ny ratio could only
be obtained lowering the Ar flux, so at the expense of an already low deposition rate. The substrate bias
also proved to be more effective at orienting the crystalline grains and promote their growth. In light of
these consideration, the final gas flux ratio was kept the same as the basic recipe (Table f.1)).

4.5 Optimized recipe and deposition on patterned electrode

In light of the information gathered with the previous test, an optimized recipe was defined. The goal of
this recipe was to deposit AIN films that would be integrated in FBAR devices, to test their piezoelec-
tric properties. The recipe optimization stopped at this point also because the CT200 tool underwent a
month of maintenance, making it necessary to dedicate the remaining time to the characterization of the
piezoelectric properties of the films. The first version of this optimized parameters are reported in Table

K¢

Table 4.6: Parameters for the first optimized recipe

Par (W)  Psup (W) P (Pa) Far(scem) Frg (scem) Noratio Tiep (°C)  tdep (5)
400 150 0.5 50 15 0.23 500 4500

However before starting the realization of FBAR, it was necessary to test whether the films would
show different properties if deposited on a patterned bottom electrode. To do so a test film of AIN was
deposited on a patterned bottom electrode, whose realization is discussed in Chapter [§. The properties of
this film were consistent with the results of the previous tests, showing that the deposition on patterned
metal did not influence the quality of the AIN film. Table §.7 reports the confront between the two films.

Table 4.7: Confront of film properties between film deposited on patterned and non-patterned growth
layers

Pt film ty (nm) Aty  Tdep (nm min~') O AIN(C) 7 (mm) rcFWHM(®°) T,, (MPa)
Smooth  399.3+1.9 1.75% 5.32 35.970 106 1.75 613+5
Patterned 444.8+6.3 4.25% 5.93 36.040 105 1.72 61348

The only evident discrepancy was the thickness of the films, which was 11 % higher than the previous
result. This was motivated by the maintenance interventions that occurred, and a quick test deposition on
a non patterned Pt layer confirmed that the deposition rate had slightly increased from 5.3 nm min~! to
5.9 nm min~—! after the maintenance, and the effect was not limited to patterned electrodes. The thickness
uniformity of the film was also slightly lower, as an obvious consequence of the patterning of the bottom
electrode. The surface roughness of the film was also quickly assessed with an AFM measure, reported in
Figure and #.15. The R, measured was of 10.5 nm, with a surface characterized by small triangular
shaped grains evenly distributed on the surface, with a characteristic size of about 100 nm, coherent with
the XRD observations.

Considering the increase of the AIN deposition rate after maintenance, the deposition time was reduce
to 4250 s, to obtain a goal thickness of 425 nm, slightly higher than the previous target to leave some
room in case the deposition rate decreased again after some time. The piezoelectric layer and the top
electrode are deposited in sequence without breaking the vacuum, so the only characterization possible
for the AIN layer deposited this way is the analysis of the frequency response of the microdevices. Table
k.8 reports the deposition parameters used for the AIN films employed in the FBAR production.

Table 4.8: Parameters for the second optimized recipe, used for FBAR production

Par (W)  Poub (W) P (Pa) Fyr(scem) Fg (scem) Noratio Tiep (°C)  tdep (5)
400 150 0.5 50 15 0.23 500 4250
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Figure 4.15: 2D visualization of AFM measures of the surface of the film deposited on patterned platinum
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4.6 Sc alloying calibration test

Due to the limited time available with the CT200 tool and some setback in the development, the process
optimization was limited to AIN films. This however meant that one of the main features of the film,
the possibility to co-sputter different materials at once, was being left out. To make up for it, a brief
investigation on the potentiality of the CT200 tool to deposit AIScN film with controlled Sc concentration.
The films were deposited directly on top of p-doped Si wafers, in order to reduce the time needed for set-
up. As the main characteristic to be determined of these films was going to be the concentration and not
their crystalline properties, the use of a different substrate was not an issue. To regulate the composition,
the power provided to the Sc cathode Ps. was varied. To have a first estimation on how to correlate
the Sc sputtering power to the Sc concentration in the film, the data from Beaucejour [37] was used
to create a linear regression, shown in Figure f.16. As the source material used a different tool with
targets capable of withstanding significantly higher sputtering power, the values fitted and used in the
following discussion are the ratio of Sc atomic percentage to the sum of Sc and Al atomic percentage
(xsc = %Sc/(%Sc + %Al)) and the ratio of Sc sputtering power to total sputtering power (rp,s. =
Ps./(Pa; + Ps.)). While the maximum value of power deliverable to the Al target was 400 W, the Sc
cathode could only tolerate sputtering power up to 300 W, due to a different mounting configuration.
The N9 gas flow was slightly increased to 20 sccm to ensure that the poisoning step was completed on
both targets. The Ar flow was initially set to 50 sccm, but with a combined gas flux of 70 sccm and
two cathodes being sputtered, the tool could not regulate properly the pressure to the set point of 0.5 Pa.
Instead, the pressure inside PM 6 during the deposition was actually slightly higher, and the end of the
sputtering step the tool was not able to reduce the pressure correctly, and the process was interrupted. To
avoid this error from repeating, the Ar flux was set to 40 sccm. The deposition time was set to 1800 s, as
there was not requirement on the film thickness to meet and the deposition rate was expected to be higher
than the one used measured for AIN. The deposition were carried out with a deposition Temperature
of 500°C, to remain coherent with the AIN depositions. No bias was applied on the substrate, as the
crystallinity was not the main target for this procedure. The deposition parameters are reported in Table
B.9, together with the target Sc concentration set for each deposition.
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Figure 4.16: Linear fitting of the Sc concentration against the Sc sputtering power ratio from [37], used
to determine the deposition parameters.

Table 4.9: Deposition parameters for the Sc concentration test

Par (W) Psc(W) rpsc P(Pa) Fap(scem) Fro(scem) Tiyep (°C)  tep () target xge

400 300 0.43 0.5 50 20 500 1800 0.385
400 200 0.33 0.5 40 20 500 1800 0.300
400 150 0.27 0.5 40 20 500 1800 0.245
400 100 0.20 0.5 40 20 500 1800 0.180
400 50 0.11 0.5 40 20 500 1800 0.100
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The thickness and curvature radius of these films were measured before depositing 30 nm of Cr
on top of the films to measure their composition with EDX. Ellipsometry measures revealed that the
deposition rates increased significantly compared to those of pure AIN, thanks to the significantly higher
total sputtering power considered. The dependency between deposition rate and total sputtering power
is clearly linear, as shown in Figure f.17. The deposition rate for the sputtering run at the highest total
sputtering power (700 W) is slightly higher than the prediction, as it was the deposition for which the total
gas flux was not compatible with the process pressure set. The residual stress decreased with growing
total sputtering power, as showed in Figure [#.18. This trend can be explained by the different thicknesses
of the films, but the influence of other parameters, such as crystallinity can not be ruled out.
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Figure 4.17: Effect of total sputtering power on deposition rate of AIScN. Linear fit results with corre-
sponding R? value included.
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Figure 4.18: Effect of total sputtering power on residual stress values of AIScN thin films.

Finally, the EDX measures revealed a clear correlation between the concentration of Sc and the Sc
sputtering power. The measures were conducted with electron accelerating voltages of 8kV and 10kV.
The atomic concentrations of N, Al and Sc and x 5. measured for both accelerating voltages are reported
in Table #.10. The results showed a clear correlation between the Sc Sputtering Power Ratio and the
Sc concentration detected in the films. The xg. values obtained are slightly higher than predicted, and
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are coherent between the two accelerating voltages, with the exception of the film with the highest Sc
concentration. For this film the two measures showed a discrepancy of 0.03, with the 10 kV measurement
showing a lower concentration of Sc in the film. The N atomic concentration is also significantly higher
than the sum of the metals concentrations, indicating a wrong stoichiometry of the films. However this
discrepancy can be motivated as the Characteristic Kol X-Ray line of nitrogen is very close to the Lal
line of Sc, (392.4 eV against 395.4 eV) [92]. Further measuring of the concentration, for instance X-Ray
Photon Spectroscopy (XPS) would clarify the actual stoichiometry of the film and provide more accurate
concentration measures, but that goes beyond the scope of this test. In Figure are reported the values
of xg. in function of the Sc Sputtering Power ratio, together with the values extrapolated from the linear
fitting reported in Figure and their linear fit. The results summary of this test is reported in Table

.11

Table 4.10: Atomic concentration of N, Al and Sc measured by EDX for AlScN thin films on Si at 8 kV
and 10 kV electrons accelerating voltages.

rp,sc N %at (8 kV/10kV) Al %at (8 kV/10 kV) Sc %at (8 kV/10 kV) x5, (8 kV/10 kV)

0.43 37.87/32.9 14.73 / 18.88 11.21/12.52 0.432/0.399
0.33 35.47/34.67 13.78 /19.11 6.74/9.26 0.328/0.326
0.27 33.99/32.48 13.91/19.78 5.46/7.65 0.282/0.279
0.20 33.89/43.54 14.11/16.36 3.79/4.27 0.212/0.207
0.11 30.55/30.23 14.13/20.84 1.89/2.73 0.118/0.116

0-50 e 8kV e 10kV e Prediction

0.40 |y=1.0131x
R*=0.9995

Sc doping

o
i
<]

0.10

ot

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
Power Ratio

Figure 4.19: Correlation between Sc concentration in film and Sc sputtering power ratio. Linear fit results
with corresponding R? included.

Table 4.11: Results summary for the Sc doping test

Pyt (W) TP,Sc tf (nm) Atf Tdep (nm min_l) Tov

700 043 277.8£3.2 6.89% 9.3 77+£1
600 0.33  220.5+£2.1 2.97% 7.4 19243
550 0.27 203.3£0.6 0.96% 6.8 28613
500 0.20 182.7£0.0 0.06% 6.1 354+3
450 0.11 164.6+£0.1 0.23% 5.5 41743
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5. Microdevices realization

5.1 FBAR design

The main purpose for the realization of these microdevices was the analysis of the piezoelectric properties
of the AIN thin films deposited with the optimized parameters. To do so a Free-Standing Bulk Acoustic
Resonator was selected as a relatively simple kind of microdevices which behavior is strongly dependent
on the properties of the piezoelectric layer included in it. An FBAR is composed of three layer: a bottom
electrode (developed in Chapter [§), a piezoelectric layer (developed in Chapter H) and a top electrode.
These layers form a membrane that is anchored at the edges to the substrate. The area where the bottom
electrode and the top electrode overlap over the piezoelectric layer is the active area of the resonator.
Here the piezoelectric film is excited by the oscillating electric field and generates an acoustic wave in
the thickness direction of the film. The FBAR systems are characterized by a resonance frequency, for
which the piezoelectric film produces an acoustic standing wave confined in it, which in turns modifies
the electric field distribution and the impedance of the system [93]. To generate a standing acoustic wave
the thickness of the thin film must be an integer multiple of half the wavelength. The basic resonance
frequency can then be derived knowing the velocity of the acoustic wave in the film (Eq. [.1])

Vq

- (5.1)

Ir

For a [001] oriented AIN film, the bulk acoustic velocity is derived as follows: (5.2)

va = 2 (5.2)
p

where ca3 is the stiffness coefficient of AIN in the [001] direction. At the resonance frequency f, the mea-
sured admittance of the system is maximum. FBAR devices are also characterized by an anti-resonance
frequency f,, where the measured impedance is maximum. The FBAR’s effectiveness for converting the
electrical power into mechanical power is defined as the Effective Coupling Coefficient, k> - According
to the IEEE Standard of piezoelectricity [[14] the Effective Coupling Coefficient is defined on the base of
the frequency distance between the resonance frequency and the anti-resonance frequency (Eq B.3))

2 _ g2

k2pp = o 2fr (5.3)
fa

This parameter can then be correlated to the coupling coefficient for an AIN piezoelectric film excited by

an electrical field perpendicular to its thickness (Eq 5.4)

2
dss
E_T

533E33

ki = (5.4)
In which ds3 is the piezoelectric strain coefficient, the strain generated per unit of electric field applied,
sL, is the elastic compliance at constant electric field and 2, is the dielectric constant at constant stress.
The 33 subscripts denotes that the strain, electrical field, polarization and stress are along the 3 direction,
which for wurtzite crystalline lattices is defined as the c-direction, the one the AIN film produced in
this work are oriented. By measuring the FBAR coupling coefficient is then possible to estimate the
piezoelectric properties of the AIN. As kgf f still depends on the configuration of the device, (e.g. the
mass loading of the resonators, the losses in the electrodes ...) and k33 is defined by three terms that
can all vary depending on the properties of the film, the assessment of piezoelectric quality of the film
is limited to the confront of the measured k:gf 7 to the theoretical value obtained by an ideal AIN layer.
From the values measured by Kurz et al. [35] the k33 theoretical value of 7.46 % is calculated according

to Eqf.4.
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To realize the FBAR devices following the process flow reported in Table R.1], two photolithography steps
are required, one for patterning each electrode. For each step a 2D layout must be designed to instruct the
direct laser writing tool were to expose the photoresist mask. As the PR used are positive, the exposure
directly translates the designed pattern on the PR. The mask are however are used to protect the layer
from the lon Beam Etching, so the definition of the pattern is actually the negative of the layout. The
bottom electrode was designed starting from the shape of the active area of the resonator, set as a circle
or a irregular pentagon of varying sizes. The bottom electrode is then connected by traces to two 100 pm
x 100 um pads spaced 300 um where the signal electrodes of the testing probes will land. The length
of the traces is determined considering that the devices will be suspended by isotropic etching of the Si
substrate, so they must be long enough to ensure that the devices are still anchored to the wafer. An array
of five geometries was produced, composed of three circular active areas with diameters of 200 um, 400
pm and 600 pm and two pentagonal active areas of characteristic size of 350 um and 550 um. The traces
were set to leave at least 300 um of distance between the area to be suspended and the contact pads.
To realize the layout for the bottom electrode etching mask, 50 pm were added to the perimeter of the
pattern, the shapes were aligned at the contact pad and distanced 400 um from each other. This array was
then repeated on a grid of 4 columns spaced 8 mm and 6 rows spaced 4 mm. At the end four grids were
fitted on the wafer together with alignment marks for succesive photolithographies. The resulting layout
for the PR mask is reported in Figure 5.1 The next photolithography step was used to define the PR mask
for the top electrode mask. The Top electrode was simply composed of the active area connected by a
trace to the contact pad for the ground electrode of the probe, put in the middle of the two other pads.
The layout was then created by removing this shape from the outline of the previous layout. The result
is reported in Figure 5.2,

Figure 5.1: Layout for the bottom electrode etching mask.

Figure 5.2: Layout for the top electrode etching mask.

With this design the top electrode is used as the mask for the wet etching of AIN. This comports
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that the bottom electrode is easily accessed, but a large area of the substrate is exposed. To address this
problem another PR mask was developed to limit the area attacked by XeF». This mask was designed to
create openings 25 pm wide of the side of the active area, with a margin of 5 um from the edge of the
active area. However an important flaw in the design, which was identified only after the patterning of
the top electrode, caused the redesign of this mask and the necessity of cleaving the wafer in two parts.
If all the devices would have been released at the same, the etched areas of the substrate would have
connected, as the spacing between devices was not large enough. This in turn would have created a large
and thin membrane between the devices, which would very likely break off, damaging the devices. To
avoid that, one half of the wafer was patterned for the release of the three smallest devices, and the other
half for the release of the larger devices. The opening were then randomly distributed over the device to
minimize the risk of creating a large membrane.

The FBAR design was realized at the same time of the optimization of the AIN deposition. Maintenance
intervention on the CT200’s Process Module 6 halted the depositions of AIN for some time, which was
instead exploited to realize another kind of device, High-Overtone Bulk Acoustic Resonators (HBAR).
This allowed to test some steps of the realization of the FBAR and possibly characterize the piezoelectric
properties of AIN films already deposited.

5.2 HBAR development

HBAR were selected mostly because they potentially required only one step of photolithography for the
patterning of the top electrode. This device is composed of the same layers of an FBAR, but they are
not separated to the substrate. The device works by exciting the piezoelectric layer with an electric filed
perpendicular to it. The acoustic waves produced in this way travel in the substrate and are reflected
at the bottom of it. The response obtained is then the overlap of the response of the FBAR-like stack
to the resonance modes of the substrate. As the substrate thickness is way larger than the one of the
piezoelectric layer, its resonant frequency is way smaller than the one of the piezoelectric layer. The
expected frequency response would then show oscillations of the signal with spacing equal to the basic
resonant frequency of the substrate (overtones), and a global maximum and minimum related to the
resonance and anti-resonance frequency of the piezoelectric layer, allowing for the determination of the
piezoelectric properties of the film [94].

5.2.1 First HBAR design

The first design for these devices was the one port configuration, in which only the top electrode is
patterned, and the device is contacted on the active zone and the rest of the top electrode id grounded.
Two wafers were chosen to realize the HBAR devices. Their AIN films were the one with the best
crystalline properties at the time, and were the results of the substrate bias test (Section §.3). A simple
layout was created, using three active areas geometries, with their characteristic size varied between five
values. Each geometry was then repeated in a 3 by 4 grid. The geometry chosen were a circle, a circle
with a 50 pm x 100 um contact pad added, and a regular pentagon; the diameter of the first two shapes
was varied between 100 pm and 1600 pm, while the size of the pentagon was varied between 60 pm
and 940 um. Finally the mask layout was obtained by extending the perimeter of the active areas by
100 pm. The top electrodes were deposited by sputtering in the CT200 tool (PM 2 was still available),
following the optimized recipe for Pt deposition reported in Table B.9. The sheet resistance of both films
was measured, resulting in an average value of 2.4510.02 (2/sq and 2.49£0.02 )/sq, slightly higher than
the value measured for the bottom electrode, but still acceptable. The wafers were then coated with PR,
the layout was exposed on the PR with the laser writing machine and then developed. A reflow step was
done to ensure that the ion beam etching was not going to generate metallic fences. The etching tool was
set to the medium power configuration, with an incidence angle of -10°. The film were etched for 60 s.
After stripping the PR with an O2 plasma ashing tool, the result of the etching were quickly tested on
the etched side with a multimeter, to prove that the bottom electrode had been completely removed were
the mask was open. The results were then observed with SEM , which confirmed that the patterning was
successful and that the geometries were respected (Figure 5.3).
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Figure 5.3: HBAR top electrode

The frequency response of these HBAR was then measured, but the results were inconclusive, as
the measurement did not show any ordered response. This failure was attributed to two factors: the
substrate and the device design. The substrates used for the deposition of the films were test wafers
acquired by CMi, that were polished on only one side. The backside of the wafer was then too rough
to reflect the acoustic waves, and it was scattering them instead. The surface roughness of the backside
was estimated to have a I, value higher than 1 pm, as it was not measurable with the AFM. The devices
design instead degraded the response as the bottom electrode potential was not controlled, and the active
area of the piezoelectric film was not clearly defined, as it was possible that the rest of the top electrode
was extending the area were the piezoelectric film was being actuated.

5.2.2 Second HBAR design

To tackle these issues, one of the wafer was ground down to 400 um to reduce its roughness, which
resulted in an average roughness of 32.3 nm. The design was then updated to a two-port HBAR. The
top electrode would have remained only on top of the piezoelectric layer, which in turn would have been
etched completely to reveal the bottom electrode. In this way the probe would have been able to land on
the bottom electrode, and control precisely its potential. The removal of the piezoelectric layer around
the active area would have also been beneficial for reducing the dampening of the film oscillations. To
realize this design the top electrode was etched following the same procedure described above, only by
updating the layout to increase the area exposed to the ion beam. After that the AIN films were etched
with submersion in AZ 726 MIF developer for 390 s, after which they were submerged in water for 60
s seconds and the rinsed again. This etching procedure resulted in the bottom electrode covered with a
thin opaque layer, that anyways allowed the conduction of electricity. SEM imaging revealed the bottom
electrode being covered in small barnacle-like structures, as shown in Figure b.4. These structures were
formed due to the incomplete etching of the AIN layer, and were around 150 nm tall and 200 nm wide.
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Figure 5.4: Magnification of the bottom electrode surface, with barnacle-like structures.

EDX measured confirmed that those structures were residuals of the AIN layer, with a non stoi-
chiometric composition, richer in N. To remove those residuals, a further 150 s etching in the TMAH
developer was done. The frequency response of these devices was measured again. The frequency of the
signal was firstly varied between 500 MHz and 12 GHz, with a frequency step of 287,5 kHz, obtaining
40000 measures. The magnitude of the admittance as function of the frequency is reported in Figure ??.
From this measure no clear resonance or anti-resonance peak is identifiable, but it is possible to observe
a local minimum around 5.25 GHz and a periodical oscillation of the impedance magnitude with a period
of around 10 MHz. This value is close to the predicted spacing of the Si overtones, equal to its basic
resonance frequency, 10.54 MHz. This value was calculated using the data reported by Hopcroft et al.
[05] and Equation [.1] and Equation 5.2 with the parameter ¢33 substituted by ¢y, as the Silicon wafer is
[100] oriented. To measure the spacing of this peaks more accurately, another measure, spanning from
4.75 GHz to 5.75 GHz, with a spacing of 25 kHz was conducted. In the end an average frequency spacing
of 10.97 MHz was calculated by averaging 10 inter-peak distance measured between 4.75 GHz and 4.9
GHz. This result proved that the film was in fact piezoelectric, as the substrate was producing overtone
modulations of the signal due to the mechanical actuation caused by the AIN film. However no further
characterization of the piezoelectric properties was possible with these devices, and when the PM 6 was
again available, the FBAR development was started.
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Figure 5.6: Admittance frequency response of a circular HBAR with diameter of 1600 um excited be-
tween 4.75 and 5.75 GHz.
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5.3 FBAR realization

To produce the FBAR, High resistivity wafers were used, to isolate electrically the devices from the
substrate. The last step before starting the production was to test the bottom electrode etching, and then
measure the properties of the AIN film deposited on top of it (discussed in Section #.3). The patterning
was done on a 50 nm Pt layer deposited with Spider600. The etching parameters were kept the same, with
a medium power setting, for 60 s at -10° incidence angle. The bottom electrode was etched effectively,
and the resist reflow proved to be effective to avoid the formation of metal fences on the side of the
photoresist mask, that could potentially short the top and bottom electrodes (Figure 5.7). Due to the angle
of incidence, a thin layer of not completely etched Pt was present at the edges of the bottom electrodes.

o EHT = 3.00 kv StageatT= 00°  SEMI EPFL
| Probe = 100 p& WD = 60 mm Date: 23 Jul 2025 c M I(enteroi
Signal A = HE-SEZ Mag = 2482KX File Name = test-1454-batton-etched-08 tif MicroNanoTechnology

Figure 5.7: SEM image of an edge of one of the FBAR’s bottom electrodes.

To ensure that no organic contamination remained on the bottom electrodes, the PR mask used for
the Pt etching was removed in three steps, with an high intensity O plasma for 30 s, two 5 minutes
baths in SVC-14 PR solvent at 70° C, and a final plasma ashing at low intensity for 3 minutes. After the
deposition test confirmed that the crystalline properties of the AIN film remained the same even when the
film was deposited on a patterned electrode, two HR wafer were selected for the realization of FBAR. On
one of these wafer the bottom electrode was deposited in the CT200, with the optimized recipe reported
in Table B.9. The other bottom electrode was deposited in the Spider600, with a final thickness of 30
nm. The etching was done with the same parameters described above, only halving the process time
for the electrode deposited in the Spider600. The AIN piezoelectric layers were deposited following
the optimized recipe reported in Table #.§. The top electrodes were deposited immediately after, without
breaking the vacuum. The sheet resistance of the top electrodes was measured, and resulted in an average
value of 2.91 ¥/sq, higher than predicted. The top electrode was then patterned with the same parameters
as the bottom electrode, and the resist was stripped only using the plasma asher. To etch the AIN layer,
the wafer were submerged in two baths of AZ 726 MIF developer, for 5 and 3 minutes respectively, and
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then submerged in deionized water for 2 minutes and rinsed three times before being dried. Even in this
case some residuals of the AIN film remained, and it was noted that their distribution was denser on the
areas with Pt than on the areas with Si (Figure B.§). This was probably due to the fact that also Si is
etched by TMAH, and some of the AIN aggregates could have been removed by etching their anchorage
to the substrate.
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Figure 5.8: SEM image of the edge of an FBAR bottom electrode covered with AIN aggregates.

However these aggregates did not stop the bottom electrode from conducting electricity, and they
would have probably been scraped off by the measuring probes, so the production process continued to
the last step, the release of the devices from the substrate. As anticipated before, the layout design could
have not been used to release all the devices together, so and additional PR mask was realized on top of the
wafers, and the wafers were cleaved in half. Due to limited time, the release was done on only one of the
half-wafers, the one with the bottom electrode deposited in the Spider600, with the mask patterned for the
release of the three smaller devices. To release the devices initially 45 etching cycles of 45s were done,
but controlling the results with an optical microscope different from the one integrated in the etching tool
the devices were not released, as can be seen in Figure 5.9. To solve this issue, 20 additional etching
cycles were done, resulting in the release of most of the devices. However, due to the tensile residual
stress in the films the devices raised from the plane of the wafer, as can be seen in Figure 5.10. In this
context the selection of Pt as the electrodes material proved to be appropriate: Pt is highly ductile, and
can reach values of elongation at break up to 35% [96]. Metals more brittle than Pt would have probably
broken due to the large deformation. Despite this non ideal configuration, the FBARs were ready for
measurement.
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Figure 5.9: Photography of an unreleased FBAR. The dark area around the active area is where the Si
has been etched.

Figure 5.10: Side view of a released FBAR.
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5.4 FBAR frequency response

The frequency responses of the FBAR devices were measured from 0.5 GHz to 12 GHz, with a frequency
step of 287.5 kHz (40001 values measured). The admittance measures showed the minimum value associ-
ated to the anti-resonance frequency, but no clear maximum value associated to the resonance frequency.
For the FBAR whose frequency response is reported in Figure B.11], f, was estimated at 6.44 GHz. This
is caused by the low resonance quality factor, that express the ratio of energy conserved in the FBAR
to the energy dissipated at the resonance frequency. One way of calculating it is by the 3 dB bandwidth
method, reported in Eq. 5.3:

fr
Qr=—— (5.5)
"= e
where fi and f5 are the frequencies for which the admittance is 3 dB lower than the maximum value
at resonance. (s is mostly related to resistive losses in the electrodes [97], meaning that the electrodes
are not optimized for an FBAR device. On the other hand the anti-resonance peak is visible, showing an
higher quality factor for the piezoelectric layer, calculated in the same fashion as Eq. 5.9 to be Q, =252.

Admittance Magnitude, dB
:
|

Frequency, GHz

Figure 5.11: Admittance frequency response of a FBAR device with pentagonal active area.

This measure proved that the film was piezoelectric and the FBAR was working, meaning that the
system still possessed a resonance frequency, needed to determine the effective coupling coefficient. To
do so, the reflection coefficient S7; of the FBAR was used instead of the admittance. S7; measures of
much the electrical signal is reflected from the resonator and can be calculated by Eq. 5.6 [98]:

 Zp-Z
I+ Z

11 (5.6)

in which Zy, is the line impedance (in this case 50¢2) and Z is the impedance of the system. S is
then minimum at resonance frequency and maximum at anti-resonance frequency. Ideally the reflection
coefficient should be null at resonant frequency, as the energy should be completely stored inside the
resonator, but in lossy systems that is not the case. The measures of 571 showed two clear peaks related
to f. and f,. For the FBAR whose response is reported in Figure those two values are 6.25 GHz
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and 6.46 GHz respectively, from which a kzg Ir value of 6.20 % can be calculated from Eq[.3. This value
is comparable with the theoretical value of k34 calculated for AIN, 7.46 %, indicating that despite the
poor performance of the FBAR, the AIN film produced in the CT200 showed satisfying piezoelectric
properties.
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Figure 5.12: Reflection coefficient frequency response of a FBAR device with pentagonal active area.
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6. Conclusions

In this work, the CT200 sputtering tool was assessed as an effective tool for the deposition of thin films
used to realize functioning microdevices. Pt thin films, with a thickness of 50 nm were deposited and
characterized, showing a resistivity only 11% higher than the bulk material and a good degree of orien-
tation in the [111] direction. Their crystalline properties showed a strong dependency to the deposition
pressure, and this turned the process highly sensitive to the contamination of the deposition chamber
by outgassing oxides. While this issue was resolved by cleaning the dedicated deposition chamber, this
solution is not applicable in the long run for a laboratory facility that counts hundreds of users such as
CMi. Either the moving of the Pt target to another process module of the chamber or the development of
a pre-deposition treatment of the chamber is an applicable solution to ensure consistent results for the Pt
films. The optimized Pt bottom electrodes proved to work as an effective growth layer for the deposition
of ordered AIN film.

These films showed a preferential [001] growing direction, associated with the highest piezoelectric re-
sponse of the material. The films were polycrystalline and the optimization of the deposition process
resulted in films showing an average crystallite size of 105 nm and a FWHM of the rocking curve of
1.72°, values compatible with the application in piezoelectric MEMS. The main parameter for improv-
ing the crystalline orientation of these film was the application of a RF power of 5 W on the substrate
during deposition. The increase of Ns in the sputtering gas mixture showed promising effects for the en-
hancement of AIN grains orientation, with rocking curves FWHM of 2.03°, but at the cost of a significant
decrease of the deposition rate, from 5.5 nm min~1 to 3.5 nm min~ 1. This was due to the tool limitations,
as the maximum value for the nitrogen flux was limited to 25 sccm, rendering necessary to drop the total
gas flow or deposition pressure in order to achieve higher concentration of Nitrogen in the sputtering gas.
The tool also proved to be able of depositing AIScN with controlled Sc concentration by varying the ratio
of power delivered on the Sc target. The implementation of a N9 flow line with higher volume would be
the next step for a further optimization of AIN deposition in the CT200, while omptimizing the deposition
of AlScN could open the way for significant developments, such as the deposition of ferroelectric layers,
or films with a concentration gradient of Sc.

Finally, HBAR and FBAR devices were realized and characterized. HBARs were realized using films
obtained during the optimization tests of the AIN deposition, and their frequency response confirmed the
presence of piezoelectricity in the films deposited. FBAR devices were realized and from their frequency
response an effective coupling coefficient of 6.20 % was determined, compared to a theoretical limit for
AIN of 7.46%, proving that the AIN film deposited with the optimized recipe exhibited good piezoelec-
tric properties. The FBAR themselves however showed several problematic, as the quality factor for the
resonance frequency was extremely low, indicating high resistive losses in the electrodes, and the tensile
residual stress caused the devices to raise out of the wafer plane once released from the surface. The
optimization of the devices was not in the scope of this thesis, but it is evident that the improvement of
the device design and realization would allow for a better characterization of the thin films.
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Abbreviation and symbol list

6.1 Symbols
o Thermal expansion coefficient (K1)
I6; FWHM of 0-26 scans peaks (°)
A Ellipsometry parameter, polarization difference between incident and reflected light (°)
Aty Maximum variation between thickness values of the film, in percentual
ed Permittivity matrix at constant strain (F m~)
es Permittivity matrix at constant stress (F m~1)

0B Bragg angle, for which a diffraction peak is measured (°)

A X-Ray wavelength (nm)

v Poisson Module

P Density (kg m~3)

Pe Electrical resistivity ({2m)

T Average crystallite size (nm)

v Ellipsometry parameter, angle whose tangent is the ratio between the module of 12, and R, (°)

a Crystalline lattice parameter (pm)

c Crystalline lattice parameter (pm)

cF Stiffness matrix measured at constant electric field (GPa)

D Electric displacement (C m~?)

Drg Target-Substrate Distance in a sputtering tool (mm)

d;j Piezoelectric strain coefficient, i direction of the field, j of the strain (pC N™1)
E Isotropic Young Modulus (Pa)

E Electric Field (Vm™1)

€ij Piezoelectric stress coefficient, i direction of the field, j of the stress (C m~—?)
fa Anti-resonance frequency (Hz)

fr Resonance frequency (Hz)

Fy, Flux of Ar in the deposition chamber (sccm)

Fino Flux of N» in the deposition chamber (sccm)

Fiot Total Gas Flux in the deposition chamber (sccm)

h Substrate thickness (um)

K Scherrer Shape Factor

ky Boltzmann constant

k:zf f Effective piezoelectric coupling coefficient

k§3 Piezoelectric coupling coefficient for a wurtzite lattice along the c-axis
Lean Mean Free Path (m)

P Pressure (Pa)

Py Power delivered to the Al cathode (W)

Ps. Power delivered to the Sc cathode (W)

Psyp Power delivered to the substrate (W)

Piot Total Sputtering power (W)

Qa FBAR anti-resonance frequency Quality Factor

Qhit Collision probability

Qr FBAR resonance frequency Quality Factor

Psup Power delivered to the substrate (W)

Ry Curvature radius of wafer before film deposition (m)

R, Total reflection coefficient (complex) along the direction perpendicular to the film surface
R, Root Mean Squared roughness (nm)
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6.2 Abbreviations

AFM
AIN
AlScN
AOG
BAW
CMOS
DC
EDX
FBAR
FWHM
GSG
HBAR
HR
HiPIMS
ICP

IR
MEMS
MLA
p-DC
PM
PR
PVD
RF

RT
SAW
SEM
SIMS
SiO-
TMAH
L0AY%
VNA
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Total reflection coefficient (complex) along the direction parallel to the film surface
Sheet resistance (£2/sq)

Curvature radius of wafer after film deposition (m)

Deposition rate (nm min~!)

Ratio of Sc sputtering power to total sputtering power

Mean radius of particles in a plasma

Strain

FBAR Reflection coefficient (dB)

Elastic Compliance Matrix (m N~1)

Stress (MPa)

Average residual stress in films, positive values for tensile stresses (MPa)
Deposition temperature (°C)

Film thickness (nm)

Acoustic velocity (m s~!)

Ratio of Scandium atomic concentration to total metal atomic concentration in AIScN
Impedance (£2)

Line Impedance (£2)

Atomic Force Microscopy/Microscope
Aluminium Nitride

Scandium Aluminium Nitride alloy
Abnormally Oriented Grains

Bulk Acoustic Wave

Complementary Metal-Oxide-Semiconductor
Direct Current

Energy Dispersive X-Ray Spectroscopy
Free-standing Bulk Acoustic wave Resonator
Full-Width Half Maximum

Ground Signal Ground (Probe)
High-overtone Bulk Acoustic wave Resonator
High Resistivity

High-Power Impulse Magnetron Sputtering
Inductively Coupled Plasma

Infrared radiation

Micro Electro Mechanical Systems
MaskLess Aligner

pulsed Direct Current

Process Module

Photoresist

Physical Vapour Deposition
Radio-Frequency

Room Temperature

Surface Acoustic Wave

Scanning Electron Microscopy

Secondary Ions Mass Spectroscopy

Silicon Oxide

Tetramethylammonium Hydroxide
Ultraviolet radiation

Vector Network Analyzer



XeF2
XPS

XRD
XRR

Xenon Difluoride

X-Ray Photon Spectroscopy
X-Ray Diffractometry
X-Ray Reflectometry
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