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Abstract

Micro- and nanoelectromechanical systems (MEMS/NEMS) have long shown their potential to
disrupt the established technologies. Over the past 15 years, MEMS have become fundamental
components in filters, accelerometers, gyroscopes and gas sensors. MEMS are now an essential
part of most of the electronic devices we own. However, their smaller counterpart, NEMS, are
still far from industrialization due to two challenges: their fabrication and the transduction of
their motion.

One transduction technique to control the motion of NEMS is piezoelectricity, which can be
directly integrated, has low power consumption and exhibits linear transduction. Piezoelectric
aluminum nitride (AIN) deposited by reactive sputtering has been applied in several MEMS
applications and recently in NEMS. There is a good understanding of the sputtering parameters
and substrate conditions needed to fabricate high quality micrometer thick AIN films, but less
is known for nanometer thick films.

One part of the thesis was focused on the impact of reactive sputtering parameters and
substrate conditions on the c-axis texture and piezoelectric coefficients of 50-100 nm thick
AIN films. We found that substrate temperature, sputtering power and type as well as quality of
substrate have a strong impact on AIN c-axis texture. By optimizing these conditions, we were
able to fabricate 50 nm thick AIN films with crystalline and piezoelectric properties similar to
micrometer thick films. Recently, AIN doped with scandium (AlScN) has been developed due
to its larger piezoelectric coefficients compared to undoped AIN. We found a strong influence
of two sputtering parameters, argon gas concentration and substrate bias, on the c-axis texture
and density of abnormal grains in 1 micrometer thick Aly gSco 4N films.

A fundamental issue in piezoelectric NEMS is that an asymmetric thickness cross section is
necessary to create a flexural curvature and the asymmetry will reduce with decreasing system
thickness. To avoid this issue, an alternative transduction technique based on flexoelectricity
can be implemented, which has three advantages over piezoelectricity: it is theorized to
exist in all dielectrics, it is predicted that its coefficients do not decrease with decreasing film
thickness and any thickness cross section can be used to fabricate flexural NEMS.

Most experimental work in flexoelectricity has been on ferroelectric or paraelectric materials;
little research has been conducted on materials like CMOS-compatible, high-k dielectrics
which could replace piezoelectric thin films in NEMS. Therefore, another part of this thesis
focused on the fabrication and characterization of flexoelectric actuators based on amorphous
hafnium oxide (HfO,). The fabricated 40 nm thick HfO, films were non-ferroelectric and an
effective flexoelectric coefficient of 37 pC/m was measured.
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Abstract

The final part of the thesis analyzed the potential curvature generation of piezoelectric and
flexoelectric films with nanoscale thicknesses, as well as provided a better understanding of the
relationship between experimental flexoelectric coefficients and relative permittivity. Based
on these analyses, we envision that flexoelectric thin films based on high-k dielectric materials
with relative permittivities between 50-100 are a promising alternative to piezoelectric thin
films in nanoscale actuation.

Keywords: NEMS, Piezoelectricity, Flexoelectricity, Hafnium Oxide, High-K Dielectrics, Alu-
minum Nitride, Aluminum Scandium Nitride, Sputtering, Actuators, Microfabrication
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Résumé

Les systémes micro- et nano-€électromécaniques (MEMS/NEMS) ont depuis longtemps dé-
montré leur capacité a surpasser les technologies établies. Durant les 15 derniéres années, les
MEMS sont devenus des composants importants dans les filtres, accélérometres, gyroscopes,
ou encore capteurs de gaz. Ils sont dorénavant présents dans la plupart des appareils électro-
niques de tout un chacun. Néanmoins, leur équivalent a I’échelle nanométrique, les NEMS,
sont encore loin d’'une production a grande échelle pour deux raisons : leur fabrication et la
transduction de leur mouvement.

Une technique de transduction pour controler le mouvement des NEMS est la piézoélectricité,
qui peut étre intégrée directement dans le systeéme, consomme peu d’énergie et démontre
un comportement linéaire. Le nitrure d’aluminium (AIN) piézoélectrique déposé par pulvé-
risation réactive est déja appliqué a plusieurs applications MEMS, et plus récemment aussi
aux NEMS. Les parametres de pulvérisation, ainsi que les conditions nécessaires au niveau du
substrat sont bien maitrisés pour la fabrication de couches d’AIN a I'échelle micrométrique
mais moins est connues pour des couches nanomeétriques.

Une partie de cette thése se concentre sur I'impact des parametres de pulvérisation réactive et
des conditions du substrat sur la texture axe-c et les coefficients piézoélectriques pour des
couches d’AIN d’une épaisseur de 50 a 100 nm. Nous avons découvert que la température
du substrat, la puissance et le type ainsi que la qualité du substrat ont un effet important sur
la texture axe-c de I’AIN. Suite a une optimisation des différents parametres, nous avons été
capables de fabriquer des couches d’AIN de 50 nm d’épais avec des propriétés cristallines et
piézoélectriques similaires a celles des couches d’échelles micrométriques. Récemment, ’AIN
dopé avec du scandium (AIScN) a été développé en raison de ses coefficients piézoélectriques
plus élevés que I’AIN non dopé. Nous avons découvert une influence importante de deux
parametres de pulvérisation, la concentration d’argon et la polarisation du substrat, sur la
texture axe-c et la densité de grains irréguliers dans des couches épaisses d’AlggScy 4N de
1 micrometer.

Un probleme fondamental dans les NEMS piézoélectriques est la section transversale asymé-
trique nécessaire pour créer une courbure en flexion. Cette asymétrie va diminuer lorsque
I'épaisseur de la couche du systéme est réduite. Afin d’éviter ce probléme, un mode de trans-
duction alternatif peut étre implémenté : il s’agit de la flexoélectricité, qui a trois avantages sur
la piézoélectricité : elle existe en théorie dans tous les matériaux diélectriques, il est prédit que
ses coefficients ne sont pas altérés par une réduction de I'épaisseur de la couche, et toutes les
épaisseurs de la section transversales peuvent servir pour la fabrication de NEMS en flexion.



Résumé

L'essentiel des travaux expérimentaux sur la flexoélectricité a été développé sur les matériaux
ferroélectriques et paraélectriques; peu de recherche a été conduite sur des matériaux com-
patibles CMOS tels que les diélectriques high-k, qui pourraient remplacer les fines couches
piézoélectriques dans les NEMS. Pour cette raison, une autre partie de cette these se concentre
sur la fabrication et caractérisation d’actuateurs flexoélectriques basés sur I'oxyde d’hafnium
(HfO,) amorphe. Les couches d’HfO, fabriquées étaient épaisses de 40 nm, non ferroélec-
triques, et leurs mesures ont indiqué un coefficient flexoélectrique effectif de 37 pC/m.

La partie finale de cette these a analysé la génération de courbure de couches piézoélectriques
et flexoélectriques de dimensions nanométriques, et offre une meilleure compréhension de
la relation entre les coefficients flexoélectriques expérimentaux et la permittivité relative.
En nous basant sur ces résultats, nous envisageons que les fines couches flexoélectriques
fabriquées avec des matériaux diélectriques high-k (permittivité relative entre 50 et 100) seront
une alternative prometteuse aux fines couches piézoélectriques pour 'actuation a I’échelle
nanométrique.

Mots clés : NEMS, piézoélectricité, flexoélectricité, oxyde d’hafnium, diélectriques high-
k, nitrure d’aluminium, nitrure d’aluminium scandium, pulvérisation, actuateurs, micro-
fabrication.



Zusammenfassung

Seit geraumer Zeit haben Mikro- und Nano-Elektromechanische Systeme (MEMS/NEMS) ihr
Vermogen bewiesen, etablierten Technologien weit iiberlegen zu sein. Insbesondere haben
sich wihrend der letzten 15 Jahre MEMS Komponenten in Filtern, Beschleunigungssensoren
und Gassensoren als wichtige Bestandteile durchgesetzt, und sind heute in elektronischen
Geriten allgegenwartig. NEMS hingegen - das miniaturisierte Pendant zu MEMS - sind aus
folgenden Griinden noch weit von der Marktreife entfernt: herausfordernde Herstellung
hochqualitativer Diinnschichten und Schwierigkeiten zur effizienten Bewegungsiibertragung.
Zur Bewegungsiibertragung in NEMS wird h&ufig der piezoelektrische Effekt benutzt. Direkte
Integration, niedriger Leistungsverbrauch und Linearitdt zwischen elektrischer Spannung und
mechanischer Bewegung machen piezoelektrische Aktoren attraktiv. Das wohl meistbenutzte
Material ist durch reaktive Kathodenzerstdubung abgeschiedenes Aluminiumnitrid (AIN).
Wihrend die Herstellung dicker AIN Filme mit hoher Qualitét eine etablierte Technologie ist,
gibt es wenig Forschungsarbeit zur Herstellung und Charakterisierung von Diinnschichten.
Ein Teil dieser Doktorarbeit beschéftigt sich deshalb mit dem Einfluss der Beschichtungspara-
meter und der Wahl des Substratmaterials auf die Textur der c-Achse und den piezoelektri-
schen Koeffizienten von AIN Diinnschichten unter 100 nm. Systematische Untersuchungen
ergaben, dass die Substrattemperatur, die eingespeiste Leistung der Kathodenzerstdubung
sowie das Material des Substrates einen bedeutenden Einfluss auf die AIN c-Achsen Textur
haben. Mittels Optimisierung dieser Parameter war es moglich 50 nm dicke kristalline AIN
Schichten mit piezoeletrischen Eigenschaftendhnlich deren von mikrometer dicken Schichten
herzustellen. Scandium-dopiertes AIN (AlIScN) hat kiirzlich grosses Interesse hervorgerufen,
weil es einen vergleichsweise hohen piezoelektrischen Koeffizienten aufweist. Untersuchun-
gen zeigten einen starken Einfluss des Gasflusses und Substratbias auf die Textur der c-Achse
und Dichte von fehlerhaften Kristallkorner in 1 Mikrometer dicken Aly gSco 4N Filmen.
Trotzdem, ein entscheidender Nachteil von pieloelektrischen NEMS ist die Notwendigkeit
eines asymmetrischen Schichtbaus um eine Biegung des Aktors zu erzeugen. Mit abnehmen-
der Dicke des Aktors, verringert sich jedoch die Wirkung der Asymmetrie. Der flexoelektische
Effekt bietet eine Alternative zum piezoelektrischen Effekt mit einigen Vorteilen in NEMS: er
istin allen dielektrischen Materialien vorhanden, der flexoelektrische Koeffizient bleibt gleich
mit abnehmender Schichtdicke und es benétigt keine Asymmetrie im Schichtaufbau um eine
Biegung zu erzeugen.

Bis anhin wurde nur wenig Forschung an CMOS-kompatiblen high-k Dielektrika betrieben.
Daher befasst sich der zweite Teil dieser Arbeit mit der Herstellung und Charakterisierung



Zusammenfassung

flexoelektrischer Aktoren basierend auf CMOS-kompatiblem, amorphem Hafniumdioxid
(HfO,). Wichtige Erkenntnisse unserer Untersuchungen sind, dass die hergestellten 40 nm
dicken HfO, Schichten nicht ferroelektrisch sind und dass ein effektiver flexoelektrischer
Koeffizient von 37 pC/m gemessen wurde.

Im letzten Teil der Arbeit wurde die Biegungserzeugung von verschiedenen piezoelektrische
und flexoelektrischen Diinnschichten fiir NEMS verglichen, um die Beziehung zwischen den
experimentell gemessenen flexoelektrischen Koeffizienten und der relativen Permitivitét bes-
ser zu verstehen. Basierend auf dieser Analyse, sehen wir flexoelektrische Diinnschichten
basierend auf high-k Dielektrika mit relativen Permittivitdten zwischen 50-100 als eine vielver-
sprechende Alternative zu piezoelektrischen Diinnschichten fiir die Bewegungserzeugung im
Nanometer Bereich.

Stichworter: NEMS, Piezoelektrizitit, Flexoelektrizitdt, High-K Dielektrika, Hafniumdioxid,
Aluminiumnitrid, Aluminiumscandiumnitrid, kathodenzerstdubung, Aktor, Mikrofabrikation
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|§ Introduction

Micro- and nanotechnologies are today integrated into many devices of our day to day life,
from the cell phones and computers we use to work and communicate with, to sensors we
use to interact with our environment. After Richard P. Feynman’s pivotal 1959 talk ‘There’s
Plenty of Room at the Bottom, an enormous development in micro- and nanotechnologies
occurred, particularly in microelectromechanical systems (MEMS) and micro/nanoelectronics.
However, nanoelectromechanical systems (NEMS), the natural successor to MEMS, have not
yet been investigated much beyond the academic environment but offer several advantages
to their larger counterparts.

At the intersection between quantum and classical mechanics, NEMS are a source of unique
dynamics and physical/chemical interactions. Due to their dimensions, they are also effective
sensors with a host of attractive characteristics, such as large quality factors and high resonance
frequencies, as well as low effective masses and heat capacities. Despite the many issues
surrounding NEMS, such as the difficulty in their fabrication and in integrating NEMS with
larger systems, many research groups have invested in developing nanofabrication techniques
as well as applying NEMS in the photonics, electronics and biomedical fields [1, 2, 3].

To actuate and sense the motion of NEMS, various physical phenomena are possible, including
thermoelastic actuation [4, 5] and piezoresistive detection [6], as well as magnetomotive [7],
electrostatic [8], and piezoelectric transduction [9, 10]. While each method has its advantages
and disadvantages [2], piezoelectricity, in particular implemented with non-ferroelectric thin
films, offers several advantages, including straightforward integration, low power consump-
tion, linear behavior and scalability to the nanoscale [11, 12, 13].

By decreasing the dimensions of sensors to the nanoscale, their sensitivity can increase due to
the reduced effective mass and larger surface to volume ratio [1]. The flexural curvature of
nanoscale actuators can also increase with decreasing device thickness, due to lower flexural
rigidity [14]. However, the integration of piezoelectric thin films into NEMS is still a challenge
due to the difficulty in fabricating high quality piezoelectric thin films at the nanoscale.
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Flexoelectric actuation is undergoing research as an alternative to piezoelectric actuation at
the nanoscale and offers three advantages over piezoelectricity: it is theorized to exist in all
dielectrics, its coefficients theoretically do not decrease with decreasing film thickness and,
particular for flexural NEMS, an asymmetry of the thickness cross section is not necessary to
generate a curvature. Most of the experimental work on the flexoelectric effect has been in
ferroelectrics and paraelectrics; recently, a flexoelectric nanoactuator was demonstrated with
paraelectric strontium titanate (SrTiOs) [15, 16]. However, little research has been completed
on dielectrics which are complementary metal-oxide-semiconductor (CMOS)-compatible
and could be envisioned to replace piezoelectric thin films.

In this thesis, AIN and AlScN piezoelectric thin films, as well as flexoelectric thin films based
on amorphous hafnium oxide (HfO,), are investigated for actuating NEMS. Therefore, this
chapter will first go into the theory of piezoelectricity, the state of the art in MEMS and NEMS
piezoelectric actuation and a review of the influence of reactive sputtering parameters and
substrate conditions in the growth of AIN and AlScN thin films at the micro- and nanoscale.
Then, the theory behind the flexoelectric effect is discussed, along with a review of the cal-
culated and experimental flexoelectric coefficients for a number of dielectrics. Finally, the
motivations are provided for further research in optimizing the reactive sputtering of AIN and
AlScN, as well as investigating the flexoelectric effect in high-k dielectrics such as HfO,.

1.1 Piezoelectric Thin Films for NEMS

In this section, the state of the art on reactive sputtering of AIN and AlScN is analyzed and
the motivations are outlined for this thesis’ work on AIN and AlScN thin films for NEMS. First,
a brief review is completed on piezoelectricity and piezoelectric materials. Then, thin film
deposition with sputtering is described in detail. Afterwards, a summary is given of the state of
the art in AIN and AlIScN thin film applications and the reactive sputtering optimization seen
in literature to achieve highly c-axis textured thin films. Finally, the motivations for continuing
research on reactive sputtering optimization at nanoscale thicknesses is provided.

1.1.1 Piezoelectricity and Piezoelectric Materials

Piezoelectricity, which was discovered by Jacques and Pierre Curie in 1880, is an electrome-
chanical phenomenon occurring in certain crystalline materials with non-centrosymmetry.
In these materials, an applied mechanical stress generates electrical charges and an applied
electric field generates a mechanical strain. This phenomenon is utilized in applications
varying from medical devices, automotive sensing and electronic components. For example,
electronic filters based on piezoelectric resonators are present in every modern cellphone [17].
In MEMS and NEMS applications, piezoelectric thin films are an essential part of filters and
oscillators [18], ultrasonic transducers [19], and sensors [13].
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The generalized constitutive equations for the piezoelectric effect are:

Pi:XijEj+eiijjk (1.1)

Oij=Cijki€kl +€ijkEk (1.2)

Where the tensors are defined as: P is the polarization, ¢ is the mechanical stress, y is the
electric susceptibility, which is related to relative permittivity €, by y. =€, — 1, E is the electric
field, € is the mechanical strain, and e is the piezoelectric stress coefficient. Equations 1.1 and
1.2 describe the direct and converse piezoelectric effects, respectively [20].

Piezoelectricity can be used for actuation and sensing in MEMS/NEMS by generating a me-
chanical stress due to an applied electric field or generating a polarization due to an applied
mechanical strain, respectively. To generate a curvature in flexural MEMS/NEMS, the thick-
ness cross section should be comprised of a piezoelectric layer sandwiched between electrode
layers and the neutral axis should be displaced from the center of the piezoelectric layer. This
displacement of the neutral axis is necessary to translate the strain generated by the converse
piezoelectric effect into a strain gradient across the thickness cross section, which in turn
generates the flexural curvature. The generated bending moment M due to the converse
piezoelectric effect in flexural MEMS/NEMS is equal to [2]:

d ZpV
M(p) = as1Wzpvac 1.3)
Cn

Where M (1) is the bending moment, ds; is the piezoelectric strain coefficient, w is the width
of the beam, Zp is the difference between neutral axis and center of the piezoelectric layer
in the thickness cross section, V¢ is the applied alternating current (AC) drive and Cj; is the

elastic constant of the piezoelectric thin film. Curvature x and bending moment M defined as
M()
(EL,)’

K= the bending curvature generated by a piezoelectric layer in a cantilever is:
e31 ZpV,
x = B1EPTAC (1.4)
Dy
Where Dy is the flexural rigidity, which is the resistance of the cantilever to bending; the
equation for the flexural rigidity can be found in Appendix A.1.1.

Piezoelectric materials are a subset of dielectrics, which are comprised of any polarizable
material with electrically insulating properties. In general, dielectric polarization occurs
through four physical phenomena within the dielectric material: ionic, electronic/atomic,
dipolar and space charges [21]. An overview of different dielectric materials is shown in
Figure 1.1 A, including piezoelectrics, pyroelectrics and ferroelectrics.
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Figure 1.1 - (A) Sub-classes of dielectric materials with prominent characteristics and example
materials. (B) Hexagonal crystal structure of AIN or AlScN with a Sc atomic concentration less
than 43%, as well as an indication of (0001) c-axis orientation. Hollow and solid circles denote
aluminum/scandium and nitrogen atoms, respectively. Adapted with permission from [22].

The piezoelectric effect occurs in non-centrosymmetric materials, meaning that some axes
within the crystal lattice cannot be mirrored. Non-pyroelectric piezoelectric materials, like
quartz, do not polarize unless under stress. Pyroelectrics, like AIN and zinc oxide (ZnO), have
a permanent dipole moment oriented along the polar axis of the unit cell. Other piezoelectric
and pyroelectric materials include quartz, gallium nitride and lithium niobate [23]. Below the
Curie temperature, ferroelectrics maintain a spontaneous, non-zero electrical polarization
whose direction can be modified by a sufficiently high applied electric field [24, 25].

Both single crystal and polycrystalline dielectric materials can be piezoelectric; depending on
the crystal structure of the material, its behavior can be dielectric, piezoelectric or ferroelectric.
For pyroelectric, polycrystalline materials, the polar axis of the majority of grains must be
oriented in the same direction for an average piezoelectric response to be generated. For
example, in AIN thin films, the polar axis is the c-axis of the hexagonal crystal structure, labeled
as (0001) in Figure 1.1 B. In literature, the c-axis direction of AIN can also be labeled as (0002)
or (00*2) with no change in meaning. Growing AIN with the c-axis oriented normal to the
substrate surface allows the generation of a piezoelectric response through the thickness of
the thin film, which is exploited in both longitudinal and transverse mode resonators [26].

Ferroelectrics are a subset of piezoelectric materials with a spontaneous polarization that
can be reoriented under an external electric field. They possess piezoelectric coefficients up
to two orders of magnitude larger than for pyroelectric materials such as AIN and ZnO [27],
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Table 1.1 — Piezoelectric and dielectric properties of three common piezoelectric materials in
MEMS: AlN, ZnO and PZT. Pb(ZrTi;.xO3 (PZT) composition ranges from x=0.3 to x=0.6. CSD is
chemical solution deposition.

Thin Film AIN (sputtered) ZnO (sputtered) PZT (CSD) LiNiOs (single crystal)
[33, 34, 26] [35, 36] [37] [38, 39]
ds3,r (pm/V) 3.9 5.9 60 to 130
es1,£(C/m?) -1.07 -1.0 -8to-12 0.3
€r 10.3 10.9 300 to 1300 30-40
tand 0.003 0.01to 0.1 0.01 to 0.03 103

though at the cost of higher dielectric losses in the material. Examples of ferroelectrics and
relaxor ferroelectrics include lead zirconate titanate (PZT) [28], barium titanate (BaTiOs),
lead magnesium niobate (PMN) and lead magnesium niobate-lead titanate (PMN-PT) [29].
In particular, PZT has been integrated into ultrasonics [19], micromotors [30], non-volatile
memories [31] and energy harvesting devices [32].

Table 1.1 compares the piezoelectric and dielectric properties of AIN, ZnO and PZT, which are
three common materials in MEMS. On the one hand, AIN and ZnO have lower piezoelectric
coefficients than PZT, but on the other hand, the two pyroelectric materials have a lower
relative permittivity and dielectric losses. Of the three materials, AIN is the most promising
for NEMS, because PZT contains non-CMOS materials and requires specific substrates for a
correct crystal growth [40], while ZnO is not as chemically stable as AIN and has been found to
react with integrated circuit materials [10].

AIN thin films in both single crystal and polycrystalline forms can be deposited by pulsed laser
deposition (PLD) [41, 42], atomic layer deposition (ALD) [43, 44], molecular beam epitaxy
(MBE) [45], metalorganic chemical vapor deposition (MOCVD) [34] and reactive sputter-
ing [26]. Reactive sputtering is typically preferred for depositing polycrystalline AIN thin films
due to the low thermal budget, which further increases its CMOS-compatibility [46], and
residual stress control. In the next section, the sputtering deposition technique is described,
as well as the influence of sputtering parameters on the structure of sputtered thin films.

1.1.2 Sputtering Technique and Sputtered Thin Film Structure

Sputtering is a type of physical vapor deposition (PVD) where a target is physically bombarded
to eject the atoms of interest onto a substrate within a vacuum chamber. A large direct current
(DC), DC-pulsed or radio frequency (RF) potential generates a plasma, within which fast
moving electrons collide and ionize the argon (Ar) atoms. The positively ionized Ar ions are
then attracted to the negatively charged target and bombard its surface, physically removing
target atoms. Most sputtering systems are equipped with a magnetron configuration to better
confine generated electrons to near the target surface, which in turn generates a higher plasma
density and higher deposition rates, while better protecting the substrate from resputtering.
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DC sputtering is used for deposition of metal thin films, while DC-pulsed and RF sputtering
are used for insulating thin films, which is necessary to avoid charge build-up on the target
surface. The substrate can be RF-biased to generate some ion bombardment of the substrate
and increase adatom mobility [47, 48].

Reactive sputtering is achieved by introducing oxygen (O) or nitrogen (N) gases during the
sputtering process, which become ionized and react with the sputtered material before de-
positing on the substrate surface. A schematic of the reactive sputtering process for depositing
AIN is shown in Figure 1.2 A. For doped thin films, either single targets comprised of the alloy
of interest or co-sputtering of multiple targets can be used to deposit thin films with a specific
composition [49]. A full description of the deposition modes in reactive sputtering is provided
by Berg et al. [50].

The microstructure of sputtered thin films was originally described through a structure zone
model (SZM) by Movchan and Demchishin to be dependent on the ratio of substrate tempera-
ture Ts to melting temperature of the metal Ty and comprised of three zones (I, II, III) [51].
Thornton expanded upon this work to include the Ar pressure, or in principal, the working
pressure, since these parameters also greatly affect the final microstructure by influencing the
adatom mobility. He also introduced a transition zone T [51, 52]. A visual representation of
the Thornton’s SZM can be seen in Figure 1.2 B. Messier et al. later found that the substrate
bias influenced the boundary between zone I and zone T, such that with higher substrate bias,
the zone T would be possible at lower Ts/Ty ratios [53].

Altogether, the four zones define four grain structures for sputtered thin films:

e Zonel: 0.1>Tg/Ty

- Shadowing effects

— Small, tapered grains and porous morphology

— Low adatom mobility, inter-grain shading creates void structure.

- Increasing Ar pressure enlarges Ts/Ty range where Zone I is possible
Zone II: 0.1<Ts/Tw<0.3
Surface diffusion

Dense fibrous grains, smooth surface

Higher adatom mobility than Zone I

Increasing substrate bias moves down the Ts/Ty; range where Zone T is possible
Zone II: 0.3<Tg/Twm<0.5
- Surface diffusion

— Columnar grains, dense structure and high degree of binding at grain boundaries
— Higher adatom mobility than Zone T, grain boundary migration possible
Zone III: 0.5<Ts/ Ty
— Bulk diffusion
— Columnar grains and high crystallinity

— Very high adatom mobility, grain boundary migration and recrystallization possible
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Figure 1.2 — (A) Schematic of DC-pulsed magnetron sputtering system for reactive sputtering
of AIN. In the case of AlScN sputtering with a single target, Sc atoms will also be ejected from
the target. Cooling of target and substrate holder is not included in schematic as well as
grounding of the sputtering chamber. (B) SZM as a function of substrate temperature and Ar
pressure. One can see the generation of Zone T at lower substrate temperatures as Ar pressure
decreases [52, 48].

For reactive sputtering of insulating materials, the SZM serves as a guide but cannot completely
determine the final microstructure, since the sputtering power and reactant gas flow also
influence the grain growth. For sputtered ZnO, Mirica et al. found a significant shift in the
temperature ranges for each zone and claimed that the shift was due to the energetic species
generated in the sputtering process. They measured less than 100°C between each zone and
subzone, which is much less than what was seen for metal thin films [54]. Zones I and T are
usually predominant when deposition temperatures are below 400°C.

1.1.3 Characterization of Piezoelectric Thin Films
The quality of AIN and AIScN thin films can be characterized by a variety of methods, including:

 X-ray diffraction (XRD) [55]

* Atomic force microscopy (AFM)

* Piezoresponse force microscopy (PFM) [56]

* Residual stress through wafer curvature measurements
* Scanning electron microscopy (SEM)

* Transmission electron microscopy (TEM) [57, 58]
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XRD is a non-invasive characterization technique that can be used to determine the crystalline
properties of single and polycrystalline thin films. Wafer curvature measurements are also non-
invasive and help to determine the macro residual stress present within the thin films and help
indicate the success of the thin film deposition. The other techniques involve direct contact
with the thin films to determine surface roughness or piezoelectric response (AFM/PFM) or
bombardment of high energy electrons to image the thin films with up to atomic resolution
(SEM/TEM).

XRD rocking curves are a noninvasive method for characterizing AIN and AlScN thin films;
they are used to determine the distribution of tilt angles the grains within the thin films
have with respect to the substrate surface normal. Grains tilted in respect to the normal
of the substrate surface will decrease in the piezoelectric response in both the longitudinal
and transverse directions [59, 60]. An inverse relationship has been demonstrated between
increasing piezoelectric response and decreasing rocking curve full width at half maximum
(FWHM) values in AN thin films, which can be seen in Figure 1.3 A [61].

However, XRD rocking curve analysis alone is not enough to determine if devices comprised
of AIN thin films will necessarily have good piezoelectric characteristics, since it has been
shown that it is not necessary to have low rocking curve FWHM values for a high piezoelectric
response. For example, the influence of two substrates (platinum (Pt) and silicon (Si)) and two
sputtering methods (RF or pulsed DC) on the electromechanical coupling k? can be seen in
Figure 1.3 B. If non-(0002) AIN diffraction peaks appear in XRD theta2theta measurements
(hollow symbols in Figure 1.3 B), then even with low rocking curve FWHM values, the elec-
tromechanical coupling is heavily reduced [62]. To be able to systematically use rocking
curves to characterize AIN and AlScN, two conditions must be met: no other AIN diffraction
peaks than (0002) can be present and the relationship between rocking curve FWHM and
piezoelectric response must be determined for each sputtering system and substrate.

To extract the piezoelectric coefficients of thin films, laser Doppler vibrometers (LDVs) as
well as single or double beam interferometers can be used to measure the displacement of
piezoelectric thin films sandwiched between electrodes [63, 64, 65, 66]. Electrical charac-
terization of acoustic structures such as bulk acoustic waves (BAW), surface acoustic waves
(SAW) resonators or contour mode resonators (CMRs) [46, 67, 68] or PFM can also be used to
determine the piezoelectric coefficients of a material.

1.1.4 AIN Thin Films and Piezoelectric Applications

Although having lower piezoelectric coefficients compared to PZT [75], AIN thin films are ther-
mally stable, can be deposited at low processing temperatures with a high c-axis texture and
are CMOS compatible thanks to the absence of contaminating elements [69]. AIN thin films
have also been found to be chemically stable when annealing up to 700°C in oxygen or nitro-
gen environments, which means they can be used in applications for harsh environments [76].
Several reviews have been published on the fabrication, characterization and implementation
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Figure 1.3 — Comparison of c-axis texture versus piezoelectric response. (A) An inverse rela-
tionship has been measured between the piezoelectric coefficient ds3 r and AIN rocking curve
FWHM [61]. Lower FWHM means better alignment of the AIN grains relative to the substrate
normal, which will increase the overall piezoelectric response if the polarization axis of the
grains are oriented in the same direction. (B) Electromechanical coupling k? versus rocking
curve FWHM of AlN thin films deposited through DC-pulsed magneton sputtering on heated Si
substrates (circle symbols), through RF sputtering on oxidized Si substrates (diamond symbols)
or RF sputtering on Pt-coated Si substrates (triangle symbols). Solid symbols mean only the
(0002) diffraction peak was measured, hollow symbols mean other AIN diffraction peaks were
also measured. Depending on the sputtering conditions and substrates (solid symbols), differ-
ent AIN rocking curve FWHM values will generate similar electromechanical coupling. If crystal
orientations other than (0002) are present (hollow symbols), then the piezoelectric response is
significantly decreased, even if a low rocking curve FWHMs are achieved [62]. © [2005] IEEE.

of piezoelectric AIN thin films in MEMS and NEMS applications [10, 75, 77, 78, 79, 80]. Books
are available with chapters that focus on solidly mounted resonators, thin film bulk acoustic
resonators (FBARs) and CMRs [81] as well as on AIN thin film processing and fabrication,
flexural resonators and lateral mode resonators [23].

AIN thin films have been implemented in several applications, a few of which can be seen
in Figure 1.4. For example, AIN-based FBARs! have enjoyed commercial success as filters in
telecommunications and are now a multi-billion dollar industry [17, 18, 46, 82, 83]. Lateral
mode resonators (CMRs? and Lamb wave resonators) have been heavily researched for RF
applications in the last decade due to their high acoustic velocity and the ability to tune the
frequency of the resonators lithographically, instead of through changes in the thickness with
FBAR [68, 73, 74, 84, 85, 86]. To increase the electromechanical coupling in lateral mode

ITEBARSs is also a common acronym for thin film bulk acoustic resonators
2CMRs are also described as Lamb wave resonators
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Figure 1.4 - Applications of AIN thin films in literature. (A) Cross section schematic of a FBAR
and a solidly mounted resonator. Both types of resonators have been demonstrated for RF
applications and feature high quality factors and low frequency drift due to temperature, as
well as the ability to be directly integrated into circuits [69]. © [2006] IEEE. (B) GHz CMRs
for narrow-band MEMS filters [68]. © [2010] IEEE. (C) Resonant MEMS accelerometers [70].
© [2009] IEEE. (D) SMRs for biological sensing [71]. (E) PMUTs for high resolution medical
imaging [72]. © [2015] IEEE. (F) GHz CLMRs for radio-frequency front ends [73]. © [2016] IEEE.
(G)100s MHz CMRs and confined CMRs [74].

resonators, which is lower compared to FBARs, work has been published on cross-sectional
Lamé resonators (CLMRs) which couple the thickness and lateral modes [73]. Piezoelectric
micromachined ultrasonic transducers (PMUTs) based on AIN have been heavily researched
for several applications, including medical imaging, nondestructive testing, range finding and
fingerprint sensing [19, 87, 88, 89, 90].

NEMS relays or switches based on AIN cantilevers or buckled doubly clamped beams have also
been demonstrated for logic and memory applications due to the low power consumption
and little to no leakage current [91, 92, 93, 94]. Flexural resonators based on 50 nm thick AIN
films for gravimetric detection were found to have the lowest surface mass limit of detection
compared to the state of the art at that time [13]. Others have published work on MEMS
accelerometers and microphones integrated with AIN thin films [70, 95]. Finally, suspended
microchannel resonators (SMRs)? actuated and sensed by piezoelectric AIN thin films were
demonstrated recently [71].

3The SMR acronym has also been used to previously describe solidly mounted resonators in literature [96].
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1.1.5 AIN Reactive Sputtering Optimization

To deposit highly c-axis textured polycrystalline AIN thin films, optimization of both the
sputtering parameters and the substrate conditions is necessary. While each sputtering system
will require a unique set of specific sputtering parameters to achieve a highly c-axis textured
AlN thin film, the trends measured for various sputtering parameters can be generalized.
The following paragraphs will break down the state of the art concerning several sputtering
parameters and substrate characteristics.

Substrate Three substrate conditions have been shown to improve the c-axis texture of AIN:
low surface roughness, similarity of crystal texture to AIN and high overall crystal texture.
Crystalline substrates such as Si, quartz and diamond have been shown to generate
low AIN rocking curve FWHM values, which mean better c-axis texture and potentially
better piezoelectric response. Okano et al. demonstrated one of the first examples of
highly textured AIN on Si substrates, generating AIN rocking curve FWHMs between
1-2° [97].

In an expanded study of crystalline, nonmetallic substrates, and Si were found to gen-
erate the lowest AIN rocking curve FWHM values by way of low surface roughness and
similar orientation of the terminating face for epitaxial growth of AIN. Diamond as a
substrate was also found to generate low AIN rocking curve FWHM values, despite its in-
creased surface roughness, due to its (111) orientation, which presents a hexagonal-like
face for local AIN epitaxial growth [98, 99].

On the other hand, Engelmark et al. found that adding a thermal silicon dioxide (SiOy)
layer, which is amorphous, to a Si substrate slightly improved the percentage of AIN
c-axis texture versus bare Si substrates [100], although the differences in the results
between the two substrates is small. Without measurements of the surface roughness, it
is difficult to understand the impact of the thermal SiO; layer.

Pt has been demonstrated by several groups as the metal of choice for growing AIN
thin films on metal-coated Si substrates, compared to tungsten (W), titanium (Ti) and
aluminum (Al) [101, 102]. Ptis a face-centered cubic metal which grows with low surface
roughness in a (111) orientation, therefore generating a hexagonal-like terminating face.
The lattice mismatch between Pt and AlN is approximately 13%, but the low surface
roughness and similar face orientation lead to high quality AIN thin film growth [103].
Lobl et al. measured an AIN rocking curve FWHM of 1.4° on Pt-coated substrates
compared to 1.6° on SiO,-coated substrates, but an even lower FWHM of 1-1.4° on bare
Si substrates [104].

A study on the influence of Al, Pt, Ti and hafnium (Hf)-coated substrates on AIN de-
posited between room temperature to 500°C found that Al and Pt-coated substrates
generated showed good crystalline stability and high djss3 ¢ values, while the Hf and
Ti-coated substrates were less chemically stable and generated lower ds3 ¢ values [102].
Further investigation of the influence of electrode material and sputtering parame-
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ters demonstrated that Pt-coated substrates consistently generated higher dz3 ¢ values
compared to Ti and Al [33].

Molybdenum (Mo) thin films are easier to fabricate and have more compatible material
properties to AIN than Pt, which are important parameters for devices such as FBARs.
However, it is a body-centered cubic metal which grows with higher surface roughness
compared to Pt and in a (110) orientation, which presents a non-hexagonal terminating
face. Therefore, AIN grows with a significantly worse c-axis texture on Mo than Pt.
However, in comparison to Al, copper (Cu) and Ti-coated substrates, AIN grown on
Mo-coated substrates had the highest percentage of (0002) texture [105].

A few groups have optimized the sputtering of Mo thin films to increase its texture and
lower the surface roughness. Decreasing the deposition pressure during sputtering of
Mo was demonstrated to lower the surface roughness and increase the c-axis texture
of AIN [106]. Increasing the (110) texture of Mo thin films also improved the crystal
texture of AIN thin films grown on top [107]. Martin ef al. optimized both the Mo thin
film texture and smoothness such that AIN thin films grown on top achieved a rocking
curve FWHM of 1.8° and d33 ¢ of 4 pm/V [103]. A few groups investigated the positive
impact of seed layers on the roughness and crystallinity of Mo thin films, which will be
discussed in a later section.

In general, the surface roughness of the substrate has been shown to play a strong
role in generating highly c-axis textured AIN thin films. In the work of Artieda et al,
the surface roughness of amorphous Si deposited on thermally oxidized Si substrates
directly correlated with the AIN rocking curve FWHM. They also found that the surface
roughness of thermally oxidized silicon substrates correlated in the same trend line, but
Pt-coated substrates instead did not, which they suggested to be due to AIN nucleating
with local epitaxy on Pt-coated substrates in contrast to amorphous substrates [108].
Despite the local epitaxial growth of AIN on Pt, the surface roughness of Pt thin films
was still found to be correlated with the AIN rocking curve FWHM [109].

Seed Layers Seed layers can serve three functions: they can improve the nucleation of thin
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films that are deposited on top of them (seed), they can improve the adhesion of later
deposited metal thin films which otherwise would not strongly adhere to most substrates
(adhesion), and they can act as an elastic layer in a piezoelectric actuator by shifting the
neutral axis from the center of the piezoelectric layer (elastic). In sputtering, the first
and second functions of seed layers are applied.

Through the addition of a seed layer below metal electrodes such as Mo and Pt, the
texture of both the metal electrodes and AIN is improved. Lee ef al. measured a decrease
in the Mo rocking curve FWHM from 12.85° to 4.6° by introducing Ti seed layers, which
decreased the AIN rocking curve FWHM from 3.6° to 1.7° [110]. Piezoelectric coefficients
of up to 4.0 pm/V (ds3 r) were achieved in AIN thin films deposited on Mo electrodes
with a Ti seed layer [103]. Others found that gold (Au)/Ti seed layers, decreased the AIN
rocking curve FWHM from 9. to 3.0° [111].
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Increasing the thickness of AIN seed layers 200 nm was found to continually decrease
the rocking curve FWHM of Mo thin films, but after a 100 nm AIN seed layer thickness,
the AIN texture saturated at a rocking curve FWHM of 2.5° [112]. However, contradictory
results were measured by another research group; they found that increasing the AIN
seed layer thickness beyond 30 nm increased the Mo rocking curve FWHM, which was
found to be directly related to the AIN rocking curve FWHM [107].

For 10-25 nm thick AIN piezoelectric layers grown on Pt electrode films, the addition
of a 20 nm AIN seed layer slightly improved the AIN rocking curve FWHM and djs;
coefficient [113, 114]. Recently, our group demonstrated that AIN seed layers produced
better c-axis texture than Ti seed layers in 50 nm thick AIN thin films and that the
thickness of the seed layer has a significant effect on the AIN rocking curve FWHM but
not on the piezoelectric response [115].

Substrate Pre-Treatment A cleaning treatment of the substrate was shown to improve the
properties of later deposited AIN thin films by removing organic residues and native
oxide on silicon substrates. Both the AIN and Ti (0002) theta2theta peak intensities
improved when the Si substrate was presputtered by inductively coupled plasma (ICP)
sputtering [116]. Yarar ef al. found that one minute of Ar plasma etching on Pt substrates
before depositing AIN decreased the AIN rocking curve FWHM from 3.3 to 1.7° [117].

Substrate Temperature Higher substrate temperatures during the AIN deposition were found
to improve the (0002) texture of AIN thin films. Some groups found a consistent im-
provement the AIN c-axis texture as the substrate temperature increased up to 400-
500°C [102, 104, 118]. Iriarte et al. measured an improvement in the AIN rocking curve
FWHM with increasing temperature, but the substrate temperature had less of an effect
on the texture as the sputtering power increased [98, 119].

Some groups found an improvement in the c-axis texture of AIN up until a critical
substrate temperature and then a decrease. For example, substrate temperatures with
the best c-axis texture were found to be 250°C [120], 350°C [100], 400°C [109], and
430°C [121]. It is not clear why some groups did not measure a consistent improvement
in c-axis texture with increasing substrate temperature. As discussed in Section 1.1.2,
increasing substrate temperature should increase the density of the columnar grains
and increase adatom mobility.

Sputtering Power Most groups found that higher sputtering powers improve the c-axis tex-
ture of AIN thin films. A design of experiments analysis found that the RF sputtering
power had the strongest effect of the c-axis texture of AIN grown on glass substrates [118].
Another group measured a continual improvement in the AIN rocking curve FWHM
as sputtering power increased independent of Ar flow, sputtering pressure, substrate
temperature and surface roughness [98, 119]. Some groups measured the highest c-axis
texture at intermediate sputtering power values, which can indicate that beyond these
values, the adatom mobility is reduced due to the higher deposition rate [100, 109, 122].
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Target-Substrate Distance One research group found that at lower sputtering powers (less

than 500 W), a smaller target-substrate distance of 30 mm generated a lower AIN rocking
curve FWHM, while with higher sputtering powers, a larger target-substrate distance
of 70 mm gave lower AIN rocking curve FWHM values [98]. Chiu et al. confirmed that
at higher sputtering powers (1600 W), increasing the target-substrate distance up of
75 mm decreases the AIN rocking curve FWHM [109].

Decreasing the target-substrate distance will increase the deposition rate and adatom
mobility, similar to increasing sputtering power, but beyond a certain deposition rate,
the adatom mobility decreases due to the shortened diffusion time. Therefore, the
optimal target-substrate distance greatly depends on the other sputtering parameters
and the distance range available in the sputtering system.

Substrate Bias Some research groups demonstrated an improvement in the crystalline and/or

piezoelectric properties of AIN thin films as the substrate bias increased [33, 116]. In-
creasing the substrate bias increases the energy of ions bombarding the substrate [53].
Dubois et al. measured increasing ds3 ¢ values, up to 3.5 pm/V, for increasing substrate
bias with Ti, Al and Pt substrates. However, this comes at the cost of higher compressive
stresses in the AIN thin films due to the higher ion bombardment [33, 102]. A positive
influence of higher substrate bias on AIN rocking curve FWHM was demonstrated by
Doll et al., but with few measurements to fully confirm the trend [116].

Artieda et al. found that increasing substrate bias lessened the effect of substrate rough-
ness on rocking curve FWHM and produced increasingly compressive AIN thin films.
They suggested that smoother substrates and higher bias promoted higher adatom mo-
bility during the AIN deposition and contributed to a more c-axis textured AIN film with
better percentage of one polarization orientation over another (Al or N polarity) [123].

Other research groups found an optimal range of bias values. The highest c-axis texture
was found at -30 V by Lee et al. [124]. Higher k? values and (0002) texture were measured
between 15-50 V substrate bias by Iborra et al. [125], while minimum AIN rocking
curve FWHM was found between 10-50 V by Iriarte et al. [98]. Recently, Knisely et al.
demonstrated that the RF substrate bias could be varied during the AIN deposition to
greatly reduce the residual stress, without significantly affecting the c-axis texture [126].

Sputtering Pressure Most work has demonstrated that decreasing the sputtering pressure
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gives a better (0002) texture and higher piezoelectric response, as well as higher com-
pressive film stress [33, 97, 98, 100, 119, 127, 128], due to higher energy ion bombard-
ment [53]. Similar to increasing the substrate bias or the N, gas concentration, de-
creasing the sputtering pressure increases the energy of bombarding ions or neutrals by
increasing the mean free path in the plasma [53, 127].

Optimal sputtering pressures were from 1 to 7 mTorr, depending on other deposi-
tion parameters. For example, optimal pressure values of 7 mTorr [125], 3.75 mTorr
(0.5 Pa) [120] and 6 mTorr (0.8 Pa) [109] generated the highest k?, (0002) theta2theta
texture and rocking curve FWHM, respectively.
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Contrary to the work above, Ababneh et al. found that lowering the sputtering pressure
increased the tensile stress of their AIN thin films, though they still measured an im-
provement in the percentage of (0002) theta2theta texture with decreasing sputtering
pressure [122].

Gas Flow Ratio Several groups found an improvement in c-axis texture and piezoelectric
response with N, gas concentrations (percentage of total gas flow during sputtering
that is due to N, gas flow) between 75%-100% [33, 109, 117, 127, 120, 122]. However,
the improvements come at the cost of generating higher compressive stresses due to
the ions or neutrals gaining more energy in the plasma sheath before bombarding the
substrate [53].

Huffman et al. stated that most of the ion bombardment is by nitrogen atoms, which
would increase with increasing N, gas concentration [127]. Navarro ef al. found that
growing (0002) texture AIN depended on both the N, gas concentration and sputtering
pressure [128].

While they did not measure the rocking curve FWHM or piezoelectric response of
their AIN thin films, Ababneh et al. determined from theta2theta curves that 100% N>
concentrations provided the highest (0002) texture [122]. Yarar ef al. found a similar
results in their work and further demonstrated a decrease in the AIN rocking curve
FWHM from 4.7 to 3.3° with N gas concentration increasing from 50-100% [117].

Two groups found that N gas concentrations of 85% and 80% provided the best (0002)
theta2theta texture and lowest rocking curve FWHM of 4°, respectively [109, 120]. How-
ever, the works of Iriarte et al. did not find a strong influence of Ar/N, gas ratio on the
AIN rocking curve FWHM [98, 119].

Multistep Deposition Felmetsger et al. found that breaking the AIN deposition into two steps,
the first in deep poison mode (high N, gas concentration) and higher temperature
and the second closer to the poison mode/metallic mode (lower N, gas concentration)
transition and lower temperature, generated AIN thin films with lower rocking curve
FWHM values as well as with lower residual stress. In particular, they could fabricate
200 nm and 25 nm thick AIN films on Mo thin films with rocking curve FWHMs of 1.8°
and 3.1°, respectively, which are close to the state of the art on Pt electrodes [61]. The
deep poison mode with its high N, concentration promotes the nucleation of nitrogen
basal-oriented small grains [129].

Promising results were found for a three step deposition process for 10-25 nm thick AIN
films on extremely thin Ti/Pt electrodes. Similar to Felmetsger et al., the deposition
began in deep poison mode, then the N, concentration was decreased in two later
deposition steps to mitigate the residual stress within the AIN thin film. They achieved
rocking curve FWHMSs from 1.44° to 4.72° for AIN layer thicknesses between 1000 and
10 nm [113, 114].
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1.1.6 Conclusion on AIN Reactive Sputtering Optimization

Based on the state of the art discussed above, one can obtain highly c-axis textured AIN thin
films with:

* Highly texture and low surface roughness substrates
* Ptor Mo (if sputtering is optimized) electrodes
* AIN seed layers between 15-30 nm thick
* High substrate temperatures (above 250°C)
* High sputtering powers
— RF power source: >300 W
- DC-pulsed power source: >500 W
¢ Intermediate or high substrate bias (-20 to -60 V, depending on the sputtering system)
* 80-100% N3 gas concentration
 Sputtering pressure lower than 7 mTorr (actual value depends on sputtering system)
* Larger target substrate distance
* Multistep deposition where the first deposition step is with high N, gas concentration

1.1.7 AIScN Thin Films and Piezoelectric Applications

While the chemical stability and CMOS-compatibility of AIN thin films have led to their imple-
mentation in a variety of micro- and nanoscale applications, the piezoelectric coefficients of
AN are significantly lower than ferroelectric materials. To enhance the piezoelectric response
in AIN thin films, some groups have tried doping with metals such as tantalum (Ta) [130]
and chromium (Cr) [131], demonstrating nearly double the piezoelectric coefficient at a few
atomic percent of dopant. More recently, Uehara et al. demonstrated a four-fold increase
in the ds3 of magnesium niobate-doped AIN (MgNDbAIN) films in comparison to undoped
AIN [132]. Doping AIN with scandium (Sc), a rare-earth metal, which has been measured to
improve the piezoelectric response five-fold relative to undoped AIN [133]. The origin of the
strong piezoelectric enhancement in AlScN alloys was found to be an intrinsic alloying effect
where an elastic softening increases the lattice’s sensitivity to axial strain [134].

Figure 1.5 gives a visual insight to the demonstrated applications for AlScN thin films. AIScN
thin films were first integrated in FBARs for RF applications, with Sc concentration up to
12% [135] and 15% [136]. Both confirmed the earlier measurements of Akiyama et al. of
larger piezoelectric response and lower elastic stiffness for higher Sc concentration [133].
Hashimoto et al. then demonstrated SAW resonators with a k? of 3.82% based on AlScN thin
films (unreported Sc concentration) deposited on 6H-SiC (silicon carbide) substrates, a three-
fold increase in the electromechanical coupling factor compared to AIN [86, 137]. Acoustic
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Figure 1.5 — Applications of AlScN thin films in literature. (A) MEMS vibrational energy har-
vestors [147]. © [2017] IEEE. (B) CMRs with Algg2Scg 17N for timing and filtering applica-
tions [142]. © [2019] IEEE. (C) laterally vibrating resonators (LVRs) with Aly gScg 2N thin films
for RF filters [140]. © [2017] IEEE. (D) Microcantilevers based on Aly 73Scp 27N for biosensing or
liquid sensing [146]. © [2015] IEEE. (E) AlScN PMUTs for medical imaging [144]. © [2017] IEEE.
(F) Free standing lamb wave resonators for RF applications [139].

resonators based on contour modes (also known as Lamb wave or lateral modes) [138, 139,
140, 141, 142] or hybrid BAW/SAW modes [143] were also demonstrated with AIScN. AIScN
integrated into PMUTs generated a more than two-fold improvement in the electromechani-
cal coupling coefficient [144] and a factor of nine improvement in transmission amplitude
compared to AIN-based PMUTs [145]. Cantilevers actuated by AIScN were investigated for
applications in sensing and energy harvesting, in both cases demonstrating improved piezo-
electric response relative to AIN devices [146, 147].

In order to sputter AlScN thin films with the desired composition, several options are possible.
Single targets comprised of an Al-Sc alloy can be used in RF or DC-pulsed sputtering. However,
only one composition is possible, and the targets can be extremely expensive, due to the
difficulties in fabricating the alloy target [148]. RF or DC-pulsed co-sputtering of Al and Sc
targets allow make it possible to deposit a variety of AIScN compositions. In both the single
target sputtering and co-sputtering cases, the deposition rate is normally low, since highly c-
axis textured AIN and AlScN films grow best in low rate conditions [128, 149]. S-gun magnetron
sputtering with two conical ring-shaped targets has been developed with mass production in
mind with deposition rates of up to 100 nm/min [148, 150, 151].

While doping AIN with Sc significantly increases its piezoelectric response, the hexagonal
crystal becomes more unstable with increasing Sc concentration, which may make deposition
of highly c-axis textured thin films more challenging [152, 153]. Therefore, several groups
have investigated the effect of Sc concentration, as well as sputtering parameters which would
normally affect AIN growth. An outline of their results is completed in the following section.
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1.1.8 AIScN Reactive Sputtering Optimization

Sc Concentration Several groups measured an improvement in the piezoelectric response

as the Sc concentration in AlScN thin films was increased [133, 136, 152, 154, 155, 156,
157, 158, 159, 160]. The addition of Sc, which would otherwise form ScN with a rock-
salt structure, into AIN destabilizes the normal wurtzite (hexagonal) structure and
increases the sensitivity to axial strain on the crystal lattice [134]. Maximum piezoelec-
tric coefficients and elastic softening were measured between 41-43% Sc concentra-
tion, after which the hexagonal phase is lost, and the nonpolar cubic phase is domi-
nant [133, 154, 156, 157, 158]. Mertin et al. and Matloub et al. compared their experimen-
tal work with ab-initio calculations [134, 161] as well as previously cited experiments
and found an excellent agreement [159, 160, 162].

Substrate Compared to AlN, little work has been done on how the substrate, seed layers or

substrate pre-treatment affects the crystallinity or piezoelectric coefficients of AIScN
thin films. Parsapourkolour et al. stated that using an AIN seed layer and insuring there
is no surface oxide layer by plasma treatment before the Pt electrode deposition helped
generate fully c-axis textured Alg g5Sco.15N with a ds3 ¢ of 6.6 pm/V [163]. Fichtner et al.
also measured an improvement in the crystallinity of their AlScN thin films grown on
Mo electrodes by prior plasma etching and deionized H, O rinsing to dissolve native or
plasma-induced SiO, [164].

Substrate Temperature The lowest AIScN rocking curve FWHMs and highest piezoelectric

responses were found at substrate temperatures during the AIScN deposition between
200-400°C [133, 154, 155]. Beyond 400°C, the crystalline structure degrades until the
hexagonal phase is lost at 800°C [165].

Sputtering Power Yang et al. first described the effect of sputtering power on Alg 94Scg 06N

thin films, showing a maximum c-axis texture, piezoelectric response and good electrical
properties at an applied DC pulsed power of 130 W [166]. On the other hand, Lozano et
al. found a much higher DC pulsed power of 700 W gave the smallest rocking curve
FWHM of 2.2° and highest d33 ¢ of -12 pC/N for their Alp.745¢.26N thin films [149].
Mertin et al. similarly measured in Al 725Scg 275N thin films that a sputtering power of
1000 W generated a maximum piezoelectric coefficient es; s of -1.86 C/ m? as well as
zero to slightly tensile residual stress values [159, 160]. Larger sputtering powers may
therefore be necessary for good c-axis texture at higher Sc concentrations.

Substrate Bias On the one hand, one group found little influence of the substrate bias on
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piezoelectric response through their design of experiments, but on the other hand,
Mayrhofer et al. demonstrated the highest piezoelectric coefficient ds3 of 13.2 pm/V at
zero bias power [155, 167]. Any conclusions on this sputtering parameter are difficult
based off the little work in the state of the art.
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Gas Flow Ratio Some groups found that 1:2-1:1 Ar:N, gas flow ratios gave higher c-axis texture
and piezoelectric coefficients [152, 155, 167, 168, 169]. However, some contradictory
results were found in the literature. On the one hand, Lu et al. measured better AIScN
rocking curve FWHMs and lower density of abnormal grains with 60-100% N, gas
concentration [170]. On the other hand, Mayrhofer ef al. found that with increasing the
Sc concentration from 0-15%, the lowest FWHM of the (0002) theta2theta diffraction
peak was with N, gas concentrations from 100% to 65%, respectively [168]. The optimal
gas flow ratio was also dependent on the substrate bias [167].

Sputtering Pressure In comparison to Akiyama et al., who found that there was little influ-
ence of sputtering pressure on piezoelectric response [155], other research groups found
that increasing pressure to the point of having zero stress or slightly tensile stress mini-
mized the abnormal grain density and enhanced the piezoelectric response [152, 159,
160]. Zhang et al. and Lozano et al. found a similar intermediate pressure value of
3.75-4 mTorr gave the lowest rocking curve FWHMs (below 3°) and highest piezoelectric
response (above 8 pC/N for ds3) [149, 169].

Target-Substrate Distance Two groups studied the influence of target-substrate distance
and found seemingly contradictory results. Fichtner et al. found that increasing the
target-substrate distance, while maintaining a 75% N, gas concentration, decreased the
density of abnormal grains [164]. On the other hand, another research group found that
increasing the target-substrate distance with 50% N, gas concentration increased the
density of abnormal grains. However, with a 100% N> gas concentration, no influence of
target-substrate distance on density of abnormal grains was found [170]. While it has
been shown that the AlScN rocking curve FWHM is inversely related to the piezoelectric
response [149], like in AIN thin films, the appearance of abnormal grains is similar to
the appearance of non-(0002) peaks in theta2theta curves of AIN, which lead to a lower
piezoelectric response [62].

Abnormal Grain Growth The growth of abnormal grains in AlScN thin films, an example of
which can be seen in Figure 1.6 A, has been correlated with lower piezoelectric response
(Figure 1.6 B) [159, 170]. Mertin et al. also correlated the density of abnormal grains
with higher tensile residual stress, which was due to higher Ar sputtering pressures
and lower sputtering power in their work [159]. Another research group found that
increasing the N gas concentration from 50% to 100% significantly decreased the
density of abnormal grains [170]. Mayrhofer et al. used infrared (IR) spectroscopy to
more accurately measure the crystallinity of their AIScN thin films, demonstrating that
the IR peaks develop shoulders if there is not a high c-axis texture [171].

One group hypothesized that the abnormal grains originated near the substrate interface
and measured the grains to have a (0001) texture but grow at a large angle relative to
the substrate normal. The same group had earlier measured an increase in density of
abnormal grains with increasing Sc concentration [152, 164].
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Figure 1.6 — Influence of abnormal grains on AlScN piezoelectric response (A) SEM cross section
image of an abnormal grain which formed during non-optimal sputtering of AIScN [164]. (B)
An inverse relationship was found between the density of abnormal grains and piezoelectric
coefficient ds3 [170].

Sandu et al. were able to demonstrate that the abnormal grains were generated on high-
energy, less compact grain boundaries with a high concentration of Sc. Initially, the
abnormal grains grow with a Sc-rich rocksalt structure but quickly switching to a wurzite
crystal structure growing at a significant angle relative to the substrate normal [153]. Ab-
normal grains have also been found in AIN thin films where the surface roughness of the
substrate was large enough to reduce adatom mobility and cause stacking faults [109].

1.1.9 Conclusion on AlScN Reactive Sputtering Optimization

Based on the state of the art on AlScN sputtering optimization, a few conclusions can be made
about how to deposit highly c-axis textured AIScN:

AlN seed layers and non-oxidized substrates help crystallization

Substrate temperatures between 200-400°C
* Higher sputtering powers

Little to no substrate bias
¢ Pressure values such that slightly tensile films are fabricated
Higher N, gas concentration and sputtering power for lower density of abnormal grains

Abnormal grains in the AlScN thin films have been found to be an issue in the sputtering
deposition of AlScN thin films and, like the appearance of non-(0002) peaks in theta2theta
curves of AIN, have been shown to decrease the AlScN piezoelectric response. The sputtering
optimization of AlScN thin films should therefore always include a study on the density of
abnormal grains, particularly if XRD is used to evaluate the c-axis texture.
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Figure 1.7 — Cross section schematics of (A) piezoelectric and (B) flexoelectric-based flexural
actuators. In both cases, the bottom and top electrodes cover the whole cantilever surface. Zp
represents the neutral axis offset from the center of the piezoelectric layer. In piezoelectric
beams, this offset is necessary for curvature generation, while in the case of flexoelectric beams,
it makes no difference.

1.1.10 Sub-100 nm AIN and AIScN Thin Films for Nanoscale Transduction

Fabrication and integration of highly textured, micron thick AIN films into MEMS has be-
come a robust process. Recently, AlScN thin films with various Sc concentrations have been
investigated and demonstrated in a few applications.

For applications where high speed and low power consumption is needed, such as relays
or switches for CMOS or zeptogram mass sensing, decreasing the thickness of the system
provides a significant improvement. A few systems with integrated AIN layers at or below
100 nm thicknesses have been recently demonstrated [13, 113, 172].

On the one hand, decreasing the thickness of the piezoelectric layer in flexural cantilevers
has been shown to increase their potential displacement [14], which increases the interest in
nano-actuation and sensing by piezoelectricity. The necessary power to generate deformation
also decreases. On the other hand, decreasing the thickness of the actuation layer leads to a
decrease in the piezoelectric response, since the c-axis texture and piezoelectric response of
AIN has been shown to worsen with decreasing layer thickness [61, 98, 116, 129, 173].

At the moment, the influence of only a few sputtering parameters, such as multistep deposition,
substrate pretreatment and seed layers on AIN thin films with thicknesses below 100 nm have
been completed [114, 115, 129]. No studies have been completed on AIScN less than 1 ym
thick and only two applications have been shown for 500 nm thick layers [146, 147]. Therefore,
fabrication of AIN and AlScN thin films at the nanoscale requires more investment in terms of
optimizing the sputtering parameters and the substrates conditions.

Two interesting sputtering parameters that can be further studied for AIScN thin films are
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substrate bias and gas flow ratio. The substrate bias was found to be an important sputtering
parameter for AIN depositions but has been little researched for AlIScN thin films. Different
groups have found opposing influence of the Ar gas concentration on the crystalline and
piezoelectric properties of AIScN thin films; further investigation should be made to provide
insight into the influence of the gas flow ratio.

Ultimately, piezoelectric actuators are handicapped by the necessity of maintaining a displace-
ment of the neutral axis relative to the center of the piezoelectric layer to generate a curvature
(Zp in Equation 1.4). For example, generating a non-zero Zp in the thickness cross section
of a piezoelectric actuator is demonstrated by using an elastic layer underneath the bottom
electrode in Figure 1.7 A.

In comparison, actuators based on the flexoelectric effect have no limitations on the type of
thickness cross sections (Figure 1.7 B) and the flexoelectric coefficients are predicted to remain
unchanged in dielectric films with decreasing film thickness. In the next section, flexoelectric
actuation is discussed as an alternative to piezoelectric actuation at the nanoscale.

1.2 Flexoelectric Thin Films for NEMS

1.2.1 Theory of the Flexoelectric Effect

The flexoelectric effect in solids describes the electromechanical relationship between polar-
ization and mechanical strain gradients. The generalized constitutive equations including the
piezoelectric and flexoelectric effect are defined as:

_ 0€g
Pi=xijEj+ eijk0 ji+ Heiij 5 — (1.5)
Xj
dE,
gij = Cijklfkl+dijkEk+uijk1—axl (1.6)

Where the left side and first two terms on the right side of the two equations are the same
as in Equations 1.1 and 1.2 and the last term describes the direct and converse flexoelectric
effects, respectively. The flexoelectric coefficient y; ji; is a four-rank tensor that defines the
relationship between polarization and strain gradient and vice versa [174].

While the constitutive equations for flexoelectricity give the impression that the effect is
asymmetric, since that a strain gradient will generate a homogeneous polarization but not vice
versa, Yurkov and Tagantsev were able to demonstrate in a careful analysis of a finite sample
that with appropriate boundary conditions, the flexoelectric effect would be symmetric [175].

22



1.2. Flexoelectric Thin Films for NEMS

Potential applications for flexoelectric-based devices include energy harvesting [176, 177],
in-situ crack monitoring [178], enhanced piezoelectric microcantilevers [179], flexoelectric
microcantilevers [180], strain diodes [181] and nanoactuators [16].

First theorized in the late 1950’s and early 1960’s by Mashkevich and Tolpygo, Kogan provided
the phenomenological framework describing the flexoelectric effect [182, 183, 184]. The first
use of the term ’'flexoelectric effect’ in studies of solid dielectrics was by Indenbom et al.,
taken from earlier work on liquid crystals [185]. Flexoelectricity also exists in polymers and
biosystems [186, 187].

Tagantsev expanded the theoretical knowledge of flexoelectricity by nuancing the effect into
static, dynamic, bulk and surface contributions [188, 189]. There has been some dispute over
whether the surface contributions exist in centrosymmetric insulating materials [190], but
recent theoretical and experimental work has provided more evidence that these contributions
exist [191, 192, 193].

In this work, only the bulk static flexoelectric and surface piezoelectric effects will be discussed
in detail. The dynamic flexoelectric effect is mostly predominant when working with acoustic
waves or the smallest feature of the device is on order of the external perturbation. As the small-
est feature of the resonators in this work is approximately 100 nm and the working frequencies
around 1 MHz, the dynamic flexoelectric effect should be negligible. Surface flexoelectricity is
expected to be comparable to the bulk flexoelectric effect in low-permittivity materials, but is
difficult to experimentally separate the bulk and surface flexoelectric effects [194].

Kogan was the first to estimate the flexoelectric coefficient as proportional to the ratio of
electron charge to crystal lattice parameter [184]. This proportionality was expanded into an
order of magnitude estimate of the bulk static flexoelectric coefficient yy, s [174, 188]:

€rbulk®
4ma

Kb,s = Xefp,s X (1.7)

Where f}, s is the bulk flexocoupling coefficient, e is the electron charge and a is the crystal
lattice parameter. The bulk flexocoupling coefficient is estimated to be between 1-10 V for a
simple atomic lattice, but Yudin and Tagantsev noted that the accuracy in this calculation was
one to two orders of magnitude, which makes estimation of the flexoelectric coefficient from
Equation 1.7 fairly inaccurate [174].

Surface piezoelectricity should occur in any non-piezoelectric material due to the symmetry-
breaking of the crystal lattice in the surface adjacent layers. While the thickness of the layers
creating this effect is much smaller than the thickness of the bulk dielectric, it was derived that
it can contribute as much as the bulk static flexoelectricity to the total flexoelectric response
in low permittivity materials [174, 175].
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Similar to the bulk static flexoelectric coefficient, the flexoelectric coefficient due to surface
piezoelectricity is proportional to the bulk relative permittivity:

€rbulk

Hsp X el (1.8)

er,surface

Where A is the thickness of the surface layer (~0.4 nm if atomically thin) and €, ;% and
€r,sur face are the relative dielectric permittivities of the bulk and surface layers, respectively.
Separating the surface piezoelectric and bulk flexoelectric contributions experimentally is
very difficult since both contributions are directly related to the bulk relative permittivity.

The two main contributions to the bulk flexoelectric effect in dielectrics are from ionic and
electronic polarizations. Based on the work of Tagantsev [189], Maranganti and Sharma cal-
culated the ionic contribution to flexoelectricity by both ab-initio and shell-model lattice
dynamics of several materials, including semiconductors, alkali halides and perovskite di-
electrics in the paraelectric phase [195]. Their calculations are of the same order of magnitude
as theoretical results found by Askar et al. for sodium and potassium chloride [196].

While calculations of the flexoelectric coefficients for SrTiO3 compare well to calculated and
experimental results [197, 198, 199], the BaTiO3 experimental values are significantly larger
than the calculated results. Further discussion on the disparity between experimental and
theoretical flexoelectric coefficients is continued in the next section.

For the electronic contribution to flexoelectricity, Hong and Vanderbilt made ab-initio calcula-
tions of several materials, including carbon, Si, sodium chloride and some perovskites [200],
based off the work of Resta [190].

Several reviews and a book have been published on flexoelectricity in solids, focusing on
theory [174] or on materials, experiments and applications [187, 186, 201] or a broad overview
on the topic [202, 203, 204]. In the next section, the experimental work on flexoelectricity will
be discussed. The theory behind the flexoelectric effect will be further developed in Chapter 2.

1.2.2 Experimental Characterization of the Flexoelectric Effect

The flexoelectric effect in ferroelectrics was originally measured in the 1960s. Ferroelectric
BaTiOs cantilevers were used to measure the flexoelectric curvature generation from an
applied electric potential, the thickness dependence of the curvature generation and the
maximization of the flexoelectric effect near the Curie temperature [205, 206]. Interest in
experiments on the flexoelectric effect picked up again when Ma and Cross measured the
flexoelectric coefficient in BaTiO3 [207], PMN [208], barium strontium titanate (BST) [209]
and PZT [210].
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Table 1.2 — Non-exhaustive list of measured flexoelectric coefficients 12 or u;3, relative per-
mittivity €, and flexocoupling coefficient f for various ferroelectric, paraelectric and dielectric
materials. BST/ZNO is BaQ_GSI'()_4TiO3/Nio'8Zn0.2F6204. BTSO is Ba(Tio,37Sn0.13)O3. SPT is
Pby 3Srp.7TiO3. Stars next to the flexoelectric coefficients mean that the data was digitally ex-
tracted from graphs within the literature. The methods of measurement are: 3PB (three point
bending), CB (acoustic or applied force cantilever bending), 4PB (four point bending), Curv
(converse curvature generation).

Material ‘ Crystallinity ‘ W12 or w13 (nC/m) ‘ €r fw ‘ Method ‘ Reference
PMN-34PT | Single crystal 36,000* 33,000 120 3PB [212]
PMN-28PT | Single crystal 37,000% 35,000 120 3PB [212]

PMN Ceramic 4,000-4,400 13,000 40 CB [213, 208]
BST/NZO | Ceramic 128,000 41400* 350 CB [214]

composite

BST Ceramic 96,000* 16,400 650 CB [209]
BST Ceramic 8,500 4,100 250 CB [179]
BTSO Ceramic 53,000 15,000 400 CB [215]
BaTiO3 Ceramic 43,200* 10,200 500 CB [207]
BaTiO3 Single crystal 25,000-100,000* 1,500 1,000-8,000 CB [179]
BaTiO3 Single crystal 200 1,500 22 3PB [192]
SPT Ceramic 20,000 14,000 160 CB [15]

PZT-5H Ceramic 500 2,200 26 4PB [216]

PZT-5H Ceramic 2,000 2,200 100 4PB [216]

PZT-5H Ceramic 9,500 11,000 100 CB [210]

TiO, Single crystal 1.5% 110 1 3PB [193]
SrTiO3 Single crystal 7,5.8 300 3,2 3PB [198, 199]
SrTiO3 Single crystal 4.1 75 6 Curv [16]

In Table 1.2, a non-exhaustive list of measured flexoelectric coefficients for several materials
can be seen. A large enhancement of the flexoelectric coefficients was found in the tested
ferroelectrics and relaxors near the temperature of maximum relative permittivity or the Curie
temperature. Among the tested materials, those with very high dielectric permittivities gener-
ated the highest flexoelectric coefficient values and the largest deviation from the theorized
1-10V flexocoupling coefficient expected from the theoretical flexoelectric coefficient/dielec-
tric permittivity linear relationship [207, 209, 211]. Flexocoupling coefficients, which can be
found in Table 1.2 for several materials, from 100 up to 8000 have been found in very high
permittivity materials.

A few sources for the abnormally large flexoelectric coefficients have been suggested and
researched. An important note is that relaxors, like PMN, present different polarization
properties than ferroelectrics, like perovskites (PZT and BaTiOs) or relaxor ferroelectrics like
PMN-PT (a solid solution comprising ferroelectric and relaxor phases). Therefore, the sources
of the high flexoelectric coefficients can be different in each type of material. For example, it
has been discussed that some ferroelectric macro-domains and polar nanoregions can persist
in ferroelectrics and relaxor ferroelectrics, respectively, beyond the Curie temperature, thus
contributing an extrinsic contribution to the measured flexoelectric coefficient [15, 212].
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Large applied strain gradients in ferroelectrics and relaxor ferroelectrics can also lead to
ferroelastic domain wall motion in unpoled ferroelectrics below the Curie temperature [216,
217]. Recent work in BaTiO3 and BST ferroelectrics suggest that strain gradients developed
in the high-temperature processing of perovskites could break the macroscopic symmetry in
those materials and influence the alignment of polar regions or charged defects [218, 219].
Strain gradients were also found to influence the relative permittivity, effective polarization
and critical temperature in BaTiOs thin films clamped to a substrate [220, 221].

In a study of single crystal BaTiO3 measured at temperatures beyond the Curie temperature,
where any flexoelectric coefficient enhancement from ferroelectric domains should be elimi-
nated, macro polar regions and surface piezoelectricity were suggested to be the major sources
of the enhanced BaTiOs flexoelectric coefficient. Further measurements at temperatures be-
yond the hysteresis temperature found a large anisotropy between the flexoelectric coefficients
for three different crystal orientations, which was considered an indirect measurement of
surface piezoelectricity [192].

In a later work, Narvaez et al. attributed the large flexoelectric response in semiconducting
BaTiOj3 to surface piezoelectricity based on their barrier layer model, where the bulk of the
semiconducting material is conducting and only the interface layers are insulating. They also
measured the effective flexoelectric coefficient in titanium dioxide (TiO,) and niobium-doped
TiOy, showing a 1000-fold enhancement in the coefficient with doping [193].

Flexoelectricity has been shown to have an effect on other research topics in ferroelectrics, such
as domain wall stability [222], rotation of polarization at domain walls [223, 224], crystalliza-
tion [225], critical thickness (dead layer) [226, 227] and spontaneous polarization at interfaces
in nonferroelectric perovskites [228]. It also plays a role in size-dependent phenomena such
as giant piezoelectric response [90, 229, 230, 231] and nanoindentation [232, 233, 234]. Flexo-
electric coefficients have been measured or estimated using a variety of different methods,
including:

¢ Direct Flexoelectric Effect

Cantilever bending due to low frequency acoustic drive or applied force [179, 207,
208, 209, 210, 214, 215, 235, 236, 237, 238]

Four-point bending [216]

Three-point bending [192, 193, 198, 212, 239]

Observation of zero polarization state in released membrane [231]

¢ Converse Flexoelectric Effect
— Electrical actuation of truncated pyramids [211, 240, 241]
— Curvature generation in flexural beams due to applied electric field [16, 181, 205]
— Curvature induced by TEM [242]
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Figure 1.8 — Summary of state of the art in measured flexoelectric coefficients for several ma-
terials versus their relative permittivity. References are: BST [209], BTSO [215], BaTiO3 [207],
PMN-34PT [212], PZT-5H [210], PMN [213], SrTiO3 [16], TiO, [193]. Note the absence of mea-
surements in the low relative permittivity range, highlighted by the blue box.

A recent breakthrough in using the flexoelectric effect for nano-actuation and sensing came
from the fabrication and characterization of cantilevers actuated by a flexoelectric SrTiO3
layer [16]. The curvature generated in a flexoelectric-based flexural cantilever is defined
as [202]:

v,
= Hefrvac (1.9)
Dy
Where p.rr includes the bulk flexoelectric and surface piezoelectric contributions, V¢ is the
AC drive and Dy is the flexural rigidity.

The flexoelectric coefficients of SrTiO3 have been extensively studied, showing a good correla-
tion between experimental values and ab-initio calculations, making SrTiO3 an ideal material
to test first for nanoactuation [195, 198, 197, 199, 200]. A good correlation was found between
the inverse and direct measurements of the flexoelectric coefficient [198, 199].

1.2.3 Flexoelectric Transduction as an Alternative to Piezoelectric Transduction

In comparison to piezoelectric actuation, flexoelectric actuation offers three advantages:
the flexoelectric effect is theorized to exist in all dielectrics, flexoelectric coefficients have
been predicted not to decrease with decreasing film thickness [174] and no displacement of
the neutral axis in flexural NEMS is necessary to generate a curvature. While flexoelectric
coefficients of most dielectrics tend to be lower than piezoelectric coefficients, at the nanoscale,
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the advantages discussed above can play an important role in choosing between flexoelectric-
based curvature generation and piezoelectric-based curvature generation.

SrTiOj3 flexoelectric curvature generation was demonstrated to be comparable to values from
state of the art piezoelectric films with similar thicknesses [16]. Other groups have similarly
found that when decreasing the actuation layer thickness, flexoelectric thin films can generate
larger amount of electrical charge than piezoelectric thin films [180] as well as larger effective
piezoelectric coefficients at micron to sub-micron scales [179].

Given the results for flexoelectric actuation based on a paraelectric material, it is worthwhile to
investigate other non-ferroelectric materials. By expanding the list of potential active materials
from ferroelectrics and piezoelectrics to simple dielectrics, the fabrication and application
of NEMS would be greatly simplified. Applications for flexoelectric NEMS could include
nanoelectromechanical relays, resonators for super high frequency filters and high-sensitivity
mass sensors. Integrating flexoelectric NEMS with non-ferroelectric materials in particular for
CMOS applications would be more straightforward, since many high-k dielectric materials
like HfO, are CMOS compatible. Very few groups have fabricated and characterized nanoscale
actuators with piezoelectric or flexoelectric actuation [13, 16, 114]. Further demonstrating
the ability to fabricate piezoelectric and flexoelectric NEMS will increase their potential to be
integrated into applications in sensing or electronics.

The flexoelectric coefficients of a variety of ferroelectric and paraelectric materials have been
measured, but there is on-going research to explain the differences between experimental
results and theoretical calculations. To be able to better understand how the experimental
flexoelectric coefficient and relative permittivity of dielectrics are related, materials with
lower relative permittivities should be measured to fill in the gap highlighted by the blue
rectangle in Figure 1.8. Also, little work has been completed to experimentally distinguish
between the electronic and ionic contributions to the bulk flexoelectric effect. Measurements
of dielectrics with very low relative permittivities and/or amorphous properties would help in
the understanding of both of the above topics.

1.3 Outline of Thesis

In this thesis, an investigation of piezoelectric and flexoelectric thin films for NEMS was per-
formed, including the sputtering optimization of sub-100 nm thick AIN and 1 pm Aly gSco 4N
films as well as the fabrication and characterization of flexoelectric sub-100 nm thick res-
onators based on amorphous HfO,. The thesis is divided into three chapters:

Chapter 2 discusses the work behind the sputtering optimization of AIN films based on
manipulation of several sputtering parameters and substrate properties. The influence of two
sputtering parameters on the c-axis texture and density of abnormal grains in Al §Scp 4N films
will also be reviewed.
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Chapter 3 details the fabrication and characterization of HfO»-based flexoelectric actuators,
including the process flow and mask design, microfabrication and issues during processing,
electrical and optical measurements and analysis of the effective flexoelectric coefficient.

The last chapter will summarize the results in Chapters 2 and 3 and compare the AIN and HfO,
thin films fabricated in this work to the state of the art. It will also provide some analysis of the
relationship between experimental flexoelectric coefficients and relative permittivity and a
discussion on piezoelectric versus flexoelectric curvature generation at the nanoscale.
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¥4 Sputtering Optimization of AIN and
Alp 6Sco.4N Thin Films

In this chapter, the crystalline and piezoelectric properties of polycrystalline AIN and AlScN
thin films deposited by reactive sputtering are optimized for implementation into NEMS. First,
the main characterization techniques are described, including XRD, residual stress and SEM
imaging. Then, the influence of several sputtering parameters and substrate conditions on 50
and 100 nm thick AIN films is analyzed. The impact of Ar gas concentration and RF substrate
bias voltage is then measured on 1 um thick Al Scg 4N films. Finally, a summary is provided
of the main outcomes in AIN and AlScN sputtering deposition experiments.

2.1 Material Characterization Techniques

2.1.1 X-Ray Diffraction

One way to measure the crystalline properties of thin films is through XRD, a noninvasive
characterization technique. In this technique, X-rays, which have wavelengths the same order
of magnitude as the inter-atomic spacing, will be diffracted in the crystalline lattice when the
Bragg condition is met [55]. A normal incidence XRD system was used (Bruker D8 Discover) to
complete the scans on AIN/AIScN thin films.

Two types of scans were performed to characterize the deposited thin films: theta2theta curves
and rocking curves. Theta2theta curves provide a wealth of details about the thin films under
study: what crystalline materials are present, their composition and texture, etc. To generate
theta2theta curves, both the X-ray source and detector are set at the same angle 6 above the
substrate. During the scan, 0 is increased equally on both sides, moving both the source and
detector steadily closer together until the desired final angle. A schematic visualizing the
scanning process and an example scan from AIN and Pt thin films deposited on a Si substrate
can be seen in Figure 2.1 A.
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Figure 2.1 — Schematics describing methods to measure theta2theta and rocking curves.
(A) theta2theta curve measurements are created by scanning X-ray source and detector with the
same angle 0 and speed above the substrate. The diffraction peaks from polycrystalline thin
films and the substrate are measured when the Bragg condition is met. A theta2theta curve
measurements with peaks from AIN, Pt and the Si substrate, respectively, is shown. (B) Rocking
curves are measured by setting the X-ray source and detector to meet the Bragg condition of a
diffraction peak of interest, then tilting or rocking’ the source and detector about that value.
The FWHM indicates the distribution of grain tilt relative to the substrate surface normal. A
rocking curve for AIN is shown.

In contrast to theta2theta curves, rocking curves focus on certain diffraction peaks to under-
stand the alignment of the crystals relative to the substrate. A parameter that is usually taken
from rocking curves is the FWHM, which is calculated by fitting the rocking curves with a
Gaussian function. The FWHM indicates the distribution of the tilt of the grains relative to
the substrate surface normal; the lower the FWHM, the less misaligned the grains and the
higher the texture of the thin film in that crystal grain orientation. Rocking curves are useful
measurements for polycrystalline piezoelectric thin films for determining the alignment of
the crystallites, which is directly related to the piezoelectric response of the material.

Rocking curves are completed by fixing the angle between the source and detector such that
the Bragg condition is met for a material and crystal orientation of interest. Then, keeping the
fixed angle, the source and detector are tilted or rocked’ about the normal to the substrate to
measure the intensity of the diffracted X-rays as a function of the tilting angle. The method
of conducting rocking curves and an example peak from an AIN thin film can be seen in
Figure 2.1 B.
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The value of interest from XRD measurements of AIN and AlIScN thin films is the rocking curve
FWHM of the AIN/AIScN (0002) diffraction peak, which, as discussed in the introduction,
has been found to be correlated with piezoelectric response [61]. While a low rocking curve
FWHM value does not necessarily mean the piezoelectric response will be high, it does act as
a marker to determine whether processing was optimal or not.

In order to confirm the measurement error for the theta2theta and rocking curves, we com-
pleted seven measurements on a single wafer to measure the change in rocking curve FWHM
and found a standard deviation of 0.1°. This value is used for all rocking curve FWHM mea-
surements discussed in this chapter.

2.1.2 Thin Film Residual Stress

Stresses in thin films can develop from several sources, including: a crystal lattice mismatch
and/or thermal expansion mismatch between the thin film and substrate (which may also be
under stress), from defects within the thin film and from ion bombardment of the growing
thin films (peening effect) [33, 53]. All of the above stress sources influence the growth and
texture of the deposited thin film, and in the case of piezoelectric thin films, the piezoelectric
response. A way to quantify the influence of these stress sources is through measurement of
the residual stress, for example through XRD or wafer curvature measurements.

The sign and magnitude of residual stress can indicate whether the AIN and AlScN thin
films will have a piezoelectric response and c-axis texture. Compressive residual stress has
been correlated with higher piezoelectric response in AIN thin films [33], while none to
slightly tensile stress minimized the density of abnormal grains and improved the piezoelectric
response in AIScN thin films [152, 159].

In addition, residual stress in thin films also affect the mechanical properties and successful
operation of later developed resonators. For example, for doubly clamped resonators, com-
pressive thin films can lead to buckling of the beams, which completely alters their resonant
behavior. Therefore, one must consider both the best sputtering deposition conditions and
final device specifications when fabricating thin films.

The residual stress of the thin films was calculated by measuring the change in wafer curvature
due to the thin film deposition (Toho Technology FLX 2320-S) and applying Stoney’s formula,
the definition of which can be found in Appendix A.1. In the sections below, negative stress
values are compressive, while positive ones are tensile.

2.1.3 Film Thickness and Crystal Texture

The AIN and AlScN film thickness and grain texture were characterized by cleaving the Si
substrates where the films were deposited, then imaging the cross section with SEM in either
the secondary electron or InLens modes. Two SEMs were used during the characterization
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(Zeiss Leo 1550 or Zeiss Merlin), which have resolutions of 5 nm and <1nm, respectively.

The crystal growth of the AlScN thin films were characterized by both normal and cross section
SEM. In normal SEM imaging, the density of abnormal grains, which are grains that do not
follow the wurtzite (0002) crystal growth, could be quantified. The columnar grain density
and quality could be measured in cross section SEM. The thickness of AIScN was measured by
analyzing the cross section images in an imaging processing program (Image]J).

2.2 AIN Deposition Experiments

As discussed in Chapter 1, sputtering parameters such as sputtering power and substrate
temperature as well as the substrate conditions can have a significant influence on the c-axis
texture of AIN thin films. To confirm that the optimal sputtering parameters and substrate
conditions for micron thick AIN thin films will generate highly textured nanometer thick AIN
thin films, several parameters and conditions were tested:

* Sputtering Parameters
Ar gas concentration
Multistep deposition

Sputtering power

Substrate temperature

* Substrate Conditions
— Bottom electrode thin film material
— Seed layer material and thickness
— Bottom electrode sputtering system

A few sputtering parameters were already optimized by other users of the sputtering system
before these deposition tests, including the substrate pre-treatment, target-substrate distance,
substrate bias and sputtering pressure. Substrates used during all the deposition tests were
initially treated by a one minute Ar plasma cleaning within the sputtering system to remove
any organic residues from the substrate surfaces.

The target-substrate distance was set at 50 mm and could not be altered in the sputtering
system. To generate substrate bias voltages between 50-100 V, which was previously found
to give the highest c-axis texture for AIN thin films in our sputtering system, a substrate bias
voltage of 6 W was used. Finally, the base pressure in the sputtering system was 2 pubar and the
total gas flow was set to 50 sccm (Ar plus N, gas flows), which generating sputtering pressures
between 3-4 mTorr.

To deposit most of the seed layers, bottom electrode layers and all the AIN actuation layers, a
magnetron sputtering system capable of DC and DC pulsed sputtering (Pfeiffer Spider 600)
was used. Four chambers are available in this sputtering system for insulator and metal thin
film depositions, with one chamber dedicated to AIN and AIScN depositions.
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All targets in the Spider have a minimum purity of 99.95% and in the case of the Al target for
AIN depositions, the purity is 99.9995%. Before any deposition experiments, the sputtering
targets were cleaned using standard recipes provided by the sputtering system to remove any
surface contamination and prime the chamber for the depositions. An abbreviated catalog of
the substrates created during the deposition experiments can be found in Appendix A.3.

2.2.1 Influence of Sputtering Machine Parameters on AIN C-Axis Texture

As discussed in Chapter 1, sputtering parameters such as sputtering power and substrate
temperature can have a significant influence on the crystalline properties of AIN thin films. To
confirm that the optimal sputtering parameters for microscale AIN thin films will generate
highly textured AIN thin films at the nanoscale, four sputtering parameters were tested, which
can be seen in Table 2.1.

An additional reason for testing the influence of the substrate temperature, beside confirm-
ing whether an improvement in c-axis texture occurs with increasing temperature, was to
determine whether lower temperatures could be used without significantly deteriorating the
crystallinity. Lowering the substrate temperature will decrease the thermal stress within the
thin film and simplify the thin film fabrication, which can be necessary in the fabrication of
NEMS.

To test the influence of each sputtering parameter, a series of 200 nm wet oxidized, (100) Si
substrates were coated with four layers (full stack): 15 nm AIN seed layer, 25 nm Pt bottom
electrode layer, 50 nm AIN actuation layer and 15 nm Pt top electrode layer. The Si substrates
had no specific resistivity value, 100 mm in diameter and 525 pm thick.

We chose to use Pt electrodes and AN seed layers during this deposition experiment to ensure
that the substrate condition was ideal as possible and any changes to the AIN texture was
therefore due to the sputtering parameters. All four layers were deposited sequentially within
the same sputtering system and kept under vacuum between the layer deposition steps.

Table 2.1 — Sputtering parameters tested to measure their influence on AIN rocking curve
FWHM. The deposition time is given in seconds. Multiple depositions mean that the deposition
time was broken into two parts, denoted as part 1/part 2 in the table. The Ar gas concentration
is defined as the percentage of the Ar gas flow comprising the total Ar plus N, gas flow. RT
means room temperature.

Multistep Ar Gas Sputtering Substrate
Deposition Times | Concentration Power Temperature
(s) (%) (W) O
50/10 0 1000 RT
40/20 20% 1250 200
60 1500 300
350
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Figure 2.2 - Influence of sputtering power and substrate temperature on the AIN rocking curve
FWHM. (A) Sputtering power versus AIN rocking curve, showing a clear decrease in the AIN
rocking curve FWHM for increasing sputtering power. (C) Substrate temperature versus rocking
curve FWHM, where the lowest measured AIN rocking curve FWHM was at 300°C.

The AIN seed layer was deposited under the following conditions: 20% Ar gas concentration,
sputtering power of 1500 W and substrate temperature the same as the actuation layer sub-
strate temperature, since the full stack of layers was deposited at once during the deposition
experiment. The Pt bottom and top electrode layers were deposited at 350°C. The conditions
for the AIN actuation layer depositions are discussed in the following paragraphs.

The influence of the four sputtering parameters was characterized by the measuring the AIN
rocking curve FWHM. Theta2theta curve measurements taken of each substrate before the
rocking curve measurements exhibited only the (0002) diffraction peak from AIN layers, the
(111) diffraction peak from the Pt electrode layers and the (400) diffraction peak from the Si
substrate. Residual stress measurements were also taken of the substrates, but since the full
stack of layers was deposited at once, it was difficult to deconvolute the results to find the
residual stress in the AIN actuation layer alone and the measured results did not demonstrate
any trends versus the tested parameters.

When looking at the influence of sputtering power on deposited AIN thin films, a clear im-
provement is measured in the AIN rocking curve FWHM with increasing sputtering power
(Figure 2.2 A). When measuring the influence of the sputtering power, the AIN actuation layer
deposition conditions were: substrate temperature of 300°C, 20% Ar gas concentration, and a
50 seconds/10 seconds multistep deposition. The lowest rocking curve FWHM can be found
at a sputtering power of 1500 W, the highest applicable value in the sputtering system. An
important note on the results in Figure 2.2 A is that the effect of decreasing sputtering power
on the deposition rate was not taken into account by altering the deposition time during the
experiment. Therefore, there can be differences in the deposited film thickness which can
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also influence the measured AIN rocking curve FWHM. However, we found that increasing
the thickness of the AIN actuation layer to 100 nm compared to 50 nm in this deposition
experiment only decreased the rocking curve FWHM by 0.2°, which means that the impact of
sputtering on the crystalline properties is still significant.

Four different substrate temperatures were tested which spanned the temperature range of the
sputtering system. During the substrate temperature test, the sputtering power was 1500 W,
the Ar gas concentration was 20% and a 50 seconds/10 seconds multistep deposition. The
deposition tests results can be seen in Figure 2.2 B; the AIN rocking curve FWHM improves
with increasing substrate temperature until 300°C, after which the AIN rocking curve FWHM
slightly increases with a substrate temperature of 350°C. It is not clear why the c-axis texture
worsens after a substrate temperature of 300°C; we found no significant difference in the values
of other sputtering parameters that could explain the results. Further deposition experiments
should be completed to confirm the decrease in c-axis texture beyond 300°C.

Decreasing the substrate temperature to 200°C does not significantly deteriorate the AIN c-axis
texture, but further decrease of the substrate temperature degrades the crystalline quality.

No significant trends are measured on the AIN c-axis texture when two Ar gas concentrations
and three multistep depositions were tested; we therefore conclude that these two parameters
have negligible impact on the AIN crystalline properties. On the other hand, increasing the
sputtering power and substrate temperature are found to significantly improve the c-axis
texture of the 50 nm thick AIN films.

2.2.2 Influence of Seed Layers on AIN C-Axis Texture and Piezoelectric Response

The next set of deposition experiments studied the influence of the seed layer material (Ti
and AIN) deposited at room temperature and 350°C, as well as the seed layer thickness (AIN)
on the rocking curve FWHM and piezoelectric response of the AIN actuation layer. To study
these substrate conditions, a series of substrates were coated with a full stack comprised of:
15-100 nm AIN or Ti seed layer, 25 nm Pt bottom electrode layer, 50 nm AIN actuation layer
and 25 nm Pt top electrode layer.

The AIN actuation layer deposition conditions were: 50 seconds/10 seconds multistep deposi-
tion, 20% Ar gas concentration, 350°C substrate temperature and 1500 W sputtering power.
The Ti and AIN seed layers were deposited at 350°C; the sputtering power and Ar gas concen-
tration for the AIN seed layers was the same as for the AIN actuation layer. The Pt electrodes
were deposited at a substrate temperature of 350° C.

When comparing seed layers with a thickness of 15 nm deposited at 350°C, the AIN actuation
layer rocking curve FWHM on Ti seed layers was 2.6°, compared to a lower value of 2.0° for
AIN grown on AIN seed layers [115].
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Figure 2.3 — Influence of AIN seed layer thickness on AIN actuation layer rocking curve FWHM
and piezoelectric response. Inset schematic shows the thin films deposited as part of the full
stack. The error bars were within the symbol size. (A) While the rocking curve FWHM of the
AlN seed layer decreases with increasing seed layer thickness, the rocking curve FWHM of the
actuation layer deposited on top of the AIN seed layer increases. (B) The piezoelectric response
of the AIN actuation layer does not significantly change with different AIN seed layer thicknesses,
in contradiction of the rocking curve results.

We then focused on the influence of the AIN seed layer thickness on the AIN actuation layer
rocking curve FWHM. Four AIN seed layer thicknesses between 15-100 nm were tested with
50 nm thick AIN actuation layers deposited above the seed layers. Rocking curves were
measured on substrates with the AIN seed layers of various thicknesses alone, as well as on
separate substrates where a full stack was deposited. Therefore, on substrates where the full
stack was deposited, diffraction data is collected from both the AIN seed and actuation layers.

The results of the rocking curve characterization on AIN seed and actuation layers can be
found in Figure 2.3 A. On the one hand, as the AIN seed layer thickness increases, the rocking
curve FWHM of the layer decreases due to increasing c-axis texture with increasing film
thickness [61]. On the other hand, the rocking curve FWHM of the AIN actuation layers
deposited on AIN seed layers slightly increases with increasing AIN seed layer thickness.
These results appear at first to be counter-intuitive, since a more crystalline seed layer should
improve the c-axis texture of the Pt bottom electrode and AIN actuation layers.

To determine whether the piezoelectric properties of the AIN thin films had been affected by
the AIN seed layer thickness, the piezoelectric response was measured by fabricating elec-
trodes through the full stack with standard photolithography and dry etching, then measuring
the top electrode displacement when actuated in a double beam interferometer system in
another laboratory. The details on the setup can be found in the work of Kholkin et al. [63].
Electrode diameters between 200-750 pm were fabricated to take into account the electrode
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Figure 2.4 — Two term Gaussian analysis to deconvolute the (0002) theta2theta diffraction
peak contributions from each AIN layer. The measured (0002) theta2theta diffraction peak
(black circles) was deconvoluted by a two term Gaussian (blue dashed line) to determine the
contributions from the AIN seed layer (red solid line) and AIN actuation layer (green dashed
line). (A) A 15 nm thick AIN seed layer only slightly impacts the theta2theta diffraction peak
analysis. (B) The diffraction from a 50 nm thick AIN seed layer significantly impacts the Gaussian
analysis of the (0002) diffraction peak.

size effect [63] and COMSOL simulations were used to calculate the piezoelectric response
based on fitting the measured displacement of the electrodes during actuation [167].

We find that increasing the thickness of AIN seed layer does not significantly influence the
piezoelectric response of the AIN actuation layers [115], as can be seen in Figure 2.3 B . An
average ds3 r 0f 3.5£0.17 pm/V was measured for the AIN actuation layers, which is close to
values found in the state of the art [75].

Since the piezoelectric response does not significantly change with increasing AIN seed layer
thickness, we believe that the AIN seed layers are deviating the rocking curve characterization
by shadowing the diffraction data from the actuation layer during theta2theta measurements.
By analyzing the (0002) theta2theta diffraction peak from the AIN seed layers alone, a two-
term Gaussian, the equation of which can be found in Appendix A.4, was applied to the
(0002) theta2theta diffraction peak from the actuation layers deposited on the seed layers to
deconvolute the contributions from each layer.

For example, the two-term Gaussian fitting of the (0002) theta2theta diffraction peak of a full
stack with a 15 nm AIN seed layer and 50 nm AIN actuation layer can be seen in Figure 2.4 A.
The individual contributions from the AIN seed layer (solid blue line) and actuation layer
(dashed green line) based on the two-term Gaussian fit (dashed red line) are plotted separately.
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When the AIN seed layer thickness is much smaller than the actuation layer thickness, the
diffraction from the seed layer only slightly contributes to the total (0002) diffraction peak.
As the AIN seed layer thickness increases, for example with a 50 nm thickness as seen in
Figure 2.4 B, its contribution to the total (0002) theta2theta diffraction peak significantly. As
the rocking curve FWHM of the seed layers is larger than for the actuation layers, increasing
the seed layer’s contribution to the (0002) theta2theta diffraction peak increasingly affects the
rocking curve characterization. While increasing the seed layer thickness may overall improve
the crystallinity of the proceeding layers, for accurate rocking curve characterization of the
AIN actuation layer, the AIN seed layer thickness should be significantly thinner than the AIN
actuation layer to minimize its influence.

2.2.3 Influence of Substrate and Sputtering System on AIN Rocking Curve FWHM

Based on the literature review on AIN sputtering optimization seen in Chapter 1, it is clear that
the substrate and seed layer play a strong role in the quality of AIN thin films. Therefore, the
deposition experiment discussed in the previous section was expanded to fully confirm the
influence of the substrate conditions on the c-axis texture of AlN, by testing two seed layers,
three bottom electrode thin films and two seed layer/bottom electrode sputtering systems.
The tested substrate conditions can be found in Table 2.2. All the possible combinations
of these three substrate conditions were tested, except two: Ti seed layers under Al bottom
electrode thin films deposited in the Spider sputtering system, which could not be configured
into the system; and AIN seed layers could only be deposited in the Spider sputtering system.

The different seed layers and bottom electrode thin films were chosen based on the frequency
of their use in literature. In particular, we wanted to see if a high AIN c-axis texture could be
achieved on Mo and Al bottom electrode thin films as well in our sputtering system.

Two different bottom electrode sputtering machines (Spider and DP650) were tested to com-
pare the effect of each sputtering system on the bottom electrode thin film properties and
thereby AIN deposited on top. The DP650 contains only one sputtering chamber, with smaller
targets, smaller target substrate distance and a shutter between the target and substrate, com-
pared to the Spider sputtering system. The differences in the setup of each sputtering should
influence the crystallinity and roughness of the deposited bottom electrode thin films.

The deposition experiments themselves were separated into two parts: deposition of the
seed layer/bottom electrode thin films; and deposition of AIN/top electrode thin films. The
thicknesses of the four layers in the full stack were: 15 nm seed layer, 25 nm bottom electrode
thin film, 100 nm AIN actuation layer and 100 nm top electrode thin film. The substrates were
200 nm wet oxidized Si. All AIN seed layers were deposited in the Spider at room temperature
with 20% Ar gas concentration and 1500 W sputtering power. Ti seed layers were deposited at
room temperature in either the Spider or DP 650, depending on which system was used to
deposit the bottom electrode thin films.
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The bottom and electrode thin films were also deposited at room temperature, in comparison
to 350°C in the previously discussed deposition experiments. This was done to better simulate
the deposition conditions that are used during fabrication of many NEMS and MEMS, which
involves liftoff of the bottom electrode to minimize the top and bottom electrode overlap
area. A small deposition test prior to this one found no significant difference in the AIN
rocking curve FWHM between Pt electrode thin films deposited on an AIN seed layer at room
temperature and 300°C. The top electrode thin film was Al except when the bottom electrode
thin film was Al, in which case Mo was used to avoid overlap of theta2theta diffraction peaks.

The AIN actuation layers were deposited with the following sputtering parameters: 1500 W
sputtering power, 20% Ar gas concentration, 300°C substrate temperature and a continuous
deposition time.

The influence of the bottom electrode rocking curve FWHM on the rocking curve FHWM of
AIN can be found in Figure 2.5 A. In all theta2theta curve measurements, only the AIN (0002)
diffraction peak was measured. We find that Pt bottom electrode layers generated the lowest
AIN rocking curve FWHM, independent of the type of seed layer and electrode sputtering
system. A low AIN rocking curve FWHM also occurs for Pt bottom electrodes with worse
texture, which indicates the surface roughness of the Pt layer could play a part in the results.

A fairly low AIN rocking curve FWHM is achieved on Mo bottom electrode thin films with a
Ti seed layer deposited in the Spider sputtering system. However, the Mo bottom electrode
thin films are more strongly influenced by the sputtering system and seed layer and generally
perform less well compared to Pt bottom electrodes. As a body-centered cubic metal, Mo is
expected to grow roughness and less crystalline than face-centered cubic Pt, but it has been
shown in literature that highly c-axis textured AIN films can still be achieved [103].

In the case of Al bottom electrodes, the crystallinity of the electrode was so low that rocking
curves could not be measured. It is not clear why the crystallinity of the Al bottom electrodes
was not higher. It has been shown previously in literature that Al bottom electrodes perform
slightly less well than Pt bottom electrodes [33], but our results show a much more significant
difference. One conclusion from these results is that further sputtering optimization of the
Mo and Al layers must be achieved to increase their texture and therefore the c-axis texture of
AIN grown above.

Table 2.2 - Tested seed layers, bottom electrode thin films and seed layer/bottom electrode
sputtering systems versus AIN rocking curve FWHM. All possible combinations of the three
conditions were fabricated except for Ti seed layers with Al bottom electrodes in the Spider
sputtering system, since this was not a possible configuration in the system.

Seed Layer | Bottom Electrode Material | Sputtering System

AIN Pt Spider
Ti Mo DP650
Al
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Figure 2.5 — Influence of seed layers, bottom electrode thin films and bottom electrode sput-
tering systems on texture of 100 nm AIN. The symbol colors designate the bottom electrode
metal, the shape the seed layer and solid/hollow symbols for each sputtering system. In the
legend label, the substrate conditions are listed as: seed layer-bottom electrode sputtering
system. The error bars are within most of the symbols, except in the case of some residual
stress measurements. (A) AIN rocking curve FWHM is correlated with low bottom electrode
rocking curve FWHM. Lowest AIN rocking curve FWHM values were found with Pt electrodes,
independent of the seed layer or sputtering system. Mo bottom electrode thin films generated
larger AIN FWHM, expect in the case when a Ti seed layer and the Spider sputtering system
are used. The crystallinity of the Al bottom electrodes was too low for rocking curves to be
measured. (B) AIN rocking curve FWHM versus bottom electrode thin film residual stress. While
there appears to be a correlation between more compressive bottom electrodes and lower AIN
rocking curve FWHM, more experiments with varying residual stress in one electrode material
should be completed before drawing further conclusions.

The c-axis texture of AIN appears to be correlated with the bottom electrode stress, as seen in
Figure 2.5 B. However, more experiments with varying residual stress on one bottom electrode
material are required in order to better understand why this correlation occurs.

2.2.4 Conclusions on AIN Sputtering Optimization

Based on the deposition experiments discussed above, a few conclusions can be made. In-
creasing the sputtering power and using a substrate temperature of 300°C generates the lowest
AIN rocking curve FWHM and Pt electrodes consistently provided the lowest rocking curve
FWHM values compared to Mo and Al electrodes. Ti or AIN seed layers generate similar AIN
rocking curve FWHM values when they are deposited at room temperature, but AIN seed
layers are better when depositing at 300°C. While AIN seed layers deposited at 300°C offer
promising results for the c-axis texture of AIN actuation layers, to minimize deviation of the
rocking curve characterization, they should be significantly thinner than the AIN actuation
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layers. The influence of sputtering power, substrate and substrate conditions on the c-axis
texture of micron thick AIN films has been confirmed for 50-100 nm thick AIN films.

To summarize, the best AIN rocking curve FWHM values were measured with:

* High sputtering power of 1500 W

¢ Substrate temperature of 300°C

AIN seed layers when deposited at 350°C

* AIN and Ti seed layers when deposited at room temperature

* Ptelectrodes compared to Al or Mo electrodes

* Increased deposition temperature for Pt electrodes compared to room temperature

One issue seen when comparing depositions from separate experiments was the sputter-
ing system variability in depositing thin films with consistent characteristics when identical
sputtering parameters are used. One example is that with increasing sputtering power, the de-
viation between the programmed sputtering power and achieved sputtering power increased.
Another is that the achieved substrate bias power was usually 1 W lower than the programmed
value and the substrate bias voltage fluctuated between 50-100 V during the different depo-
sition experiments. The substrate bias has a strong influence on the residual stress of the
AIN thin films, which may be why no clear trends could be measured in the residual stress.
The substrate bias fluctuations may have impacted the influence of more subtle sputtering
parameters such as multistep deposition and the gas flow ratio. More tests on different gas flow
ratios and multistep depositions should be completed to better understand their influence on
the AIN thin film characteristics, but with a more stable sputtering system.

2.3 AlyeSco.4N Deposition Experiments

2.3.1 ImpactofAr Gas Concentration and Substrate Bias on Al Scg.4N Film Prop-
erties

One aim of this doctoral work is to fabricate piezoelectric layers on the nanoscale for NEMS.
However, since AlScN is a relatively new material and has been seen in literature to be more
challenging than AIN to deposit with a good (0002) texture, initial deposition experiments
were completed with 1 um thickness. By optimizing the growth of AIScN thin films on the
microscale, the thickness can then be decreased to try to implement into NEMS devices.

AlScN is more challenging than AIN to grow due to the Sc addition destabilizing the wurtzite
crystal growth. As discussed in Chapter 1, beyond a Sc concentration of approximately 43%,
the crystal growth changes from hexagonal to cubic phase. Below a Sc concentration of
43%, abnormal grains may be generated if the deposition parameters or substrate are not
optimal, which are detrimental to the total piezoelectric response of the AIScN thin film [170].
Abnormal grain growth occurred during most of the deposition experiments and are always
referred to as abnormal, compared to the regular wurtzite (0002) AlScN grain growth.
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All depositions were completed using the Spider sputtering system with a single AlSc target
and Sc concentration of 40 at% (52.6 wt%). Before the deposition experiments, the AlSc target
composition was confirmed by depositing AlSc onto a substrate without a nitrogen gas flow
and then measuring the thin film composition through energy-dispersive X-ray spectroscopy
(EDX). A slightly higher Sc concentration of approximately 41% was measured compared to
the supplier information of 40%, but the values overlap given the large standard deviation of
the measurement (3%). Unless otherwise specified, the discussion of AIScN thin films will be
with 40% Sc concentration.

The full stack of thin films deposited during the AlScN deposition experiments was: 10 nm Ti
seed layer, 100 nm Pt bottom electrode thin film, approximately 1 pum AIScN and 100 nm Ti
top electrode. All deposition experiments were completed by depositing the full stack at once.
AlScN sputtering parameters were 1500 W for the sputtering power and 300°C for the substrate
temperature. A short Ar plasma cleaning was completed before the seed layer deposition to
remove any organic residues from the substrate surfaces.

The characteristics of 1 um thick AlScN thin films deposited by reactive sputtering were
measured versus different Ar:N, gas flow ratios (also discussed as Ar gas flow concentration)
and RF substrate bias powers, based on knowledge from the AIN deposition experiments and
the literature review. The total gas flow during sputtering was kept constant at 50 sccm and Ar
gas concentration was varied between 0-60%.

The tested substrate bias powers were between 2-6 W, which translated to a potential between
-50 to -100 V during the AlScN depositions. Depending on the calibration of the RF power
source in the sputtering system, applied substrate bias powers would be translated into larger
or smaller bias voltages. Therefore, the substrate bias is discussed below in terms of the
absolute magnitude of the average substrate bias voltage. A catalog of all the substrates used
in deposition experiments and the deposition parameters can found in Table 2.3.

The AlScN thin films were characterized by rocking curves and residual stress. Compared
to the 50-100 nm AIN thin films studied in the previous section, the AIScN layers comprise
more than 80% of the deposited film stacks in the deposition experiments. Therefore, the
curvature-based residual stress measurements should give a fairly accurate estimate of the
magnitude and trends in the AIScN layers. Additionally, the films were analyzed by normal
and cross section SEM to understand the columnar grain texture and density of abnormal
grains.

Table 2.3 - Sputtering parameters during AIScN deposition experiments.

Substrate Ar Gas Sputtering | Substrate
Temperature | Concentration Power Bias Power
@) (%) (W) (W)

300 | 060% | 1500 | 26
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Figure 2.6 — Measured deposition rate, rocking curve FWHM and residual stress in AISCN
deposition experiments. The legend denotes the tested gas flow ratios (Ar gas concentration):
0:50 (0%), 10:40 (20%), 20:30 (40%) and 30:20 (60%). (A) AIScN deposition rate versus substrate
bias voltage for different Ar:N? gas flow ratios. Deposition rate increased with increasing Ar
concentration. Extremely low deposition rate data point in 0:50 Ar:N? gas flow ratio is an outlier
caused by the shift in bias voltage during deposition experiments as discussed before. (B)
Rocking curve FWHM is found to have a linear relationship with substrate bias voltage, for a
given Ar:N? gas flow ratio. The lowest FHWM of 1.70° was found with 40% Ar concentration, but
its error bars overlap with a result from 20% Ar concentration. (C) Deposition experiment with
two different Ar gas concentrations (0 and 20%). Increasing the Ar gas concentration decreases
the compressive stress and alters the trend between residual stress and substrate bias voltage.
(D) Second deposition experiment with an expanded range of Ar gas concentrations (0-60%).
Significantly different trends and residual stress magnitudes are found compared to the first
deposition experiment. The substrate bias voltage most strongly influenced the residual stress
values compared to the Ar gas concentration in the first experiment.
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The measured deposition rate for three different Ar:N, gas flow ratios versus substrate bias
voltage can be seen in Figure 2.6 A. The AlScN deposition rate increases with increasing Ar
gas flow, due to the higher sputtering efficiency of the AlSc target. For a Ar:N; gas flow ratio of
10:40, a trend of slightly decreasing deposition with increasing substrate bias can be seen. A
similar trend is also seen for a gas flow ratio of 0:50 Ar:N,, although there is an outlier which
cannot be explained by the sputtering system conditions.

The influence of four different Ar:N, gas flow ratios was measured versus the AIScN rocking
curve FWHM (Figure 2.6 B). The lowest FWHM measured was 1.70° for a gas flow ratio of 20:30
Ar:N», though the values from Ar concentrations of 0% and 20% generate similar results. For
0:50 and 10:40 Ar:N» gas flow ratios, a decrease in AIScN rocking curve FWHM can be seen
when the substrate bias voltage decreases. The decrease in FWHM with lower substrate bias
voltage correlates with the results from Mayrhofer et al, who found the highest piezoelectric
coefficient at zero substrate bias [167]. However, they measured a maximum piezoelectric
coefficient at 25% Ar concentration, while we found 40% Ar concentration to offer the lowest
FWHM. More studies with lower bias voltage are necessary to confirm the trend, particularly
for 40% and 60% Ar concentrations.

Two deposition experiments, completed on different days, were studied separately to measure
the change in AlScN residual stress versus gas flow ratio and substrate bias voltage. The
standard deviation of the residual stress in these deposition experiments was roughly 5%.
In the first deposition experiment (Figure 2.6 C), two gas flow ratios were tested with three
different substrate bias powers. While the residual stress does not significantly change across
different substrate bias voltages when a Ar:N, gas flow ratio of 10:40 is used, it slightly decreases
with increasing substrate bias voltage for a gas flow ratio of 0:50. The same outlier data point
as discussed in Figure 2.6 A can be seen to behave differently than the other data points.

In the second deposition experiment (Figure 2.6 D), the range of gas flow ratios was increased
from two to four, including the two measured in the first deposition experiment. In the case
of 10:40 and 0:50 Ar:N, gas flow ratios, the residual stress increases with increasing substrate
bias voltage, while no clear trend can be seen for the 20:30 and 30:20 gas flow ratios since
only single data points were collected. Comparing the results in Figure 2.6 C and D, similar
trends can be found for the 0:50 Ar:N» gas flow ratio but not for the 10:40 gas flow ratio. As
discussed for the AIN depositions, variability in the sputtering system is the most likely cause
for the changes in residual stress and the outlier in the deposition rate. Therefore, it is difficult
to draw further conclusions on the residual stress measurements without further deposition
experiments.

When comparing the rocking curve FWHM and residual stress measurements in Figure 2.6 B
and D, one can see that decreasing the compressive stress leads to smaller rocking FWHM
values, which correlates with results seen in literature, where AIScN with higher tensile stress
has a higher piezoelectric response [152, 159].
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(A) No Ar Gas Flow Ar Gas Flow

Figure 2.7 — Influence of Ar gas concentration on Al Scy 4N grain density and c-axis texture.
Bright layers in SEM images are bottom and top electrodes. Substrate bias power was 6 W in
both images. (A) Highly dense grain texture for AlScN films for depositions without an Ar gas
flow, but abnormal grains appear in the film after approximately 200 nm of columnar grain
growth. The abnormal grains grow faster than columnar grains and protrude from the AIScN
film thickness. (B) Sputtering with 20% Ar concentration greatly decreases the grain density,

particularly as the thickness increases. Voids are visible near or at the top of the AlScN layer.
However, no abnormal grains are present.

2.3.2 Study on Columnar Grain Texture and Density of Abnormal Grains

High columnar grain density in AIN and AlScN thin films is important for generating a strong
piezoelectric response. To study the influence of Ar gas concentration and substrate bias on
grain density and growth, normal and cross section SEM analysis is used.

The Ar gas concentration during sputtering of the AlScN thin films had a significant effect
on the columnar grain texture and the appearance of abnormal grains, which can be seen
in Figure 2.7. With zero Ar gas concentration, the wurtzite (0002) grains were columnar and
dense. However, abnormal grains started to grow after approximately 200 nm of AIScN had
been deposited. For example, one abnormal grain can be seen in Figure 2.7 A protruding
beyond the AlScN layer.

When Ar is introduced during the AlScN sputtering, the AlScN grain growth significantly
changes. One improvement with introducing an Ar gas flow is that little to no abnormal grains
appeared. However, the columnar grain density is lower, to the point of generating voids near
the top of the AIScN layer. Having voids within the thin film means that parts of the AIScN
layer are not generating a piezoelectric response and therefore generating a less effective
piezoelectric layer. In addition, voids increase the risk of electrical shorts between the bottom
and top electrodes due to filling of the voids during the top electrode deposition.
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© 40% Ar

Figure 2.8 — Density of abnormal grains imaged by normal SEM versus no Ar gas concentration
during sputtering (A), 20% Ar gas concentration (B) and 40% Ar gas concentration (C). The
density of abnormal grains decreases with increasing Ar gas concentration. The abnormal grain
size is approximately the same in the different Ar gas concentrations.

The abnormal grains were also visible in normal SEM imaging due to the protrusion of the
abnormal grains into the top electrode, which can be seen in Figure 2.8. A clear decrease in
the density of abnormal grains occurs with increasing Ar gas flow concentration from 0% (A)
to 20% (B) to 40% (C).

The influence the substrate bias voltage and Ar gas concentration on the density of abnormal
grains can be found in Figure 2.9. The density was calculated as number of abnormal grains per
square micrometer. A negative linear relationship was found between substrate bias voltage
and density of abnormal grains under pure nitrogen sputtering conditions (Figure 2.9 A).
When increasing the Ar gas concentration, a strong decrease in the density of abnormal grains
was measured, similar to the decrease in rocking curve FWHM seen in Figure 2.6 B.

The impact of the Ar gas concentration on the abnormal grain density is still an open question
in the literature. In the case of AIN thin films, the lower the Ar gas concentration, the higher the
energy of the ions bombarding the substrate, which generates a denser, better c-axis textured
film [33]. However, for AlScN thin films, the target-substrate distance and substrate bias have
been shown to influence the optimal Ar gas concentration from 0-50% [167, 170]. For the
sputtering parameters that we have set in our sputtering system, such as the target-substrate
distance, sputtering power and sputtering pressure, having a non-zero Ar gas concentration
appears to be necessary to minimize the growth of abnormal grains.

It is important to note that SEM analysis is not a foolproof method of characterizing the
grain growth of AIScN, since imaging is done in small areas compared to the diameter of the
substrate. It is always possible that the areas imaged have locally different conditions than
other parts of the substrates. Top view SEM images were taken at every substrate center, middle
and edge with two to three magnifications, while the cross section SEM images were taken near
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Figure 2.9 - Influence of substrate bias voltage and Ar gas concentration on density of abnormal
grains. (A) Alinear relationship is found between the density of abnormal grains versus substrate
bias voltage for 0% Ar gas concentration. (B) The density of abnormal grains significantly
decreases with increasing Ar concentration.

the center of the substrate, depending on the substrate cleavage. Before images were taken,
the substrates and substrate cross sections were inspected in several areas to get a full sense
of the AlScN characteristics both in normal and cross section SEM. For example, one noted
behavior was that on substrates where abnormal grains occurred, the density of abnormal
grains increased from the center to the edge of the substrate. This behavior is most likely due
to the asymmetry of the sputtering plasma and the dimensions of the sputtering chamber and
target, which induce the growth of increasingly tilted regular grains when moving from the
substrate center to edge. The increased grain tilt may then further impact the hexagonal grain
growth and more easily induce the growth of abnormal grains.

2.3.3 Conclusions on AlyScp 4N Sputtering Optimization

A few conclusions can be drawn from the AIScN deposition experiments. Increasing the Ar gas
concentration during the depositions increases the AIScN deposition rate, but its influence on
the AlScN rocking curve FWHM and residual stress is less clear. Decreasing the substrate bias
voltage slightly decreases the deposition rate, AIScN rocking curve FWHM and residual stress.

The columnar grain texture was denser when little or no Ar gas flow was included in the
depositions, but more abnormal grains appeared at lower Ar gas flow levels. The rocking curve
FWHM also increased at lower Ar gas flow levels, which means that a dense columnar grain
growth does not necessarily lead to improved (0002) texture. When taking into account the
substrate bias voltage, an inverse relationship is found between the rocking curve FWHM
and the density of abnormal grains. Having a high Ar gas concentration and middle to low
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substrate bias voltage would generate a fairly low density of abnormal grains while offering a
low AIScN rocking curve FWHM.

The effect of abnormal grains in AlScN thin films can be compared to the presence of non-
(0002) orientations in AIN thin films: if abnormal grains are present, then the method of using
rocking curve FWHM to gauge the magnitude of the potential piezoelectric response in the
AlScN thin film is no longer accurate. Even if most of the AlScN thin films is highly c-axis
textured and a low rocking curve FWHM is measured, having some density of abnormal grains
means that some part of the material is not contributing to the total piezoelectric response.
Rocking curves only indicate the distribution of tilt angles the (0002) grains have compared
to the substrate surface normal; they cannot take into account other crystal orientations or
abnormal grains within the thin film.

An interesting difference between the AIN and AlScN thin film growth is that less compressive
stress in the AIScN thin films seems necessary to have a high c-axis texture, compared to AIN
thin films. These results correlate to work completed by Mertin et al., who showed that lower
compressive stress generates a higher piezoelectric response for AlScN thin films with lower
Sc concentrations [159]. There is significant difference in the optimal residual stress values
for AIN versus AlScN thin films, which indicates that optimal deposition conditions for AIScN
thin films may be substantially different than for AIN thin films.

During all the AIN and AIScN deposition experiments, the achieved substrate bias power was
approximately 1 W lower than the programmed substrate bias power and would fluctuate
between different experiments and within the experiments themselves. The fluctuations in
substrate bias are an issue because then the depositions conditions themselves are not fully
stable and it is more difficult to draw conclusions from different deposition experiments. A
similar issue was seen in the disparity between the programmed and achieved sputtering
power seen during the AIN deposition experiments. The discrepancies and fluctuations are
mostly due to the sputtering system itself, which was modified from an industrial application
and does not have the best control on the sputtering parameters.

2.3.4 Etch Tests on Aly Scy 4N Thin Films

To electrically characterize some of the AIN and AlScN thin films, top electrodes with various
diameters were fabricated by dry etching. Some work was previously completed for fabricating
electrodes on AIN thin films for piezoelectric response measurements [115]. A photolithog-
raphy was first completed with 8 um of photoresist AZ9260. Then, the top Ti electrode and
AIN/AIScN layer were dry etched with an ICP etcher (STS Multiplex ICP). The etch rate of
AlScN with 40% Sc concentration was measured using three different etch chemistries and RF
power. The etch test results can be found in Table 2.4. Using the recipe with the highest etch
rate, chips with AIN or AlScN thin films were etched and the photoresist was removed by a
combination of O, plasma etching and wet etching with 70°C Remover 1165.
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Table 2.4 — Dry etch tests to find the highest etch rate for AIScN with 40% Sc concentration.

Cl, BCl3 Ar RF Power | Etching Rate
(sccm) | (sccm) | (sccm) (W) (nm/min)
10 10 0 200 42.0
20 20 0 200 49.6
25 15 70 150 10.0

Some fencing was visible during microscope analysis of the electrode on all chips, but proved
not to be an issue later during the electrical characterization. On each chip, several electrodes
were tested through current-voltage (IV) sweeps to measure their resistance. The DC charac-
terization setup is described in more detail in Chapter 3. All measured resistances were on the
order of a few GQ and no electrical breakdown could be measured up to an applied voltage of
75V on AlScN thin films with 40% Sc concentration.

2.4 Conclusion

In this chapter, the impact of substrate and sputtering parameters on AIN and AlScN thin
films was studied, particularly by using rocking curves, residual stress and SEM analysis. For
50 and 100 nm thick AIN thin films, a sputtering power of 1500 W, substrate temperatures
of 300°C and Pt bottom electrode thin films with either AIN or Ti seed layers were found to
provide the lowest rocking curve FWHM values. The influence of Ar:N», gas flow ratio and
multistep deposition on rocking curve FWHM was inconsistent across the different deposition
experiments.

For 1 uym AlScN thin films, decreasing substrate bias voltage and increasing the Ar gas con-
centration decreased the rocking curve FWHM, as well as the residual stress in the full stack.
Increasing both the substrate bias voltage and Ar gas concentration decreased the density of
abnormal grains. Therefore, a compromise in the sputtering parameters would need to be
made to have both a low rocking curve FWHM and low density of abnormal grains in sputtered
AlScN thin films.

One overall conclusion that can be made about the above work is the importance of the
stability of the sputtering system to deposit thin films with consistent characteristics. While
trends in sputtering parameters could be measured in one deposition experiment, when
repeating similar conditions during different processing iterations, different results could
occur. In particular, this was the case when altering the gas flow ratio or the substrate bias
power. In the future, it is important to try to stabilize the sputtering system or switch to a more
stable system for deposition experiments. Despite the fluctuations in sputtering parameters, it
was possible to extract some trends and deposit AIN and AlScN thin films with characteristics
similar to the state of the art.

51






k] Flexoelectric Actuators Based on
Amorphous HfO,

This chapter focuses on the fabrication and measurements of flexoelectric actuators based
on 40 nm thick amorphous HfO; films. First, the fabrication is described in detail, including
the wafer and chip designs, developed process flow, as well as issues and successes during the
fabrication itself. Then, the electrical and crystallographic characterization of the deposited
thin films is reviewed. Afterwards, the experimental setup for characterizing the deformation
of the flexoelectric actuators is described, as well as the method for calculating the effective
flexoelectric coefficient. Finally, a surface fit is used to calculate the effective flexoelectric
coefficient of amorphous HfO, based on the measurement of seventy-four cantilevers.

3.1 Motivation for Flexoelectric Actuation with High-K Dielectrics

The flexoelectric effect has been measured in several ferroelectric and paraelectric materi-
als and was recently demonstrated as a method of actuation for NEMS with single crystal
SrTiO3 [16]. However, compared to AIN thin films, ferroelectrics like PZT and paraelectrics like
SrTiO3 are more challenging to fabricate in thin film form due to needing high deposition tem-
peratures and specific substrate conditions [40]. For flexoelectric transduction to become a
viable, potentially commercialized alternative to piezoelectric transduction in NEMS, there is a
need to develop flexoelectric thin films that can be deposited with mature, CMOS-compatible
processes. High-k dielectrics, which are dielectrics with a relative permittivity larger than
SiO,, are a natural choice based on their mature processing techniques and their current
investigation for replacing various materials in CMOS applications. Deposition of high-k
dielectrics is achievable by sputtering, MOCVD or ALD, among several other methods.

Several high-k dielectrics were available in our cleanroom, including aluminum oxide (Al,03),
Zn0, HfO,, tantalum oxide (Ta20s5) and TiO,. To choose the high-k dielectric to test in the
flexoelectric actuators, two properties were important: good compromise between relative
permittivity and electrical breakdown field and good thickness uniformity. Increasing the
relative permittivity should increase the flexoelectric coefficient, but at the cost of a lower
electrical breakdown field [243].
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Depositing less than 50 nm thick dielectric films requires a good thickness uniformity, confor-
mity and low surface roughness. Therefore, ALD was chosen over sputtering for the deposition
technique. Three dielectrics were available for deposition by ALD: Al,O3, HfO, and TiOs.
Initial work was first completed with TiO, and HfO,, since the flexoelectric coefficient of Al,O3
is most likely quite small due to its low relative permittivity.

On the one hand, while the breakdown field of TiO is relatively low, its flexoelectric coefficient
has already been measured in thick single crystal films [193] and it would be interesting to
compare the flexoelectric coefficient of nanoscale, polycrystalline TiO, films to its thicker
counterpart. On the other hand, HfO; has a good compromise between relative permittivity
and electrical breakdown field and is under active development for CMOS applications [243].

In the end, TiO, could not be deposited with sufficient quality due to a large surface roughness
and large particulates within the films. No such issues existed for the HfO, films, so the
fabrication for the flexoelectric actuators continued with HfO,.

3.2 Fabrication

3.2.1 Process Flow

Long-term, we envision trying several different high-k dielectrics and different layer thick-
nesses; we therefore developed a simple and flexible process flow with four steps, which is
schematically shown in Figure 3.1. The process flow requires substrates with wet oxidized SiO»
to act as an electrical insulating layer as well as sacrificial layer for release of the actuators. The
processing at the wafer level includes three steps: Liftoff of the sputtered bottom electrode
thin film (Figure 3.1 A), deposition and patterning of the dielectric and top electrode thin
films (Figure 3.1 B) and liftoff of electrode pads to use in later electrical characterization
(Figure 3.1 C).

As will be discussed later in this chapter, secondary phenomena such as electrostriction and
electrostatic force may also generate deformation in the flexoelectric actuators by making
the dielectric layer effectively piezoelectric. Therefore, two thickness cross sections were
fabricated, one with zero shift of the neutral axis and one with a set displacement of the
neutral axis due to the increase in thickness in one of the electrodes. By creating two thickness
cross sections, the effective piezoelectric effect could be modulated, and it would be possible
to remove the effect from the flexoelectric coefficient measurements.

The thicknesses of the electrode and HfO, films was set as low as possible to maximize
the flexoelectric curvature. The thickness of the electrode thin film was chosen to vary in
thickness from 25-35 nm, as these were thicknesses that could be reliably deposited with the
available sputtering systems. The HfO, film thickness was chosen to be 50 nm to be confident
that the dielectric films would not electrically breakdown during the later characterization.
Recently, undoped HfO, thin films have been shown to have thickness-dependent ferroelectric
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D1) Resonator Patterning,
Vapor HF Release

A) Bottom Electrode
Liftoff

C) Electrode Pad Liftoff

I .
B) Dielectric/ Top Electrode D2) Resongtpr Pattem}ng,
D » . Isotropic Silicon Etching,

eposition and Patterning
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]
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Figure 3.1 — Developed process flow for fabricating flexoelectric actuators based on four steps:
(A) Liftoff of a sputtered bottom electrode thin film; (B) Deposition of a dielectric thin film by
ALD and top electrode thin film by sputtering, then patterning of the two layers by dry and
wet etching, respectively; (C) Liftoff of an additional metal thin film on the electrode pads for
wire bonding; (D) Chip level fabrication to pattern and release the actuators by etching the
sacrificial SiO, through vapor HF etching (D1) or through isotropic Si etching and vapor HF
etching (D2).The checkered pattern denote areas where the sacrificial SiO, and/or Si layers
were etched to release the actuators.

properties [244]; we also chose a thicker HfO, film thickness to avoid ferroelectricity.

The fabrication then continues at the chip level to maximize the variety of actuators that
can be designed and fabricated. The flexoelectric actuators are patterned by a standard
photolithography and dry etching. Then, two release methods are possible for the flexoelectric
actuators: etching of the sacrificial SiO, layer under the actuators via vapor hydrofluoric
acid (HF) etching (Figure 3.1 D1), or dry etching of the sacrificial SiO» layer to access the
Si substrate, then isotropic Si etching and vapor HF etching to fully release the actuators
(Figure 3.1 D2). Both methods were tried during processing of the HfO, flexoelectric actuators;
more discussion of why two different methods were used will be seen in Section 3.2.7.

Several different metals can be used for the electrode thin films, including Pt, Al, Ti and Mo. Of
the four metals, Pt and Mo are the most chemically stable and resistant to most wet etchants
and solvents. Since dry etching will be used, fencing is a potential issue, which occurs when
nonvolatile elements cannot be fully removed during the etching process and redeposit on the
sidewalls of the photoresist mask [245]. Fencing from dry etching is often difficult to remove
and can alter the neutral axis position in the thickness cross section. Both Pt and Mo were
tested as electrode layers during processing of the HfO, flexoelectric actuators; we will show
later that etching of the Pt thin films generated significantly more fencing than the Mo thin
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Figure 3.2 — Mask designs for cantilever electrodes and chips. (A) Example of an electrode with
19 cantilevers comprised of 5 lengths and 1 width. Each electrode is individually labeled. The
grey areas denotes the bottom electrode, green the top electrode, checkered purple for the Al
pads and black for the actuators and beam support to clamp the cantilevers and connect them
to the electrode pads. (B) Chip design with 78 electrodes. The bottom row includes electrical
test structures and a resolution array to determine the quality of the photolithography.

films, which precluded the use of Pt layers.

Some wet and dry etch tests were completed on Mo, TiO, and HfO, thin films to optimize their
processing. We found that Cl, and SFg-based dry etching was able to etch both the metal and
dielectric thin films with a sufficient difference in their respective etch rates and that HF-based
wet etching was able to selectively etch the HfO, and TiO, thin films without attacking the Mo
electrodes. A table with the results of all the etch tests can be found in Appendix A.5.

3.2.2 Mask Design

The mask design was composed of two elements: the base design for the electrode that
was replicated across the wafers; and the actuator design that was overlaid on top of the
electrode design and could be modified for fabricating different actuator types, beam lengths
and widths. The two elements are shown in Figure 3.2 A. The top electrodes (solid green
color) overlapped the bottom electrodes (solid grey color) in the rectangular area to create the
electrode/dielectric/electrode thin film stack. Two electrode pads (purple checkered squares)
were designed for each electrode layer to be able to wire bond or contact with DC probes. The
actuator design (solid black color) was located in the rectangular area and contained both the
cantilevers as well as the beam support, which provided a fixed support for the cantilevers as
well as electrically connecting them to the electrode pads.
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(A) (B) ©

100 pm

Figure 3.3 — Results of bottom electrode liftoff. (A) Optical microscope image of bottom elec-
trodes after liftoff. (B) Tilted SEM image which shows small fences left over from the liftoff. (C)
Optical microscope image of top electrode after wet etching of HfO» and photoresist stripping.
Top electrodes are slightly redder in appearance and overlap the bottom electrodes at two
points.

The cantilevers were designed to have five lengths (10, 15, 20, 25 and 30 ym) and 4-5 widths
(2-6 um). Each cantilever was separated from his neighbors by a distance of 25 pm to minimize
mechanical crosstalk.

On each chip, 78 electrodes were available for fabricating either cantilevers or test structures
(Figure 3.2 B). One row of electrodes was set aside for electrical test structures and two reso-
lution arrays to measure the overexposure and overdevelop from the photolithography. The
wafer level mask design can be seen in Appendix A.7.

3.2.3 Bottom Mo Electrode Liftoff

The wafers used in this work were 100 mm, 525 pm Si substrates and approximately 290 nm of
thermally oxidized SiO,. The thermal oxide layer served both as electrical insulation between
the electrodes and Si substrate and as a sacrificial layer for releasing the actuators at the end
of the processing. Before the start of the fabrication, the radius of curvature of the wafers was
measured for later residual stress calculations. More details on the fabrication can be found in
Appendix A.6.

The bottom electrodes were patterned by double layer liftoff using a sacrificial resist layer
plus a photosensitive resist (photoresist) layer. In comparison to pattern transfer by dry
etching, liftoff minimizes the contact between the photoresist and the desired thin film and
the potential creation of fences. While liftoff is traditionally completed with evaporation, in this
project, sputtering was chosen for the Mo thin films. As will be discussed later (Section 3.2.6),
evaporated Mo poorly adheres on thermally oxidized substrates and the electrical resistance
of the thin films is higher. Sputtered Mo thin films adhere better on SiO, but some fencing will
occur because sputtering is a more conformal deposition process than evaporation.
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The photolithography for the bottom electrode was completed using an automatic photoresist
coater and developer system (Siiss ACS200 Gen3) and a direct laser writing system (Heidelberg
Instruments MLA150). The sacrificial resist layer was etched by the developer solution when
the photoresist layer was being developed, creating an undercut beneath the photoresist
layer. This undercut later creates a separation during the metal deposition between the
metal that is required to stay on the substrate after the liftoff and the metal adhering to
the photoresist, which will be removed at the end of the liftoff. In our photolithography,
the undercut was approximately 1 um. The photosensitive resist layer was overexposed by
approximately 0.75 um, which was not an issue for the later fabrication steps.

After the photolithography, a bottom electrode of 25 nm Mo was sputtered onto the wafers at
room temperature. To finish the liftoff, the photoresist and sacrificial resist were stripped by a
solvent overnight, which also lifted away the Mo that had been deposited on the photoresist
layer. The wafers were rinsed and dried before checking the liftoff results in the microscope.

An example of a fabricated bottom electrode structure can be seen in Figure 3.3 A. Small
fences on the edges of the bottom electrodes were found through SEM analysis and are due to
the sputtering process depositing a small amount of material in the undercut (Figure 3.3 B).
However, these fences were small or infrequent enough not to be measured by mechanical
profiling. Therefore, the chance of electrical shorting due to the fences was minimal, con-
sidering that a 50 nm HfO, film will be conformally deposited by ALD on top of the bottom
electrode layer.

3.2.4 HfO; and Top Mo Electrode Deposition and Patterning

After the bottom electrode were fabricated, a HfO, thin film was deposited by ALD with a
recipe for 50 nm thickness. The precursors for the ALD deposition were TEMAH! and water
(H,0) and the deposition rate was set as 1 A/cycle on Si substrates. Although dummy HfO,
depositions on Si chips were tested with the same recipe and confirmed to have the correct
50 nm thickness, SEM and ellipsometer of the HfO, thin films on the Mo bottom electrodes
revealed that the HfO, thickness was 40.5 + 5.2 nm.

The top Mo electrode was deposited directly after the HfO, deposition to minimize post-
deposition contamination or oxidation. Two different Mo film thicknesses, 25 and 35 nm, were
deposited to create the symmetric and asymmetric thickness cross sections, respectively.

The radius of curvature was measured after the deposition of the HfO, and top Mo electrode
thin films, respectively, to calculate the residual stress in each layer based on the technique
described in Section 2.1.2. The residual stress for the HfO, thin film was 580+51 MPa, while
the residual stress for the 25 and 35 nm thick top Mo electrode films was 420+57 MPa and
455+16 MPa, respectively. The residual stress in the Mo bottom electrode thin film could not
be measured because it was already patterned after the liftoff.

Ltetrakis(ethylmethylamido)hafnium(Iv)
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Patterning of the top electrode and HfO, layers in both wafers was achieved by a photolithog-
raphy of the second mask design and dry/wet etching of the layers. The photolithography was
completed in the same equipment as for the Mo bottom electrode liftoff, but with a single
positive photoresist layer. More details on the photolithography can be found in Appendix A.6.

After the photolithography, the top Mo electrode layer was etched by SFg-based plasma etching
in an ICP plasma etcher. An overetch of a few nanometers into the HfO, was completed to
ensure that the Mo layer had been fully etched across the wafer surface. The completed top Mo
electrode layer etch was confirmed by manually checking with a multimeter that the electrical
resistance was high in the etched areas as well as through ellipsometer measurements of the
HfO; layer thickness.

The HfO, layer was then wet etched with a 10% HF chemistry. Although the HfO, layer could
also have been dry etched, wet etching this layer avoided etching the Mo bottom electrode
layer as well as to avoid fencing that could short the electrodes. The HfO, layer etch was
checked by measuring the sacrificial SiO, layer thickness with a spectroscopic reflectometer.
The sacrificial SiO; layer was also etched approximately 40 nm.

After confirming the HfO, and Mo layers have been fully etched in the optical microscope, the
photoresist mask was removed by wet and drying etching (see the runcard in A.6 for more
details). A microscope image of a fabricated bottom and top Mo electrode can be seen in
Figure 3.3 C.

3.2.5 Electrode Pad Liftoff and Dicing

To fabricate the electrode pads for later wire bonding, the same photolithography process was
completed as for the bottom electrode liftoff, with the exception of using a thicker sacrificial
layer and photoresist layer to be able to liftoff a thicker metal film. A 500 nm thick Al film was
then evaporated onto wafers and the same liftoff process as for the bottom electrode was used.

Before the chip level fabrication, the wafers were coated with 5 um of photoresist to protect the
electrodes and then diced to fabricate 1 by 1 cm chips. Afterwards, the photoresist from chips
that would continue onto the last processing step was manually removed with a photoresist
stripper (SVC14).

3.2.6 Fabrication Issues during Wafer Level Fabrication

A few issues were encountered during the fabrication of the top and bottom electrodes. One
issue was that after the electrode pad liftoff on some wafers, residues were left on the top
electrodes after stripping away the photoresist and sacrificial resist layers. The residues were
purple to red in color under the optical microscope, as can be seen in Figure 3.4 A. Despite
repeated treatments with different solvents, wet etchants and O, plasma, these residues could
not be fully removed, forcing the abandonment of these wafers.
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(A) B ©

Figure 3.4 — Issues encountered during wafer level fabrication (A) Polymer residues left on top
Mo electrodes after Al liftoff on some wafers. The LOR resist may have reacted with the top
electrode during the evaporation of Al, producing residues that were impossible to remove,
despite several attempts with various solvents, chemicals and O, plasma. (B) A fabrication trial
with Cr/Pt electrodes instead of Mo electrodes proved not successful after significant fencing
occurred along the edges of the Pt top electrodes from dry etching. Ultrasound, solvents and HF
etchings proved unsuccessful at removing the fencing. (C) A fabrication trial with evaporated
Mo electrodes instead of Mo sputtered electrodes was not successful due to the poor adhesion
of the bottom Mo electrodes to the thermally oxidized substrates.

Sputtered Cr/Pt electrodes were also tested as an alternative to Mo electrodes. However,
large fences were created during dry etching of the top Pt electrode, which can be seen in
Figure 3.4 B, and the electrical resistance of the Cr/Pt bottom electrodes significantly increased
over time.

Multiple HF etchings were done to try to remove the fencing and reduce the electrical resis-
tance. The Cr/Pt bottom electrode electrical resistance did reduce, but the fences were not
removed. Also, the electrical resistance between the top and bottom electrodes through the
HfO, layer significantly decreased after the HF etchings, which could be due to the fences
shifting and shorting the electrodes.

One explanation for these results is that Cr diffusion and/or oxidation of Pt or Cr caused the
bottom electrodes to have a high electrical resistance. The high probability of unremovable
fencing during the later fabrication of the flexoelectric actuators put a stop to the use of Cr/Pt
electrodes.

A fabrication trial was also completed with evaporated Mo instead of sputtered Mo, since
evaporation would lead to a better thickness uniformity and less fencing during the bottom
electrode liftoff. However, these electrodes proved unsuccessful, based on their poor adhesion
to the oxidized substrate, as can be seen in Figure 3.4 C, and high electrical resistance in
both the top and bottom Mo electrodes that increased with time. The increase in electrical
resistance may have been due to oxidation of the Mo thin films.
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3.2.7 Patterning and Release of Flexoelectric Actuators

Three different chip level process flows (Runs 1, 2 and 3) were created to fabricate several
chips. In general, the chip level process flow followed the following procedure:

* Protective SiO, sputtering and attachment to carrier wafers
 Photolithography

* Etching of protective SiO, layer and removal of generated fences

* Etching of Mo and HfO, layers and removal of generated fences

* Dry etching of sacrificial SiO» layer and isotropic Si etching (not Run 1)
* Photoresist stripping and removal from carriers

* Vapor HF etching to finish release of actuators

An overview of the differences in fabrication for each run can be seen in Table 3.1. The
most important difference in the three fabrication runs was in the actuator release (Run 1
versus Runs 2 and 3). In Run 1, the release was completed by etching the sacrificial SiO»
layer with vapor HF. In Runs 2 and 3, the sacrificial SiO, layer was initially anistropically
etched by an fluorine-based ICP etcher down to the Si substrate. Then, the open areas
of Si substrate were isotropically etched by SFg with another ICP plasma etcher until the
flexoelectric actuators were released. Finally, vapor HF was used to remove the sacrificial SiO,
beneath the actuators and any protective SiO, remaining on top of the electrodes. With the
first method, the approximately 300 nm distance between the actuators and substrate made
beam collapse much more likely, which was why Runs 2 and 3 included the silicon substrate
etching. The collapse can be due to stiction or static deformation of the beams due to residual
stress within the thin films. While every effort was made to avoid stiction, which occurs when
the evaporation of water or solvents creates capillary forces between the beams and substrate,
during the vapor HF processing step, some water may be generated if the recipe does not
sufficiently flush the reactants created during the etching.

Another difference between Run 1 and Runs 2 and 3 is in the deposition of the photoresist.
In Run 1, the photoresist deposition was completed manually to better control the edge
beading on chips attached to carrier wafers. To decrease the fabrication time in Runs 2 and
3, automatic photoresist coating was used. Depending on the photoresist thickness, the
photoresist deposition recipes were optimized to minimize photoresist beading on the edges
of the chips and to generate as uniform a photoresist thickness as possible. In Run 2, 2 ym
of photoresist could be deposited on the chips without significant beading and consistent
thickness due to the high spin speeds required for that thickness and specific photoresist
dilution. However, when the photoresist availability in machines was altered, a more diluted
photoresist had to be used in Run 3 which did not require high spin speeds to achieve the
desired 1.2 um thickness. Therefore, a special recipe with an acceleration at the end of the
spin cycle was created to help remove the edge beading. However, the photoresist was still not
as uniform in thickness across the chips compared to Runs 1 and 2.
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Table 3.1 — Breakdown of differences in fabrication between Runs 1,2 and 3. The Rite Track is
another automatic photoresist coating and developing system available at CMi. The gases used

during SPTS etching were C4Fg/He/H,.

. .. Runl Run 2 Run 3
Chip Level Fabrication Step (Chip 1s, 1a) (Chips 2s, 2a) (Chip 3a)
25 nm SiO, Sputtering Yes Yes Yes

HDMS Pretreament Yes Yes Yes

Photoresist Deposition Manual Rite Track ACS200

Photoresist Thickness 2 um 2 um 1.2 um
Exposure Tool MLA MLA MLA
Photoresist Development Manual Automatic Manual
+Manual
Post-Development Bake No Yes Yes
Photoresist Descum Yes No Yes
SPTS Protective SiO, Etch Time 758 15s 1255
BHF Fence Removal Yes Yes Yes
Post-Etch Bake No No Yes
. Top Mo/HfO,,
Mo and P(Ié(ljzz /[S;“)S Etching All Layers then BHE All layers
then bottom Mo
BHF Fence Removal Yes No No
SPTS Sacrificial SiO; Etching No Yes Yes
O, Plasma Polymer Removal No No Yes
AMS Isotropic Si Etching No Yes Yes
. .. Oz Plasma Oz Plasma Manual Edge Clean
Photoresist Stripping +Remover 1165 | +Remover 1165
+0, Plasma
+0, Plasma +0, Plasma

BHF Fence Removal Yes No No
uETCH vapor HF Yes Yes Yes

The designed widths on Chips 1s, 2s and 2a for both the cantilevers and doubly clamped
beams were 2, 3, 4, 5 and 6 pum, while on Chip 3a, only widths between 2-5 um were fabricated.
The designed and measured cantilever lengths for four of the chips used to characterize the
HfO, effective flexoelectric coefficient can be found in Appendix A.11.

3.2.8 Fencing During Chip Level Fabrication

Fencing was an issue during the wafer and chip level fabrication. Fencing can shift the neutral
axis position within the cantilevers, which made it essential to remove before the cantilever
release. To determine the fencing sources, a series of chips were fabricated until after the
SPTS protective SiO, etching (Figure 3.5 A), after the top Mo electrode etching (Figure 3.5 B)
and after the HfO, etching (Figure 3.5 C) and then analyzed with the SEM. To ensure that any
imaged fencing was only created from the dry etching of each new layer, previously made
fences were removed by BHF, which was found to be successful at removing any fencing
during the dry etching processing.
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(A) After Protective SiO, Layer Etching (B) After Top Mo Electrode Layer Etching
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Figure 3.5 — Tests to determine the sources of fencing during dry etching (A) Top view SEM
image of fencing due to the protective SiO; layer after SPTS etching (B) Top view SEM image
of Mo fencing after STS etching of the top Mo layer. (C) Top view SEM image of HfO, fencing
after etching through the HfO; layer in the STS. Note the large gap between the top and bottom
electrode width due to the significant HfO, fencing. (D) Tilted SEM image of an unreleased
cantilever on Chip 1s, after a buffered hydrofluoric acid (BHF) etch to remove the fencing. Very
few fencing residues are left on the cantilever edges.

Through the SEM analysis, HfO, was found to create the largest fencing. Based on these results,
a BHF etching was completed during Run 1 after etching the top and bottom Mo electrodes
and HfO, layer, which successfully removed most of the fencing (Figure 3.5 D).

The impact of fencing on shadowing the etching of lower layers can be seen most visibly in
Figure 3.5 C. Where the fencing has fallen away from the electrode edges, a gap can be seen
between the top electrode and the bottom electrode. Without removal or minimization of
fencing, this gap would be patterned into the bottom electrode. Minimizing this mismatch of
top and bottom electrode thicknesses is important to maintaining the designed asymmetry or
symmetry in the thickness cross section of the later released flexoelectric actuators.

3.3 Fabrication Results
3.3.1 Runl

In Run 1, Chips 1s and 1a were fabricated, which have symmetric and asymmetric thickness
cross sections, respectively. In Figure 3.6A, a cross section SEM image of a released cantilever
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Figure 3.6 — Successful fabrication in Run 1 of Chip 1s (symmetric cross section) but poor results
for Chip 1a (asymmetric cross section). (A) Cross section SEM image of a released cantilever
on Chip 1s with static curvature due to residual stress from depositions and fabrication. Inset
is cross section SEM image of SiO, underetch underneath the beam support. The Mo (blue
color) and HfO; (green color) layers can be distinguished from each other in the thin film stack.
(B) Example of released cantilever array from Chip 1s in tilted SEM image, with the longest
cantilevers not surviving the release process. The properly released cantilevers can be visually
separated from collapsed cantilevers by the dark shadow underneath them. (C) Unsuccessfully
released cantilever array seen on Chip 1a; most cantilevers were found in this condition.

from Chip 1s can be seen. Most cantilever edges were free of residues and demonstrated a
static deformation due to the residual stress from the fabrication and layer depositions. The
underetch of the sacrificial SiO, layer during the vapor HF process can be seen in the inset of
Figure 3.6 A, which reaches to approximately 2 pm. While most of the cantilevers survived the
release process on Chip 1s (Figure 3.6 A and B), the vast majority of cantilevers on Chip 1a did
not (Figure 3.6 C). Collapsed cantilevers can be distinguished from free-standing ones by the
lack of dark shadowing beneath them. The small distance between the cantilevers and the
substrate, as well as a slightly downward static curvature due to the residual stress within the
HfO, and Mo layers, may be the reasons for the low survival rate in Chip 1a.

3.3.2 Run2

Based on the results of Run 1, the process flow for Run 2 was modified to fabricate a larger
distance between the cantilevers and substrate by silicon isotropic etching before the vapor
HF etching. Chips 2s and 2a were fabricated with this modified process flow, of which the
results can be seen in Figure 3.7. Much higher cantilever survival rates were found for Chip 2a
in comparison to Chip 1a from Run 1 (same asymmetric cross section), while similar cantilever
survival rates were found in both Chips 1s and 2s (both chips have a symmetric cross section).
However, a polymer layer developed across all open areas during anisotropic etching of the
sacrificial SiO, layer by etching gas C4Fg, which is known to create a passivation layer on
open silicon surfaces in Bosch processing. The polymer layer is transparent and therefore
not discovered until after SFg-based isotropic etching of the Si substrate. The leftovers of
the polymer layer can be seen surrounding the cantilevers and beam support in Figure 3.7 A.
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(A) (B)

(D)

Figure 3.7 - SEM images of Chips 2a and 2s from Run 2 and of the thickness cross sections for
the asymmetric (TE 25 nm) and symmetric (TE 35 nm) cross sections. (A) Tilted SEM image of
released cantilevers from Chip 2a. While the release was good near the cantilevers and beam
support, the polymer layer left during the sacrificial SiO, etching masked most of the open
areas during the isotropic Si etching. (B) Top view SEM image of a released cantilever from
Chip 2a, where near the cantilever, locally stronger plasma etching removed the polymer layer
and allowed isotropic Si etching. (C) Cross section SEM image of a released cantilever from
Chip 2s and partial release of beam support due to Si underetching. The polymer masking

during the isotropic Si etching created pockets underneath the cantilevers and beam support.

Insert shows some residues potentially due to an incomplete Si or SiO, etching. (D) Cross
section SEM images to determine the thickness of Mo and HfO, layers in both thickness cross
sections.

Table 3.2 — Thickness of each layer in the symmetric and asymmetric thickness cross sections

based on cross section SEM images. An example of these images can be found in Figure 3.7 D.

The Mo bottom electrode and HfO, layer measurements were averaged across both wafers.

. Designed | Measured

Thin Film Thickness | Thickness
(nm) (nm)
Mobottom 25 2543

(symmetric & asymmetric)

HfO, 50 4045
Top Mo electrode (symmetric) 25 2743
Top Mo electrode (asymmetric) 35 36+3
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During the Si etching, the polymer layer had served as an etch mask and was only removed
near the cantilevers and beam support due to locally stronger plasma etching conditions, an
example of which can be seen in Figure 3.7 B. Near and underneath the cantilevers, the local Si
isotropic etching was successful, as seen in a cross section SEM image of a released cantilever
in Figure 3.7 C.

While the fabrication was successful in creating more distance between the released cantilevers
and substrate, small residues were left on the sides and underneath the cantilever (Figure 3.7 B
and inset of Figure 3.7 C). Since few cantilevers could be imaged by cross section SEM, it is
difficult to know the percentage of residues remaining on the cantilevers or if they significantly
impact the later flexoelectric characterization of the cantilevers.

During Run 2, an additional BHF etching was completed after dry etching the top Mo and
HfO, layers to remove any fencing from shadowing the bottom electrode dry etching, based
on previous etch tests during Run 1 that demonstrated HfO, was the dominant fence source
(Section 3.2.7). While the fences were successfully removed, no significant change in the top
and bottom electrode gap was seen during the SEM analysis.

The thickness of each deposited layer was found by cleaving chips with asymmetric and
symmetric cross sections and imaging with cross section SEM. The average thicknesses of
each layer, seen in Table 3.2, were calculated based on analysis of the SEM images, such as in
Figure 3.7 D, in Image]J. The top and bottom electrodes thicknesses were close to the desired
deposited values, while the HfO, layer was approximately 10 nm thinner than the desired
50 nm thickness as set during the ALD deposition.

3.33 Run3

In Run 3, four chips were fabricated. To remove the polymer residues found during Run 2,
an additional O, plasma etch step was introduced between the sacrificial SiO, etching and
isotropic Si etching. This successfully removed the polymer layer and allowed a clean isotropic
Si etching. However, the photoresist burned during the O, plasma etching, which made
removing the photoresist extremely difficult after the cantilevers were released. By careful
hand removal of most heavily burned areas and further O, plasma etchings, it was possible to
remove the whole photoresist layer and complete the final vapor HF etching. One additional
change from Run 2 was extending the isotropic Si and vapor HF etchings to ensure no residues
would be left underneath the cantilevers.

Released cantilevers from Chip 3a can be seen in Figure 3.8. Additional SEM images from
Chip 3a of a full cantilever electrode structure can be found in Appendix A.8, as well as a top
view of released cantilevers. No large residues from the polymer masking are visible and the
silicon etching seems uniform across the open areas (Figure 3.8 A and inset). However, in
some parts of the chips, the cantilevers and electrodes had small residues attached to their
edges, which came from the non-uniform photoresist coating (Figure 3.8 B).
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Figure 3.8 —- SEM images of Chip 3a from Run 3. (A) Tilted SEM image of released cantilevers
without large polymer residues around the cantilevers and support. Inset is close up tilted SEM
image of a released cantilever with clean edges. The underetched silicon substrate can be seen
underneath the cantilever. (B) Top view SEM image showing small residues found around some
of the cantilevers after processing. These are most likely due to the sub-optimal photoresist
deposition on parts of the chips, which made proper exposure and development difficult to
achieve in a clean fashion.

During the photolithography, the machine for depositing photoresist and the photoresist had
to be modified due to changes in equipment of the cleanroom. Despite modifications of the
photoresist deposition recipe to reduce edge beading and generate a consistent thickness,
the end results were not ideal. Some areas of the chips had a large deviations in photoresist
thickness which limited the exposure and development success and generated residues on
the cantilevers and beam supports. Efforts to remove the residues with low power O, plasma
were not successful and so they carried on to partially mask later etching steps. Despite the
residues, approximately half the actuators on the chips had clean edges.

3.4 Electrical Characterization

3.4.1 DC Measurements

The electrical resistance of the electrodes and through the HfO, layer were characterized by DC
current-voltage (IV) sweeps through a semiconductor parameter analyzer (Hewlett-Packard
4155B) before and after the chip level fabrication process to check for any issues. Currents
down to 1 fA can be accurately measured by the analyzer. All measurements were performed
by a MATLAB program that interfaced with the semiconductor parameter analyzer to run and
analyze the IV sweeps.

An example of an IV sweep from the top electrode to the bottom electrode through the HfO,
layer on Chip 3s can be seen in Figure 3.9. The curves are nonlinear as well as asymmetric
and occur in vacuum and air. Increasing the measurement speed does not change the IV
curve behavior, but introduces more noise into the measurement, making it difficult to draw
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Figure 3.9 — Example of an IV sweep with a 1 V range to measure the electrical resistance from
the top to bottom electrode through the HfO, layer, demonstrating an electrical resistance on
the 10-100 MQ. The electrical contact to the electrodes is through wire bonds to a PCB. The
sample was in vacuum during measurements.

any conclusions on the speed of the measurement. Repeating the IV sweeps, increasing the
voltage range or inverting the direction of the IV sweep produced no significant difference in
the IV curve behavior or the magnitude of electrical resistance (see Appendix A.8).

One possible reason for this asymmetric nonlinear behavior is asymmetric diode interfaces
between the HfO, and Mo layers. As the fabrication of each interface occurs at different
points of the wafer level fabrication, it is possible that the interfaces are slightly different
in roughness and/or oxidation conditions. However, the origin of the diode behavior is not
entirely clear, since HfO, is a wide gap insulator and therefore Schottky contacts seem unlikely.
The thickness of the HfO; layer is also too large for resistive switching or quantum tunneling
to occur, such as in metal-insulator-metal (MIM) diodes. More measurements at different
temperatures will be necessary to determine the diode behavior.

Although the IV curves are nonlinear, within a small voltage range similar to what will be
applied in the deformation measurements, linear fits could be used to determine the elec-
trical resistance with a sufficiently high accuracy (>0.95 adjusted R?). The average electrical
resistance from the top electrode to the bottom electrode through the HfO, layer measured
before and after the chip level fabrication can be found in Table 3.3 for four of the chips later
characterized for the HfO, effective flexoelectric coefficient.

Chips 1s, 2s and 2a maintained a higher resistance after the chip level fabrication, while the
resistance in Chip 3a decreased by three orders of magnitude. The resistance on each chip was
found to fluctuate by approximately one order in magnitude across the measured electrodes,
which led to the high standard deviation. The fluctuations can be due to different conditions
on the edges of each electrodes, such as residues or small fencing.
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Table 3.3 — Electrical resistance and standard deviation from top to bottom electrode through
the HfO, layer before and after vapor HF release (Chip 1s) or before and after chip level fabrica-
tion (Chips 2s, 2a and 2a). Measurements were taken with DC probes in air.

Before STD | After | STD
(E11Q) | (GQ) | (GQ) | (GQ)

1s 1,279 340 249 156
2s 214 68 1,034 | 643
2a 591 437 970 784
3a 3,712 3,036 1.1 0.7

Chip

The breakdown voltage of the HfO, layer varied between 6 V to above 40 V and depended on
the cleanliness of the electrode edges. If the electrodes had clean edges after the chip level Mo
and HfO, etching, the breakdown voltages were generally above 15 V.

The electrical resistance of only the top electrode and only the bottom electrode for Chips 1s,
2s, 2a and 3a can be found in Appendix A.9. The electrical resistances of both electrodes was
below 100 Q for all the measured chips and did not significantly change after the release of the
cantilevers.

3.4.2 Capacitance and Polarization Measurements

To gauge the dielectric properties of the fabricated Mo/HfO, capacitors, the capacitance and
polarization versus electric field were measured by an Aixacct TF2000 Analyzer.

For the capacitance and tangent loss measurements, a testing frequency of 1 kHz and voltage
range between 2-5 V were chosen. The measured tangent losses and capacitance in two chips
(0a and 3a2) can be seen in Figure 3.10 A and B, respectively. Chip 0a was fabricated before
Run 1 in Section 3.3, while Chip 3a2 was fabricated during Run 3 (Section 3.3.3). While the
capacitance does not significantly change between the two chips, Chip 3a2 provides a more
stable capacitance over a larger voltage range. This may be due a better chip level fabrication
in comparison to Chip 0a. However, the capacitance behavior is more asymmetric in Chip 3a2.

Low and similar tangent losses were measured in both chips and a more asymmetric behavior
can again be seen in Chip 3a2, which may be due to differences in the contact interface
between HfO, and top/bottom electrodes. The noise in the measurement of the capacitance
and tangent losses is much lower in Chip 3a2 than Chip 0a, which could be due to either better
fabrication or better contact of the probes with the electrodes during the measurement.

Based on the capacitance measurements, the thickness of HfO, and the area of the tested
electrodes, a dielectric constant of 15 was found for the HfO, thin films. This value is slightly
lower than the state of the art (20-25 [243]), but may be due to the non-ideal deposition on Mo
or that the HfO, layer is amorphous, as will be discussed in the next section.
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Figure 3.10 — Tangent losses and capacitance versus voltage on Chip 0a (A) and Chip 3a2 (B).
Chip 0a was fabricated before Run 1, while Chip 3a2 was fabricated during Run 3. Despite the
differences in quality of fabrication, the capacitance values are very similar between the two
chips. In Chip 3a2, even across a voltage range of -5 to 5V, the capacitance shifts only by a
few pFarads. The tangent losses in both chips are also similar, although Chip 3a2 has a more
pronounced asymmetric behavior. The noise in both the capacitance and tangent losses is less
in Chip 3a2 compared to Chip 0a. Overall, the tangent losses are quite low, indicating that the
Mo and HfO, capacitor is not very lossy.
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Figure 3.11 - Polarization versus electric field measurements on Chip 3a2. (A) Linear polariza-
tion and similar behavior with two different electric field ranges, 1.25 MV/cm and 2.5 MV/cm,
confirming the non-ferroelectric properties of the HfO, thin film. The opening of the curves
and the slight separation at 0 MV/cm suggests some dielectric losses and leakage current, con-
firming the CV and DC measurements. (B) Polarization versus electric field at three frequencies,
showing no significant influence of frequency on polarization behavior up to 2 kHz.
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Figure 3.12 — Measured XRD curves for HfO, deposited on a Mo thin film. (A) Wide range
normal incidence XRD scan showing peaks from the Si substrate and Mo thin film, but no clear
peaks from HfO,. (B) Shorter range, higher resolution XRD scan showing a potential HfO, peak
from the (311) crystal orientation in monoclinic HfO,.

The polarization properties of the HfO, /Mo capacitor were tested with a voltage range between
2-10V, which generated electric fields up to 2.5 MV/cm within the HfO,/Mo capacitor. As
can be seen in Figure 3.11 A and B, the polarization is linearly dependent on the electric field
and mostly independent of the applied field frequency, which indicates indicates that the
HfO, thin films are non-ferroelectric. Some dielectric losses are visible by the opening of the
curves, as well as leakage current through the slight separation at zero electric field. Some
leakage and dielectric losses are not unexpected, based on the DC measurements and the
capacitance/tangent loss measurements. With different interfaces between the HfO, and
the top/bottom Mo electrodes, different electrical contacts are expected, which will lead to
different leakage currents and slightly asymmetric polarization behavior [246].

It should be noted that the electrodes tested to measure the capacitance, tangent loss and
polarization were not ideally designed for the measurement setup, namely, that they were
much smaller than would be normally used. Since no microscope was available to contact
the measurement probes onto the electrode pads, it was very difficult to correctly place the
probes.

3.5 Crystallographic Characterization

To determine the crystallographic properties of the deposited HfO, layers, theta2theta XRD
curves were taken of HfO, deposited on Mo, Si and Pt. An explanation of how these curves
were created can be found in Chapter 2. The results of the scans on Mo can be seen in
Figure 3.12. While no obvious HfO, peaks were measured in a wide theta2theta scan from
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10-80° (Figure 3.12 A), a small peak was found when completing a higher resolution scan
from 40 to 65° (Figure 3.12 B). Based on powder diffraction scans found in the literature, the
diffraction peak at approximately 63° may be from the (311) crystal orientation in monoclinic
HfO,. Since this is the only peak potentially from the HfO, layer and it has a very low intensity,
the HfO, layers used in this thesis work are considered to be amorphous. The broad shoulder
at lower scan angles in Figure 3.12 A similarly confirms the presence of an amorphous layer.
A higher resolution scan in this range also proved to confirm no HfO, diffraction peaks, as
can be seen in Appendix A.10. Similarly, on bare Si substrates or Pt-coated Si substrates, no
diffraction peaks from HfO, were measured. The XRD characterization on Si and Pt can be
found in Appendix A.10. To fully confirm the crystallographic properties of HfO,, transmission
electron microscopy and grazing incidence XRD should be completed.

3.6 Flexoelectric Coefficient Characterization

3.6.1 Experimental Setup

The effective flexoelectric coefficient of the amorphous HfO, thin films were characterized
by optically measuring the deformation generated by an applied electric field, similar to the
work completed by Bhaskar et al. [16]. The experimental setup for these measurements can
be seen in Figure 3.13. Each chip was attached to a in-house designed printed circuit board
(PCB) by a double-sided carbon tape and then grounded by applying silver paste below the
chips and annealing at 60°C for one hour. The PCBs were then installed in a vacuum chamber
that could be pumped to below 10°3 mbar, at which point air damping losses on the actuators
will be minimal. The vacuum chamber was installed on an optical table to minimize external
vibrations.

An LDV (Polytec OFV-5000) with a maximum measurement frequency of 24 MHz was used
in the displacement or velocity mode to measure the deformation of the actuators. In the
displacement mode, the maximum deformation that could be measured before saturating the
system was 50 nm; to avoid reaching this maximum during measurements, the maximum AC
drive was calibrated for each actuator.

The LDV was interfaced with a lock-in amplifier (Zurich Instruments UHFLi), which has a
maximum applicable voltage of 1.5 V (DC+AC) and can run frequency sweeps and thermal
mechanical noise (TMN) measurements as well as interpret the returning data from the LDV.
To measure the deformation of the cantilevers, frequency sweeps were performed that scanned
a frequency range around the first flexural mode resonance while driving the cantilevers.
The output from these measurements was the amplitude of the flexural mode in volts. The
deformation of the cantilevers was translated from volts to meters by measuring the TMN of
the cantilevers at the same first flexural mode resonance when not being driven and comparing
to the theoretically known TMN, which will be explained in the following section.
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Figure 3.13 — Experimental setup for measuring the deformation of the flexoelectric actuators.
Chips with electrodes of released actuators were wire bonded onto a PCB and fixed into a
vacuum chamber pumped to below 103 mbar. A microscope with a three-axis stage was used
to move and focus the laser onto the cantilevers. The LDV measured the movement of the
actuators, while the lock-in amplifier was used to actuate the cantilevers and process the data
from the LDV. A MATLAB program was written to run, collect and analyze all the experimental
data.

3.6.2 Method to Measure the Flexoelectric Actuators

The experiments on each cantilever were completed as follows:

Align laser onto the cantilever and optimize the output signal coming from LDV.
Determine the fundamental resonance frequency, frequency range and AC drive range
for the experiment through test TMN and frequency sweep measurements.

Complete experiment to measure deformation of cantilever versus five AC drive and
five DC bias conditions.

Fit all frequency sweep and TMN measurements with a Lorentzian function to extract
the center frequency, quality factor and peak amplitude.

Calculate the specific responsivity for each set of five applied AC drives from the TMN
measurements and calculate the deformation for all AC drive conditions.

Compile all results for each cantilever into graphs and data sets.

Calculate the effective flexoelectric coefficient and effective piezoelectric coefficients.

At a given AC and DC condition, five frequency sweep measurements with 150 points were

taken. Most of the experiment time was spent on frequency sweep measurements, so a
compromise was made between speed and resolution to keep each experiment within 10-20
minutes.
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Figure 3.14 — Example of a frequency sweep (A) and a TMN measurement (B) with Lorentzian
fits at the first flexural mode resonance on a 10 pm long, 4 um wide cantilever in Chip 2s. The
resonance frequency, quality factor and adjusted R? from the Lorentzian fitting can be seen for
each measurement.

A Lorentzian fit, the equation of which can be found in Appendix A.1, was used to extract
the center frequency, quality factor, peak amplitude and error from each frequency sweep
measurement. An example of the Lorentzian fitting on a frequency sweep can be seen in
Figure 3.14 A from a 10 pm long cantilever on Chip 2s. After fitting each frequency sweep
measurement at a given AC drive and DC bias condition, the results were averaged and the
standard deviation of the average as well as from the Lorentzian fitting for each measurement
was propagated up.

TMN measurements that were averaged 50 times were taken at the beginning of each exper-
iment, after every five AC conditions, and at the end of each experiment. A measurement
of the necessary number of TMN measurements per experiment found that more frequent
measurements than six times per experiment was unnecessary. The same Lorentzian fit as
for the frequency sweeps was used to fit each TMN measurement to output the maximum
amplitude, center frequency and quality factor. An TMN measurement and Lorentzian fit for a
cantilever on Chip 2s can be seen in Figure 3.14 B.

Since precise alignment of the LDV laser onto the tip of each cantilever was difficult and the
cantilever or laser could move slightly during the 10-20 minute experiments, it was necessary
to be able to calculate the responsivity of the measurements during each experiment instead
of relying on the 50 nm/V responsivity provided by the LDV equipment. The responsivity was
used to translate the signal measured by the LDV in volts into a deformation in meters by
calibrating the spectral noise density of the first flexural mode resonance TMN.
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Figure 3.15 — Deformation results from experiment on a 10 um long cantilever in Chip 2s.
(A) Measured deformation during an experiment on a cantilever. Five AC drive and DC bias
conditions were tested during the experiment. A linear relationship between the AC drive
and deformation was found for each of the DC bias conditions. A maximum deformation of
approximately 50 nm was measured for a DC bias of -500 mV and AC drive of 500 mV. (B) Overlap
of all TMN measurements during an experiment on a cantilever from Chip 2s, showing very
little deviation in amplitude or center frequency during the experiment. (C) Average frequency
for frequency sweeps at each DC and AC condition. (D) Average quality factor for frequency
sweeps at each DC and AC condition.
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After fitting the TMN measurement and extracting the maximum amplitude, the responsivity
was calculated for each set of five AC bias conditions by comparing the theoretical and mea-
sured TMN maximum amplitudes. The equation for calculating the responsivity can be found
in Appendix A.1.6. The deformation measured in volts during the frequency sweeps at each
bias condition could then be translated to nanometers by multiplication of the responsivity.

Finally, the calculated deformation, resonance frequency and quality factor were plotted
against each DC and AC condition. An example of an experiment on a 10 um long cantilever
in Chip 2s can be seen in Figure 3.15. In the deformation results (Figure 3.15 A), there is an
increase in deformation for negative applied DC bias. For most of the cantilevers in Chips 1s, 2s
and 2a, the largest deformations were measured for a maximum DC bias of -500 mV. However,
the magnitude of the deformation influence due to the DC bias varied widely between different
cantilevers, even ones on the same electrode. Therefore, there is an additional deformation
occurring due to the DC bias but the quantification of its effect is difficult. In the flexoelectric
fitting analysis, the DC bias influence is taken into account by fitting an additional effective
piezoelectric coefficient.

To determine if there was a shift in the cantilever or laser during the measurement, all the TMN
measurements were plotted together to check their overlap. For example, in Figure 3.15 B,
little change in the TMN was measured during the experiment on a cantilever in Chip 2s.
The resonance frequency and quality factor, when considering the standard deviation, do
not significantly change as well for each DC and AC condition (Figure 3.15 C and D). Several
cantilevers were additionally tested on different days, in different LDV measurement modes
and with different AC drive and DC bias conditions without showing any significant change in
the results.

The resonance frequency and quality factor usually did not significantly change during the
experiments. If there was a shift of the cantilever or laser during the experiment, the average
adjusted R? from the frequency sweeps was below 0.95. During the flexoelectric coefficient
calculation, the data from these experiments was not included.

3.6.3 Flexoelectric Coefficient Analysis

To calculate the effective flexoelectric coefficient, the deformation measured in each exper-
iment for the different AC drive and DC bias conditions was fitted by a surface model in
MATLAB. The surface fit formula was based on the equations defined in Chapter 1 for flex-
oelectric curvature (Equation 1.9) and piezoelectric curvature (Equations 1.4). While the
HfO, thin films are not piezoelectric, secondary phenomena such as electrostriction and
the electrostatic force can generate an effective piezoelectric effect. The definition of the
effective piezoelectric coefficient due to both effects can be found in Appendix A.1.7. For
HfO,, the effective piezoelectric coefficient due to electrostriction and electrostatic force with
a DC bias of 0.5 V was analytically calculated to be equal to 1.7 and 0.3 mC/m?, respectively.
The effective piezoelectric curvature, based on the calculated coefficients, the neutral axis
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displacement and the applied DC bias values, will be approximately one order of magnitude
lower than the flexoelectric curvature. However, the effective piezoelectric effect still has an
impact on the deformation of the cantilevers, as can be seen in Figure 3.15 A with different DC
bias conditions. Therefore, it is important to deconvolute the flexoelectric curvature from the
effective piezoelectric curvature to have an more accurate coefficient calculation.

The curvature x used in the surface fit was defined as:

= HeffVac N eeffZpVac

3.1)
Dy Dy

Where « is the curvature, p, ffis the effective flexoelectric coefficient, V¢ is the applied AC
drive, Vpc is the DC bias, e, ffis the effective piezoelectric coefficient due to electrostriction
and electrostatic force, Z,, is the displacement of the neutral axis relative to the center of the
HfO, layer and Dy is the flexural rigidity.

The curvature is related to the deformation u of a cantilever by:

u= 12;(2QL§ff-1< (3.2)

Where Q is the quality factor of the first flexural mode resonance and L. is the effective
cantilever length. The proportionality parameter y’ is dependent on the mode shape and
is approximately 5.34 for the fundamental resonance mode of a cantilever with electrodes
covering the entire length and width [2].

As was seen in Sections 3.3.1 and 3.3.2, the beam supports for the cantilevers were partially
released during the chip level fabrication. To take into account the influence of the released
beam support on the dynamics of the cantilevers, finite element analysis (COMSOL) was used
to model the effective length of the cantilevers, based off comparison of the experimentally
measured resonance frequency to the modeled resonance frequency. In chips where the
actuator release was through the sacrificial SiO, layer alone, the effective lengths of the
cantilevers were approximately the same as the designed lengths. On the other hand, when
the actuator release was through both the sacrificial SiO, layer and Si substrate, the effective
length was approximately 1-2 pm longer than the designed lengths and the difference between
the design lengths and effective lengths increased as the design length increased. The effective
lengths for the cantilevers on each chip can be found in Appendix A.12.

Any data with an average adjusted R? below 0.95 for the Lorentzian fit of the frequency sweeps
was not included in the coefficient fitting. Lower adjusted R? was found to be correlated
with issues during the experiment, such as higher noise, a shift in the laser or the cantilever
or frequency and deformation of the cantilever was significant different compared to sim-
ilar counterparts. Changes in frequency or deformation of a cantilever may be due to an
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Figure 3.16 — Average flexoelectric coefficient from measurements on five chips, three with
a symmetric cross section (blue) and two with an asymmetric cross section (green). One
asymmetric cross section chip could not be measured due to collapse of most of the cantilevers
(Chip 1a). The error bars are the summation of the error of the surface fit plus the measurement
€error.

incomplete release or residues on the cantilevers.

In total, seventy-four cantilevers from Chips 1s, 2s, 2a, 3s and 3a were measured, in some cases
multiple times. Table 3.4 details the calculated effective flexoelectric and piezoelectric coeffi-
cients based on a average of the individual cantilevers measured in each chip. An expanded
summary of the flexoelectric and effective piezoelectric coefficients found by averaging the
calculated coefficients across each wafer, chip and electrode can be found in Appendix A.13.

The effective flexoelectric coefficients can be seen in Figure 3.16, separated by the type of
thickness cross section. The largest flexoelectric coefficients were measured on Chips 3s and
3a; the lowest coefficients were measured on chips with symmetric thickness cross sections
(Chips 1s and 2s). The total average HfO, effective flexoelectric coefficient is 37+13 pC/m.

A fairly large standard deviation and variation in the flexoelectric coefficient can be seen across
the five chips. One source of these variations is the variance in fabrication from different
equipment conditions and individual chip handling. Another is that the chips were fabricated
in three different fabrication runs, each of which produced slightly different releases of the
cantilevers. The effective length of the cantilevers is strongly affected by the type of release and
although an effort was made to calculate the appropriate effective lengths for each chip, there
may be local variations in the cantilever release which shift their effective length. Having an
incorrect effective length affects both the deformation calculation as well as the responsivity
calculation. The focus of LDV laser may also shift slightly during measurements. However, the
calculation of the responsivity should remove most of the issues surrounding alignment and
focusing of the lasers onto the end of the cantilevers.
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Table 3.4 - Calculated flexoelectric (u.rr) and effective piezoelectric coefficients (e.f ) for
five chips. The type of thickness cross section is designated as s and a for symmetric and
asymmetric, respectively. The effective piezoelectric coefficient is shown as e, ¢ - Zp as well as
e,y for easier comparison to p,r¢. STD stands for standard deviation, which is propagated
from both the surface fit as well as the measurement error. The number of beams includes
repeat measurements on the same cantilevers.

Measured

. D2

Cross Section Heff STD eeff-Zp STD eeff adjR Beams

(pC/m) | (pC/m) | (pC/m) | (pC/m) | (mC/m?) #

Chip 1s 23.6 5.9 -25.5 16.8 -26.4 0.99 13
Chip 2s 28.3 7.4 -11.7 21.9 -12.1 0.99 45
Chip 3s 48.4 4.9 -30.0 13.8 -31.0 0.99 7
Chip 2a 36.2 4.2 -11.1 23.1 -1.6 1.00 19
Chip 3a 44.8 6.0 0.6 12.9 0.1 1.00 28

Total average 37 13 | | 105

It was expected that Chips 2a and 3a, with their asymmetric thickness cross section, would
have generated larger effective piezoelectric coefficients than in Chips 1s and 2s, which have
symmetric thickness cross sections. However, as can be seen in Table 3.4, the calculated
effective piezoelectric coefficients vary both in the sign and the order of magnitude across the
measured chips; the standard deviation was almost always larger than calculated effective
piezoelectric coefficient itself, making any conclusions on the effective piezoelectric coefficient
impossible.

An important note is that Chip 3a, which was fabricated in chip level run 3, demonstrated the
largest flexoelectric coefficients and smallest effective piezoelectric coefficients than the other
three chips, although being fabricated in a similar fashion as the chips in run 2. In particular,
while the other three chips showed a measurable influence of the DC bias on the measured
deformation, cantilevers on Chip 3a consistently showed very little influence of the DC bias
on the deformation.

One further note is that larger flexoelectric coefficients tended to occur when lower effective
piezoelectric coefficients were measured, though it is difficult to fully confirm this behavior
with the large standard deviation of the piezoelectric coefficient. More measurements should
be completed to confirm that the two coefficients can be properly measured independently of
each. One method would be by measuring the generated curvature directly through a digital
holographic microscope, thus avoiding the issue of the effective length uncertainty. Further
improvements could also be made to the LDV setup to minimize noise.

Overall, the measurements demonstrate an interesting start to the understanding of the
effective flexoelectric and piezoelectric coefficients in amorphous HfO,.
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3.7 Conclusion

In this chapter, the fabrication and characterization of dielectric actuators based on HfO, was
discussed. Based on a four step process flow, several chips were produced with free-standing
cantilevers. An electrical characterization found that the HfO,/Mo electrodes have a high
electrical resistance, low capacitance, low dielectric losses and linear polarization behavior
versus electric field. Through XRD diffraction, the HfO, thin films were found to possess no
significant crystal structure. More than seventy flexoelectric actuators in four chips were tested
versus twenty-five AC drive and DC bias conditions and their results were analyzed to calculate
an average effective flexoelectric coefficient of 437413 pC/m for 40 nm of amorphous HfO,.
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In the previous two chapters, the work on optimizing AIN and AIScN piezoelectric thin films
as well as flexoelectric thin films based on amorphous HfO, was examined in detail. The main
results from each chapter will be briefly summarized below as well as future work that can be
completed. Then, to understand the impact of the work on these thin films, two topics will be
discussed. One will look at how the amorphous HfO; flexoelectric coefficient influences the
understanding of the flexoelectric coefficient/relative permittivity relationship by analyzing
the experimental results from literature across a wide relative permittivity range. The other will
compare the potential curvature generation from nanoscale resonators based on piezoelectric
and flexoelectric active layers to more realistically quantify which technique would be effective
at what length scale. Finally, a conclusion of the doctoral work will be provided.

4.1 Sputtering Optimization of AIN And Al Scy 4N Thin Films

The efforts to fabricate AIN and AlScN thin films with optimal sputtering parameters and
substrate conditions were summarized in Chapter 2.

First, the impact of substrate temperature, sputtering power, Ar gas concentration and multi-
step deposition on the rocking curve FWHM of 50 nm thick AIN thin film was characterized.
The lowest AIN rocking curve FWHM was measured at a sputtering power of 1500 W and a
substrate temperature of 300°C, while the influence of the Ar gas concentration or splitting the
deposition time into multiple steps was not significant. The impact of the sputtering parame-
ters on the residual stress could not be determined due to fluctuations within the sputtering
system. More deposition experiments with an expanded set of Ar gas concentrations and
multistep depositions should be completed to have a better understanding of their influence
on the AIN c-axis texture.

The influence of Ti or AIN seed layers deposited at two different temperatures was measured
by looking at the change in AIN actuation layer rocking curve FWHM. If the seed layers
are deposited at room temperature, there is no significant difference in the generated AIN
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actuation layer rocking curve FWHM. When their deposition temperature was increased to
350°C, AIN seed layers were found to generate lower rocking curve FWHM in the AIN actuation
layer compared to Ti seed layers. If AIN seed layers were used, their thickness was found to
significantly influence the rocking curve analysis of the AIN actuation layer unless the seed
layers were much thinner than the AIN actuation layers.

When testing room temperature deposited Pt, Mo and Al electrode layers on Si substrates
versus AIN c-axis texture, Pt electrode layers generated the lowest AIN rocking curve FWHM
values, independent of the underlying seed layer and sputtering system used to deposit the Pt
films. The crystalline texture of the Mo and Al electrode layers was lower than the Pt electrodes;
improving their texture may help generate better AIN c-axis texture.

Through the deposition experiments, we achieved 50 nm AIN films with a rocking curve FWHM
of 2.0°, a 300% improvement to the earliest deposition tests in our sputtering system, and a
piezoelectric coefficient ds3 ¢ of 3.5+0.17 pm/V, which is comparable to values demonstrated
with micron thick AIN. Some of the reasons for the large piezoelectric coefficient in our AIN
thin films include the use of already highly textured Pt thin films on AIN seed layers and the
very high residual stresses generated during the sputtering of our AIN thin films (~1-2 GPa). We
also confirmed that the influence of several sputtering parameters and substrate conditions on
sub-100 nm thick AIN films matched what was seen in the state of the art at micron thicknesses.

A study was completed on the impact of Ar gas concentration and substrate bias voltage on
the c-axis texture of 1 um thick AlScN thin films with 40% Sc concentration. Increasing the Ar
gas concentration was found to lower the density of abnormal grains and the AlScN rocking
curve FWHM, while the influence on residual stress was inconsistent due to fluctuations in the
power sources for the sputtering system. By increasing the substrate bias voltage, the density
of abnormal grains was diminished, but on the other hand, the rocking curve FWHM of the
AlScN thin films increased. Further work should be completed to confirm the influence of
substrate bias voltage. To generate low AIScN rocking curve FWHM values while minimizing
the density of abnormal grains, our results indicate that a high Ar gas concentration and
medium to low substrate bias voltage should be implemented. We were able to fabricate
Alp 6Scp 4N thin films with a rocking curve FWHM of 1.7°, which is comparable to the state of
the art in AIScN thin films with similar Sc concentrations.

One issue during the deposition experiments was the instability of the sputtering parameters,
particularly the sputtering power and substrate bias. Since sputtering power and substrate
bias were found to significantly affect the properties of the AIN and AlScN thin films deposited
in this doctoral work, finding a way to improve the sputtering system, or moving to a more
stable system, is paramount. However, despite the sputtering system instability, we were
able to deposit highly c-axis textured sub-100 nm AIN films with comparable texture and
piezoelectric coefficients as demonstrated in the state of the art.

Future work in AIScN thin films should include the fabrication of AIScN thin films with thick-
nesses between 50-100 nm and expanded deposition experiments to measure the influence
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of sputtering parameters at this thickness scale on the c-axis texture, density of abnormal
grains and piezoelectric response. After the sputtering of 50-100 nm AIScN thin films has been
optimized, the next step is to implement AIN and AIScN thin films into actuators for potential
use in NEMS applications, such as relays, switches or very high frequency filters.

4.2 Flexoelectric Actuation with Amorphous HfO,

In Chapter 3, the flexoelectric properties of amorphous HfO, were investigated. First, a four
mask process flow was developed to fabricate actuators with a beam cross section comprised
of an amorphous HfO; active layer and Mo electrode layers. Two types of thickness cross
sections were fabricated: a symmetric one where the Mo bottom and top electrode layer
thicknesses are both equal to 25 nm; and an asymmetric one, where the Mo bottom electrode
layer thickness was equal to 25 nm and the Mo top electrode layer thickness was equal to
35 nm. In both the asymmetric and symmetric thickness cross sections, a HfO, layer thickness
of approximately 40 nm was fabricated.

Several fabrication runs were completed to optimize the manufacturing of the thin film stack at
the wafer level, while during the chip level fabrication, three fabrication runs were completed,
with improved results in each succeeding run. Several chips were processed to fabricate
free-standing cantilevers with lengths between 10-30 pm.

Measurements of the electrical properties of the HfO, /Mo thin films verified the low resistance
of the Mo electrode layers (50-100 Q) and resistance on the order of M-G(2 between the top
and bottom electrodes through the HfO, layer after wire bonding. The HfO, thin films were
determined through XRD characterization to be amorphous based on the lack of significant
diffraction peaks and the broad shoulder at lower scan angles. Through capacitance-voltage
curves, the HfO, /Mo capacitors were found to have low dielectric losses at 1 kHz. The HfO»
relative permittivity was measured through capacitance voltage curves to be approximately
15, which is lower than seen in the state of the art [243], but could be due to the amorphous
property of the HfO, layer. An investigation of the polarization versus electric field found a
linear polarization behavior up to electric field values of 2.5 MV/cm, which indicates that the
HfO; layer is non-ferroelectric.

To characterize the effective flexoelectric coefficient of amorphous HfO,, the deformation of
more than seventy cantilevers at resonance versus different drive conditions was measured
by laser Doppler vibrometry. Based on the measurements, an average effective flexoelectric
coefficient of 37+13 pC/m was determined for our amorphous HfO, thin films.

In terms of the fabrication, an investigation into crystalline HfO, thin films should be com-
pleted to try to increase the relative permittivity and potentially measure a larger effective
flexoelectric coefficient. To better differentiate between the effective flexoelectric and effective
piezoelectric effects, actuators with larger neutral axis displacements should be fabricated,
for example, by increasing the asymmetry in Mo electrode layer thicknesses or leaving the
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sacrificial SiO, layer underneath the actuators. The effective piezoelectric coefficient could
also be determined through the frequency shift due to DC bias in doubly clamped beam:s.
Another important experiment to complete in the future would be to measure the direct
flexoelectric effect in the amorphous HfO, flexoelectric actuators to corroborate the inverse
flexoelectric effect measurements made in this thesis. Displacement current levels of 10 pA
have been calculated to be created due to the direct flexoelectric effect, which is a fairly low
value compared to parasitic current, but measurements of charge directly may increase the
signal to noise ratio.

In our actuators, it would be possible to indirectly measure the surface piezoelectric effect by
altering the interface between the Mo electrode and HfO, layers through ion milling. Another
way of measuring the surface piezoelectric effect would be by decreasing the HfO, thickness
to 1-2 nm, though it is possible that HfO, will become ferroelectric at those thicknesses [244].
Finally, recent research into doped and ferroelectric HfO, could be channeled into fabricating
thin films with stronger flexoelectric and/or piezoelectric properties than amorphous or
crystalline HfO,.

4.3 Analysis of Relationship Between Experimental Flexoelectric Co-
efficients from Literature and Relative Permittivity

As discussed in Chapter 1, several materials, particularly ferroelectrics, relaxors and para-
electrics, have been characterized by several groups to measure their experimental flexoelec-
tric coefficients. Higher relative permittivity materials were expected to have large flexoelectric
coefficients based on the theoretically derived linear proportionality between the flexoelectric
coefficients and relative permittivity (Equations 1.7 and 1.8 in Chapter 1). In many cases,
though, the measured flexoelectric coefficient was orders of magnitude larger than expected,
particularly when measured near the Curie temperature or temperature of maximum relative
permittivity. While Ma and Cross proposed to add a scaling factor y to help take into account
the much larger flexoelectric coefficients at higher relative permittivity values, this was not
enough to fully describe the experimental results [208, 209].

Is the relationship between the experimental flexoelectric coefficient and relative permittivity
in reality nonlinear? In a study of the flexoelectric effect in PMN, Ma and Cross showed that
a quadratic, rather than linear, relationship better matched the experimental data [208]. Do
different relationships between the flexoelectric coefficient and relative permittivity arise in
different magnitude ranges, or when the materials may have extrinsic contributions to the
flexoelectric polarization, such as from domain-related processes or polar regions? And finally,
how does the measurement of amorphous HfO,, with its low relative permittivity compared to
the state of the art, influence the analysis of the experimental flexoelectric coefficient/relative
permittivity relationship?
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Literature and Relative Permittivity

To try to answer these questions, the experimental flexoelectric coefficients were extracted
from literature for several materials. To more accurately fit the relationship between the
flexoelectric coefficient and relative permittivity, only literature that clearly stated or measured
the flexoelectric coefficient p» or p;3 versus relative permittivity were used. In the case that
the flexoelectric coefficient and relative permittivity were measured versus temperature, the
flexoelectric coefficient values were extracted from both the high and low relative permittivity
ranges.

The flexoelectric coefficient in the low relative permittivity range was chosen by finding data
furthest above the Curie temperature or temperature where the relative permittivity was
maximum (but not necessarily above the temperature where polar regions would disappear
in certain materials). By extracting flexoelectric coefficients in the lower relative permittivity
range, some of the large extrinsic polarization contributions from ferroelectric and/or domain-
related processes should be removed. The low and high relative permittivity flexoelectric
coefficients used in our analysis, along with the references, can be found in Appendix A.14.

The flexoelectric coefficient and relative permittivity were analyzed by applying linear and
power law fits across the low, high and full relative permittivity ranges. For the power law fit, a
linear fit was applied on a log-log plot, which should therefore give the following relationship:

fex = Cyer (4.1

Where ¢ = ;7 as seen in Equation 1.7 from Chapter 1 and k is exponent defining the flexo-

electric coefficient/relative permittivity relationship.

A power law was found to better match the experimental data in the three relative permittivity
ranges. Table 4.1 shows the calculated power k and scaling factor y with their respective
errors, as well as the adjusted R? for each fitting. The linear fitting results can be found in
Appendix A.15. Except in the case of the high relative permittivity range, the errors were
one order of magnitude lower than the calculated variables. The power law fitting in the
high relative permittivity range has a high error and low adjusted R?, most likely due to the
dispersion in the flexoelectric coefficient values in this range, so no conclusions can be made.

Table 4.1 — Best power law fitting parameters in the low, high and full relative permittivity range.
The effect of including the effective HfO, flexoelectric coefficient on the power law fitting was
checked in the low and full relative permittivity ranges.

Relative Permittivity Range ‘ k ‘ Error ‘ y (10%) ‘ Error ‘ AdjR?

Low, without HfO, 1.8 0.3 3.8 0.3 0.70
Low, with HfO, 1.9 0.2 2.6 0.2 0.82
High 0.9 0.5 7.5E4 2.0E4 0.15

Full, without HfO, 1.9 0.2 2.5 0.1 0.85
Full, with HfO, 1.9 0.1 2.0 0.1 0.89
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Figure 4.1 - Comparison between a linear proportionality (red line)and quadratic proportion-
ality (black line) between experimental flexoelectric coefficients found in literature and the
full relative permittivity range. Flexoelectric coefficients measured in higher and lower relative
permittivity ranges are designated by solid and hollow symbols, respectively. The quadratic
proportionality provides a better fit of the relationship between flexoelectric coefficients and
relative permittivity. Ma and Cross measured a similar relationship within a smaller relative
permittivity range for PMN (black squares) [208].

The power law fit versus a linear fit for the full relative permittivity range, which includes our
HfO, flexoelectric coefficient, are plotted in Figure 4.1. The power law fit, which is close to a
quadratic proportionality, provides a much match of the experimental data across the four
orders of magnitude in relative permittivity. This quadratic proportionality was measured
previously in literature by Ma and Cross in PMN over a smaller relative permittivity range, but
no further remarks were made about this result in literature [208]. The scaling parameter y
serves to scale the power law, similar to its earlier inclusion in the linear relationship between
experimental flexoelectric coefficients and relative permittivity discussed in literature.

As many experimental results for high relative permittivity materials exist, to strengthen the
empirical relationship between experimental flexoelectric coefficient and relative permittivity,
more experiments in the low relative permittivity range should be conducted in the future.
Through the analysis of the state of the art to extract the measured flexoelectric coefficients,
it seems likely that there are three relative permittivity ranges of interest: low, middle and
high. The low range would include materials where only the intrinsic dielectric permittivity
is associated with flexoelectric polarization, such as Al,O3 and HfO», as well as paraelectrics
measured above temperatures where no polar regions should exist. The middle range would
include paraelectric materials that may have some extrinsic polarization contributions, such
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as nano polar regions, and the high range would involve materials that are ferroelectric or
close to the temperature of maximum relative permittivity.

Some groups have measured the relative permittivity and flexoelectric coefficients of materials
across a wide temperature range. A more extensive analysis of their results could also help to
improve the understanding in the relationship between experimental flexoelectric coefficients
and relative permittivity. If more materials are measured in the mid to low relative permittivity
ranges, a better distinction in the power law relationship can be made in those two ranges.

An experimental investigation of dielectrics in the low permittivity range can also lead to a
better understanding of the electronic contribution to the bulk flexoelectric coefficient. It has
been stated that the electronic contribution should be similar to the ionic contribution in
low relative permittivity dielectrics, based on order of magnitude estimates [174]. However,
little experimental research has been completed on this topic. The electronic contributions
were calculated for some carbon nanosystems [247] and a few dielectrics, such as SrTiO3 and
BaTiOs3 [200], but no further work has been published.

When the effective HfO, flexoelectric coefficient is compared to the calculated electronic
flexoelectric coefficients [200], the order of magnitude in the coefficients is similar, which may
mean that the electronic contribution in amorphous HfO, is comparable in magnitude to
the ionic contribution. Part of the reason that the magnitude of the electronic contribution
may be more comparable to the ionic contribution in our HfO, flexoelectric coefficient may
be due to the fact that the film is amorphous, not crystalline, and therefore most of the ionic
contribution cancels itself out. To the best of our knowledge, no other experimental work has
been completed where the magnitude of the electronic contribution would be similar to the
ionic contribution.

Measuring the flexoelectric coefficient in more materials with low relative permittivity, both in
crystalline and amorphous forms, and particularly with no extrinsic polarization contributions,
would shed more light on this topic. On top of this, ab-initio calculations of the electronic and
ionic contributions could be compared to the crystalline experimental measurements, thus
providing a more complete view on flexoelectric polarization.

4.4 Piezoelectric versus Flexoelectric Curvature Generation at the
Nanoscale

The goal of this doctoral work was to piezoelectric and flexoelectric thin films for transduction
in NEMS. To that end, 50-100 nm thick AIN films and 40 nm amorphous HfO, thin films were
fabricated and characterized. How do these active layers compare with the state of the art in
curvature generation? What could be done to increase the impact and likelihood of the AIN
and HfO» thin films being applied in future NEMS? Some answers to these questions will be
discussed in the following paragraphs.
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One method of gauging different thin films as actuation layers in MEMS and NEMS is by how
much curvature the films generate for an applied drive, which is defined as:

K e5Zp + Hfiex
V. Dy Dy

4.2)

Where the first right-hand term is for the normal piezoelectric effect and the second is for the
flexoelectric effect, as discussed in Chapter 1 (Equations 1.4 and 1.9). If piezoelectric thin films
are under study, only the first right-hand term should be included in the curvature calculation;
similarly only the second right-hand term should be used to calculate the curvature for
flexoelectric thin films. By looking at the curvature per applied drive, the influence of both the
coefficient mediating the electromechanical effect as well as the total thickness of the actuator
necessary to generate the curvature are taken into account.

The piezoelectric term in Equation 4.2 is also mediated by the distance between the neutral
axis position and the center of the piezoelectric layer Zp. Since the flexural rigidity is related to
the cube of the thickness (Appendix A.1.1), the piezoelectric curvature’s thickness dependence
shifts from a 73 to a 172, while the flexoelectric curvature thickness dependence is maintained
as t~3. Therefore, the effect of decreasing the actuation layer thickness will be stronger in
flexoelectric actuators than piezoelectric actuators.

To calculate the curvature per applied drive for our piezoelectric AIN layers, we estimated a
e3) of -1 C/m? based off comparison of our measured piezoelectric coefficient ds3, 7 to the
literature on AIN [75]. However, since the e3; was not directly measured for these AIN thin
films, the calculated curvature generation should only be considered as an order of magnitude
estimate. The layers in the curvature calculation for our piezoelectric AIN layer were 15 nm
AIN seed layer, 25 nm Pt bottom electrode, 50 nm AIN active layer and 25 nm Pt top electrode,
based on the full stack of layers where the piezoelectric response was measured in Chapter 2.

For the HfO, curvature calculation, the layers were 25 nm Mo bottom electrode, 40 nm HfO,
active layer and 25 nm top electrode, similar to the fabricated devices in Chapter 3. The
effective flexoelectric coefficient was set as 37 pC/m.

In Figure 4.2, the calculated curvature per applied drive for our flexoelectric HfO, and piezo-
electric AIN layers is plotted against the state of the art in flexoelectric and piezoelectric
actuation layers. Additionally, the curvature generation in an effective piezoelectric SizNy
actuator is included in the figure. As discussed in Chapter 3, an effective piezoelectric coeffi-
cient in dielectrics can be created due to electrostriction or the electrostatic force between
two electrodes on a dielectric material. Recently, this coefficient was measured in Si3N, [248];
due to the very low thickness of the Si3N, actuation layer, the curvature generation is on par
with much thicker piezoelectric actuators. In comparison to actuation layer thicknesses below
100 nm, the effective piezoelectric curvature is much lower.
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Figure 4.2 — Comparison of curvature generation for an applied drive from flexoelectric and
piezoelectric thin films in the state of the art and from the AIN and HfO, thin films developed in
this doctoral work. The references for the state of the art are: SrTiO3 [16], ZnO [27], AIN [116, 113,
19, 13], PZT [28] and PMN-33PT [29]. Additionally, the curvature generated by the electrostatic
force creating an applied piezoelectric effect in silicon nitride (SizNy) is included [248]. HfO,
flexoelectric layers were found to have comparable curvature generation to thicker piezoelectric
thin films, but still much lower results compared to SrTiO3 flexoelectric layers and sub-100 nm
AlN piezoelectric layers. The AIN value from this work should only be taken as an order of
magnitude estimate, since the traverse piezoelectric coefficient e3; was not directly measured.

The calculated curvature generation of the HfO, flexoelectric layer is not much larger than the
SizNy effective piezoelectric layer, but the difference in the two effects would be more apparent
when the HfO, thickness is decreased: an order of magnitude difference in curvature gener-
ation is achieved. The curvature generation for flexoelectric HfO, thin films is comparable
to values found for thicker piezoelectric layers, but is approximately one order of magnitude
lower than for sub-100 nm thick AIN-based actuators as well as flexoelectric actuators based
on SrTiO3, mostly due to the difference in effective flexoelectric coefficients [16].

The curvature generation based on our AlN thin films is comparable to AIN-based actuators
with the same thickness [13] as well as the flexoelectric curvature generation by SrTiO3 [16].
Only the curvature generation from thinner AIN films, which benefits from a lower flexural
rigidity, and thicker PMN-PT films, which have a significantly larger piezoelectric coefficient,
exceed the curvature generation in the AIN thin films of this work.

The difference between the curvature per applied drive between our AIN and HfO, thin
films is approximately two orders of magnitude, which would initially suggest that further
investigation in amorphous HfO, flexoelectric layers is unnecessary. However, as discussed
above, the thickness dependence of flexoelectric actuation makes it possible that thinner
flexoelectric actuators can exceed in curvature generation compared to piezoelectric actuators
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Figure 4.3 — Comparison of curvature generation per applied AC drive for 10 and 5 nm thick
HfO,, TiO,, AIN films as a part of a capacitor stack. All electrodes are Pt. An additional 10 nm
thick AIN seed layer was a part of the AIN capacitor stack. Decreasing the actuation layer
thickness does not significantly improve the curvature generation from HfO, films versus AIN
films. However, a dielectric with a higher relative permittivity, such as TiO,, may be able to
generate similar curvature as AIN thin films.

at a certain thickness scale. Flexoelectric actuation does not require displacement of the
neutral axis, which reduces the total actuator thickness compared to piezoelectric actuators.

A demonstration of the above discussion can be seen in Figure 4.3, where curvature per applied
AC drive of 5 and 10 nm thick flexoelectric actuation layers based on HfO, and TiO, were
analytically compared to 10 nm thick piezoelectric AIN actuation layers. The metal electrode
layers were set as 10 nm Pt to have a realistic thickness that could be consistently fabricated
in most sputtering systems. An additional 10 nm AIN seed layer was included in the AIN
curvature generation calculation to displace the neutral axis. The same estimated e3; .7 for
our AIN thin films discussed above in this section is also used for the curvature generation
analysis. With decreasing thickness of the actuation layer, it is likely that our AIN piezoelectric
coefficient will decrease, but the choice was made to use the highest piezoelectric coefficient
expected in the AIN thin films. The data from Figure 4.3 can be found in Appendix A.16.

When the HfO, and AIN actuation layer thicknesses are decreased from the experimental
values seen in Figure 4.2 (40 nm and 50 nm respectively) to 10 nm, the difference in the
curvature generation between the two types of actuation decreases from two to one order
of magnitude, which represents a significant improvement in curvature generation from
flexoelectric actuation with an amorphous, high-k dielectric. However, further decreasing the
HfO, actuation layer thickness to 5 nm does not significantly improve the curvature generation.
Therefore, the flexoelectric coefficient would need to be increased for the HfO, flexoelectric
curvature generation to be more comparable to the curvature generated by an AlIN layer. To
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increase the flexoelectric coefficient in HfO,, a crystalline instead of amorphous thin film
can be used to increase the relatively permittivity as well as the ionic contribution to the bulk
flexoelectric coefficient. Additionally, doping HfO, or annealing HfO, layers with titanium
nitride electrodes can induce a ferroelectric response in the thin film, which would greatly
increased the curvature generation [249, 244]. To confirm these hypotheses, the flexoelectric
coefficients in crystalline and ferroelectric HfO, thin films should be measured in the future.

TiO, is another high-k dielectric that can be considered for flexoelectric actuation at the
nanoscale. If the effective flexoelectric coefficient of TiO, is as high at the nanoscale as was
seen for bulk samples [193], then the TiO, flexoelectric curvature generation at 10 and 5 nm
actuation layer thicknesses is comparable to the AIN piezoelectric curvature generation. This
is a promising result as TiO; is a high-k dielectric that is also easier to fabricate compared to
perovskite-based flexoelectric layers at the nanoscale. Similar to HfO,, TiO, can be deposited
through several techniques (ALD, PLD, sputtering, etc.) and has a large relative permittivity
of 80-110 [243]. There are, however, some downsides to using TiO, instead of HfO,, such as
lower electrical breakdown field and more fluctuation in the oxidation states, which affects the
conductivity [243]. An investigation should be made into nanoscale TiO, layers to measure its
flexoelectric and electrical properties and determine if TiO; flexoelectric layers are a viable
alternative to AIN piezoelectric layers in NEMS.

4.5 Conclusion

In this thesis, the use of piezoelectricity and flexoelectricity for the actuation of nanoelec-
tromechanical systems was investigated. In one part of the thesis, 50-100 nm thick AIN thin
films were fabricated with crystalline and piezoelectric characteristics similar to micron thick
layers by optimizing the reactive sputtering parameters and substrate conditions. An initial
investigation into the influence of two reactive sputtering parameters on 1 um AlScN films
with 40% Sc concentration was also completed with promising results. Future work in AIScN
thin films involves downscaling the layer thickness and expanding the deposition experiments
to confirm the optimal sputtering parameters. After this, it is envisioned to integrate the
optimized AIN and AlScN thin films into actuators to investigate their piezoelectric properties.

A second part of the thesis was focused on the fabrication and characterization of a novel
flexoelectric actuator based on a 40 nm thick amorphous HfO» layer. A four mask process flow
was developed to fabricate free-standing cantilevers and doubly-clamped beams and several
chips were successfully processed for experiments. The amorphous HfO, layers were found
to have a high resistance, low dielectric losses and a relative permittivity of 15, as well as a
non-ferroelectric polarization behavior up to electric fields of 2.5 MV/cm. By measuring the
deformation of the cantilevers at resonance versus different drive conditions with an LDV,
the HfO, effective flexoelectric coefficient could be calculated. To the best of our knowledge,
the amorphous HfO, thin films are the lowest permittivity material for which the flexoelectric
effect has been quantitatively measured. Several future projects are envisioned after the

91



Chapter 4. Discussion and Conclusion

initial success of these measurements, including measurements of the direct flexoelectric
effect, fabrication and characterization of crystalline HfO,-based actuators and experiments
to determine if the surface piezoelectric effect can be indirectly measured by modifying the
HfO,/metal electrode interface.
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Appendix A. Appendix

A.1 Supplementary Formulas

A.1.1 Flexural Rigidity

The flexural rigidity D is defined as:

Eyt?’ 1 & Eyynl‘3
R rrrmr it My (A1)
120 -v2) 3,50 -v5

Where Ey is the Young’s modulus of the layer, ¢ is the layer thickness, v is the Poisson’s ratio of
the layer and 7 is the number of layers.

A.1.2 Residual Stress Calculation

The residual stress o of one layer or several deposited thin films can be calculated through
Stoney’s formula [250]:

By I [1 1] (A.2)

o= ——M— - -

6(1-vsi) tritm LR Ro
Where Eg; and v; are the Young’s modulus and Poisson’s ratio of the Si substrate, ts; and t£;;,,
are the thicknesses of the Si substrate and deposited thin film(s), and Ry and R are the radii of
curvature before and after the deposition, respectively.

To determine the residual stress of each thin film, the radius of curvature would need to
measure after the deposition of each layer. Then, as long as the thickness of each thin film is
known, the individual residual stress values can be found by the following equation:

n
Ufstfszzo'ntn (A.3)

n=1

Where o 5 is the residual stress measured after the deposition of the last layer in the full stack
of thin films, 77, is the thickness of the full stack of deposited thin films, o, are the residual
stress values measured after the deposited of each layer in the full stack and ¢, is the thickness
of each layer.
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A.1.3 Two Term Gaussian for XRD Analysis

To separate the diffraction contributions from the AIN seed and actuation layers to the total
(0002) diffraction peak from a theta2theta curve, the following formula was used:

Arexpl—(x— Az)?/2A3] + Byexp[—(x — Bp)?/2B5] (A.4)

Where the first and second terms correspond to the seed and actuation layers, respectively.
Variables A, and A, were found by fitting the theta2theta diffraction data from the AIN seed
layers alone, while the other variables were left free to be fitted.

A.1.4 Lorentzian Fit

The Lorentzian fit for the sweep and TMN measurements in Chapter 3 is defined as:

Ao fo
27:@((f—fo)2 + ({—Q)Z)

Ynorm = Yoffser + (A.5)

Where y,0rm is the squared and normalized raw amplitude data from the measurement,
Ynorm,of fset is the normalized calculated offset due to background noise, Ay is the calculated
peak amplitude, fj is the calculated center frequency and Q is the calculated quality factor.
The standard error for each fitted parameter is calculated based off each of their confidence
intervals.

A.1.5 Theoretical Thermomechanical Noise Spectral Density

The theoretical TMN noise magnitude at the tip of a mechanical cantilever resonating at the
fundamental resonance frequency is defined as [2]:

ks TQrmNn

—_— (A.6)
2m3meyy f: YS:MN

Ymax,theory =

Where kg is the Boltzmann constant, T is the temperature of the measurement (approximated
to 300K), and Qv and fryn are the quality factor and center frequency from the TMN
measurement. The effective mass of the cantilever m, s is approximated by:

n
Meff=0.25Leff Weant Z Pnitn A7)

n=1

Where L¢qn and weqy,; and are the effective length and width of the cantilever, and p and
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f1ayer are the volume density and thickness of each layer in the cantilever.

A.1.6 Responsivity in LDV Measurements

If the experimental thermomechanical noise (TMN) is measured as a power spectral density,
then responsivity of the measurement system can be obtained by compared the theoretical
versus experimental TMN. The responsivity of the LDV in nm/V was calculated through the
following equation:

N

(A.8)

I < (Lo )
Vv

ymax,theory

Where ymax, exp is the maximum amplitude found in the Lorentzian fitting of the TMN mea-
surement and Y ax, rheory iS the theoretical TMN at the tip of a cantilever. Both parameters
have units of power spectral density.

A.1.7 Effective Piezoelectric Coefficients due to Secondary Phenomena
Electrostatic Force

A free-standing beam using electrostatic actuation can be comprised of a dielectric material
sandwiched by electrodes. When an electric field is applied between the electrodes, the
dielectric will be compressed in the direction of the electric field, which will then, through the
Poisson effect, generate a expansion of the dielectric material in the other two directions. If
the neutral axis of the beam is shifted relative to the center of the dielectric material and a AC
drive is applied, a curvature can be generated. Thomas et al. derived the effective piezoelectric
coefficient for free standing beams based on electrostatic actuation as [251]:

va€r€oVpe
€31,ES = — (A.9)
d

Where vy, €, and t; denotes the Poisson’s ratio, relative permittivity and thickness of the
dielectric material and Vp is the applied DC voltage across the dielectric thickness.
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Electrostriction

Electrostriction is a second-order electromechanical coupling between strain and polarization
existing in all dielectrics. The generalized constitutive equation which include both the
piezoelectric and electrostrictive effects is:

€ij=Sijk10ki +dijkEx + Mjjri ExE (A.10)

Where the first two right-hand terms are Hooke’s law (s and o are the mehanical compliance
and stress tensors, respectively) and the converse piezoelectric effect (d is the piezoelectric
tensor and E is the electric field). The last right-hand term denotes the electrostrictive ef-
fect. The electrostriction coefficient M, is theorized to be non-zero in all dielectrics. The
electrostriction effect is not symmetric; there is no direct electrostriction effect such that the
strain squared will generate a polarization [252]. The electrostrictive coefficients have been
measured for a variety of materials [253, 254, 255].

The electrostriction coefficient M has been found to be inversely proportional to the relative
permittivity and mechanical compliance; it can be approximated by M = % [253], where
€; and g are the relative and vacuum permittivities and Ey is the Young’s modulus of the
dielectric material.

For a freestanding beam composed of a dielectric is sandwiched between electrodes, the
application of an electric field between the electrodes will produce a strain within the dielectric
due to the electrostrictive effect, which will then polarize the material. If the neutral axis of
the beam is displaced relative to the center of the dielectric layer and an AC drive is applied, a
curvature can be generated due to an effective piezoelectric effect from electrostriction. The
curvature equation due to both the piezoelectric and electrostrictive effects is:

ZptdEAC
K= ———
f

(es1 + EyMEpc) (A.11)

Where Z, is the distance between the neutral axis position and the center of the dielec-
tric/ piezoelectric layer, 7, is the thickness of the dielectric/ piezoelectric layer, Dy is defined in
Appendix A.1, es; is the piezoelectric coefficient,E 4¢ is the applied AC drive to generate the
curvature and Epc is the DC bias field used to generate the polarization within the dielectric
material.

Based off the above equation, an effective piezoelectric coefficient can be derived based the
application of a DC bias V. on a dielectric sandwiched between electrodes:

€r&0Vpe
e EL ~ ———— » (A.12)
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A.2 Matlab Codes used in Doctoral Work

Listing A.1 — Calculates the difference between the neutral axis position and center of the
dielectric layer

function f = beam_Zp(t_array,z0,call)

%This function will find the difference between the piezoelectric

%layer center and neutral axis position for beams with either 1 or 2
metal

%layers above the piezoelectric layer (call 1 or 2 respectively)

if call == 1

t_piezo_center = sum(t_array)-t_array(length(t_array))...
-t_array(length(t_array)-1)/2;
f = z0-t_piezo_center;
elseif call == 2

t_piezo_center = sum(t_array)-t_array(length(t_array))-t_array(length
(t_array)-1)...
-t_array(length(t_array) -2)/2;
f = z0-t_piezo_center;
else
f = ’error’;
end

Listing A.2 — Calculates the flexural rigidity/total thickness/equivalent volume density

function f = beam_Zp(t_array,z0,call)

%This function will find the difference between the piezoelectric

%layer center and neutral axis position for beams with either 1 or 2
metal

%layers above the piezoelectric layer (call 1 or 2 respectively)

if call == 1

t_piezo_center = sum(t_array)-t_array(length(t_array))...
-t_array(length(t_array)-1)/2;
f = z0-t_piezo_center;
elseif call == 2

t_piezo_center = sum(t_array)-t_array(length(t_array))-t_array(length
(t_array)-1) ...
-t_array(length(t_array)-2)/2;

[y
]

z0-t_piezo_center;

3 else

f = ’error’;
end
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A.2. Matlab Codes used in Doctoral Work

Listing A.3 — Calculates the neutral axis location within a thickness cross section

function f = beam_ZOorEeq(E_array,t_array,call)

%This function will calculate either the neutral axis location or just

the
%equivalent Young’s modulus for a given beam condition.
if call == 1
for n = 1:1:1length(E_array)
if n == 1
z0_num = .5%E_array(n)*t_array(n) ~2;
z0_den = E_array(n)*t_array(n);
t_tot = t_array(n);
else
z0_num = zO_num +.5*%E_array(n)*((t_array(n)+
t_tot) 2-(t_tot) "2);
z0_den = z0_den +E_array(m)*t_array(n);
t_tot = t_tot+t_array(mn);
end
end
f = z0_num/z0_den;
elseif call == 2
for n = 1:1:1length(E_array)
if n == 1
z0_den = E_array(n)*t_array(n);
t_tot = t_array(n);
else
z0_den = z0_den +E_array(n)*t_array(n);
t_tot = t_tot+t_array(n);
end
end
f = z0_den/t_tot;
else
f = error(’Z0 function not working’);
end
Listing A.4 - Fits a Gaussian to a XRD theta2theta or rocking curve
function [f,gof] = xrdgaussfit(xrddata)
% This function fits a Gaussian onto a theta2theta or rocking curve peak
[sortedX ,sortingIndices] = sort(xrddata(:,2),’descend’);
fitl = fittype(’A*exp(-(x-B) 2/(2%C~2))+D*x+E’);
options = fitoptions(’Method’,’NonlinearLeastSquares’,’StartPoint’,...
[sortedX (1) xrddata(sortingIndices (1) ,1)...
0.1 0 01);
[f,gof] = fit(xrddata(:,1),xrddata(:,2),fitl,options);

end
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Listing A.5 — Calculates the effective flexoelectric and piezoelectric coefficient from the defor-
mation measurements on a cantilever in the first resonance mode

function coeffs = 1dv_coeffcalc(V_DC,V_AC,MaxAmp,bbeamprop,Length)
% Apply a surface fit to calculate the effective flexoelectric and
% piezoelectric coefficients based on the deformation experiments.
[x,y,2] = deal([]);
hconversion from deformation to curvature
coeff_conv = 12xbeamprop(1l)/5.34/Length~2;
% set data to be used in fitting
for i=1:1:1ength(V_DC)
x = [x;V_AC’]; % x axis is AC drive
if length(V_AC) == 3 7, y axis is DC bias
y = [y;[V_DC(i);V_DC(i);V_DC(i)1];
elseif length(V_AC) == 4
y = [y;[V_DC(i);V_D
elseif length(V_AC)
y = [y;[V_DC(i);V_D

(1);V_DC(i);V_DC(i)1];

C
5
C(i);V_DC(i);V_DC(i);V_DC(i)11;
end
% z axis is the deformation data
z = [z;MaxAmp(i,:)’.*xcoeff_conv];
end
XY = [x,y]; % for linear regression function
T = [1 0 0;1 1 0]; % denoting the function: b*x+c*x*y
fit_1m = fitlm(XY,z,T); % find the solution to the above function
% define the coefficients
coeffs_fit_1m = fit_1lm.Coefficients;
coeffs.u_eff = coeffs_fit_lm.Estimate(1);
coeffs.e_eff_Zp = coeffs_fit_1lm.Estimate(2);
coeffs.e_eff = coeffs_fit_lm.Estimate (2)/beamprop(4); ’divide by Zp
coeffs.adjR2 = fit_lm.Rsquared.Adjusted;
%% Standard Deviation Calculations
coeffs.u_eff_std = coeffs_fit_1lm.SE(1)*sqrt(fit_lm.NumObservations);
coeffs.e_eff_Zp_std = coeffs_fit_1lm.SE(2)*sqrt(fit_lm.NumObservations);
coeffs.e_eff_std = coeffs_fit_1lm.SE(2)*sqrt(fit_lm.NumObservations)/
beamprop (4) ;
end
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Listing A.6 — Fits a Lorentzian to the sweep measurement during the deformation experiment

function results = ldv_lorentzfit_sweep(structs)

% Modification of Annalisa de Pastina and Damien Maillard’s code.

% This code takes the data from the files provided by the Zurich

% Instrument lock-in amplifier from a sweep measurement, makes a
Lorentzian

% fit of the square of the amplitude signal and returns a struct with the

% fitted and raw results.

[~,c] =size(structs); )Get the number of rows and columns

points=structs{1,1}.samplecount; /%Number of points acquired during the
sweep

[RawFreq ,RawAmp ,NormalAmpSqrd ,fitlor3] = deal(zeros(points,c));

[MaxAmp ,Q,ResF,adjR2,Y0ffset] = deal(zeros(l,c));

guessQ = 1500; 7 to help the fit function get accurate results

for i = 1:1:c
RawFreq(:,i) = structs{l,i}.frequency(1l,:); % raw frequencies
RawAmp (:,i) = structs{1l,i}.r(1,:); % raw amplitudes

NormalAmpSqrd(:,i) = (RawAmp(:,i)/max(RawAmp(:,1i)))."2; % amplitude
is normalized and squared

[maxamp_nor, index] = max(NormalAmpSqrd(:,i)); % finds max amplitude
and index

guessamp=pi*RawFreq(index,i)/2/guessQ*maxamp_nor; 7 guesses the
normalized max amplitude

ftype = fittype(’offl + amp*f0/2/pi/Q/((x - £f0)72 + (£0/2/Q)72)°);

opts = fitoptions(’Method’,’NonlinearLeastSquares’,’Algorithm’,...

’Levenberg-Marquardt’,’TolX’,1e-10, ’TolFun’,1e-10, ’StartPoint’,

[guessQ guessamp RawFreq(index,i) 0]);
[fitlor,gof]
fitting data
fitlor3(:,i) = fitlor (RawFreq(:,i))*max(RawAmp(:,1))72; %
unnormalized fit data, squared

fit (RawFreq(:,i), NormalAmpSqrd(:,i), ftype, opts); %

confid_inter = confint(fitlor); J confidence intervals

5 end

end
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A.3 AIN Wafer Catalog
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Figure A.1 — AIN catalog with all depositions discussed during Chapter 2.
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A.4  AlyeScy4N Wafer Catalog
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Figure A.2 - AlIScN (40% Sc concentration) catalog with all depositions discussed during Chapter
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A.5 Etch Test Tables

Figure A.3 — Etch test results for HfO,, TiO» and Mo thin films. A spectroscopic reflectometer
(FilMetrics F20-UV) and ellipsometer (Sopra GES 5E) were used to measure HfO, and TiO.
Even with fine tuning of the measurement fitting, the reflectometer measurements were not
high resolution. The ellipsometer provided much higher resolution and more reasonable error.
For the Mo thickness measurements, the profilometer (Bruker Dektak XT) was used for wet etch
tests, while the dry etch tests could be completed by eye through a viewing glass. The HF-based

Etch Rates
. . . STD
Etch Test Filmetric [ Average GoF | Ellipsometer (Ellipsometer)
nm/min nm/min nm/min
1:3 40% KOH:H,0 (RT, 30°C) 0.00 0.84
37% HCI (RT) -0.01 0.39 0.00 1.21
STS Pt_etch (20 sccm Cl,/70 scem Ar) 15.42 0.78 28.52 1.21
HO, STS W_etch (50 sccm SFy) 19.80 0.90 21.07 1.21
IBE, low recipe (300 W, 500 mA/cm?) 160.00 0.33 24.00 0.07
BHF 7:1 5.05 0.01
1:4 HF 49%:H,0 71.42 0.76 66.16 1.21
uETCH, recipe 1 -0.14 0.05
Etch Rates
. . . STD
Etch Test Filmetric | Average GoF | Ellipsometer (Ellipsometer)
nm/min nm/min nm/min
STS Pt_etch (20 sccm Cl,/70 scem Ar) 31.34 0.67 26.50 1.44
STS W_etch (50 sccm SFg) 149.79 0.37 138.62 1.44
IBE, low recipe (300 W, 500 mA/cm®) | 16.99 0.44 19.29 0.72
TiO.
e 1:3 40% KOH:H,O (RT, 30°C) 0.06 0.64
37% HCI (RT) 0.05 0.67 0.03 1.44
BHF 7:1 2.17 0.02
1:4 HF 49%:H,0 96.47 0.40
Etch Rates
Profilomet STD By Evye
Etch Test er (Profilometer) yEY
nm/min nm/min nm/min
STS Pt_etch (20 scem Cly/70 scem Ar) 16.00
STS W_etch (50 sccm SFy) 52.26
M BHF 7:1 -0.54 -0.087
o
1:4 HF 49%:H20 -39 -0.704
uETCH, ultralow recipe 0.24 0.063
uETCH, recipe 5 0.11 0.03

etch rate was very low for Mo, which made low error measurements difficult.
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A.6 Wafer Level Runcard

Wafer Level Fabrication Runcard
Substrates: silicon <100>, 100mm, 525um thick, single side polished
Step N° Description Equipement Program / Parameters
0 Wafer Preparation
0.1 Oxidation RCA request 295 um wet oxide, done by Cmi staff
0.2 Measure SiO2 thickness Z3/Nanospec Measure 48 pts
0.3 [Measure wafer curvature Z15/Toho 2x in 2 directions
1 PR Deposition for Bottom Electrode Liftoff (Mask 1)
Recipe #0171 (1.1 um AZ 1512, 0.48 um LOR). Dehydration step for 180
1.1 PR deposition Z1/ACS 200 seconds, spin coating LOR 5A, soft baking at 190C for 250 seconds, spin coating
AZ1512 HS, soft baking at 100C for 90 seconds
1.2 Exposure Z5/MLA 70 mJ/cm2, -1, h-line
Recipe # 0971 once. Development contact time with AZ 726 MIF for 66
13 PR development Z1/ACS 200
i / seconds, hard bake at 100C for 120 seconds.
14 Rinse wafers 71/Plade Solvent rinse wafer in water bath to remove lwafer backside residues, dry spinning step
in SRD
1.5 Uscope analysis Z1/uscope Check if fully exposed and developed, measure dimensions
1.6 Check PR thickness Z3/Nanospec Si+ECl recipe
2 Bottom Electrode Deposition
Bott: Electrod
2.1 ottom e? rode Z11/DP 650 Recipe: RTU_Mo, 37.3 seconds. Room temperature deposition.
Sputtering
3 Liftoff for Bottom Electrode
3.1 Remover 1165 bath Z1/Plade Solvent Put in Remover 1165 bath
3.2 Spray Wafers Z1/Plade Solvent After 1-2 hours, spray the wafer front with Remover 1165 to help liftoff
3.3 Remover 1165 bath Z1/Plade Solvent Leave in Remover 1165 bath overnight
34 Spray Wafers Z1/Plade Solvent Spray wafer front with Remover 1165 before moving to ultrasound bath
3.5 Remover 1165 bath Z1/Plade Solvent 5' wafer flat up, 5' wafer flat 90 degrees rotated
3.6 IPA bath Z1/Plade Solvent 90" IPA bath
3.7 Wash in FFT Z1/Plade Solvent FFT water bath
3.8 SRD Z1/Plade Solvent Full SRD
3.9 Uscope Z1/uscope Check if liftoff is complete
3.10 [ Thickness Measurement Z4/ Dektak Measure bottom electrode thickness and fences
3.11 Measure resistance By hand Multimeter
3.12 SEM for fence images Z1/Leo Tilted SEM
4 Dielectric and Top Electrode Deposition
a1 ALD deposition Z4/Beneq TFS200 Recipe: Hf02 200c 50nm LL. Chamber t'emperature is 200C and reactor
temperature is 80C.
4.2 Thickness Measurement | Z3/Ellipsometer Recipe g-75, a-45, 2pt
4.3 Stress Measurement Z15/Toho 2x in 2 directions
4.4 | Top Electrode Sputtering Z11/DP 650 Recipe: RTU_Mo, 37.3 seconds. Room temperature deposition
Square Resistance ) .
4.5 Z4/Omnimap Pt Recipe
Measurement
4.6 Stress Measurement Z15/Toho 2x in 2 directions
5 Top Electrode/Dielectric Etching Photolithography (Mask2)
51 PR deposition 71/ACS 200 Recipe # 0223 (1 um ECI, dehy, n_o EBR). T.h_ermal dehydration before
photoresist deposition
5.2 Exposure Z5/MLA 150 mJ/cm2, -1, h-line, invert the mask

Figure A.4 — Runcard for asymmetric and symmetric thickness cross section fabrication
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5.3 PR development Z1/ACS 200 Recipe # 0923, development contact time of 37 seconds
5.4 Rinse wafers Z1/Plade Solvent rinse with water hose, dry in SRD
5.5 Uscope analysis Z1/uscope Check if fully exposed and developed, measure dimensions
5.6 Descum Z2/Tepla 02 low 30"
5.7 Check PR thickness Z3/Nanospec Recipe 41
6 Top Electrode/Dielectric Etching
Wait one day after the photolithography and/or bake the wafers at low
6.1 Metal etching 72/STS temperature for at least an hour. Prep etching chamber by etching dummy for
2'. Mo by W_etch: 52 nm/min. HfO2 by W_etch: 21 nm/min.
6.2 Check metal etching Z2/Multimeter Check by hand 2-3 places.
6.3 Measure PR thickness Z3/Nanospec Recipe 41
6.4 Ellipsometer Z4/Ellipsometer Recipe g-75, a-45, 2pt
6.5 Check results in uscope Confirm Mo removed
6.6 Dielectric etching Z2/Plade Oxide HF 49%:H20 1:4 bath (10% HF), HfO2 etch rate 66 nm/min
6.7 Check dielectric etching Z2/multimeter Check by hand 2-3 places.
6.8 Measure SiO2 thickness Z3/Nanospec Si+Si02 recipe
6.9 Check results in uscope Check that HfO2 is removed
6.10 PR stripping ZZ/UZF;'/iisplls: and 30" high Tepla + normal 1165 bath + 30" high Tepla
6.11 Check results in uscope Check that PR is removed
6.12 Profilometer Z4/Dektak Measure top electrode+dielectric and bottom electrode thicknesses
7 PR Deposition for Pad Liftoff (Mask 3)
Recipe # 0171 (1.1 um AZ 1512, 0.48 um LOR). Dehydration step for 180
7.1 PR deposition Z1/ACS 200 seconds, spin coating LOR 5A, soft baking at 190C for 250 seconds, spin coating
AZ1512 HS, soft baking at 100C for 90 seconds
7.2 Exposure Z5/MLA 70 mJ/cm2, -1, h-line
Recipe # 0971 twice. Development contact time with AZ 726 MIF for 66
73 PR development Z1/ACS 200 seconds, hard bake at 100C for 120 seconds.
74 Rinse wafers 71/Plade Solvent rinse wafer in water bath to remove'wafer backside residues, dry spinning step
in SRD
7.5 Uscope analysis Z1/uscope Check if fully exposed and developed, measure dimensions
7.6 Check PR thickness Z3/Nanospec Si+ECl recipe
8 Pad Deposition
8.1 Pad Evaporation | Z11/EVA 760 250_AI_160, dep rate 1.6 nm/s, 100 nm = 62.5"
9 Finish liftoff for pads
9.1 Remover 1165 bath Z1/Plade Solvent Put in Remover 1165 bath
9.2 Spray Wafers Z1/Plade Solvent After 1-2 hours, spray the wafer front with Remover 1165 to help liftoff
9.3 Remover 1165 bath Z1/Plade Solvent Leave in Remover 1165 bath overnight
9.4 Spray Wafers Z1/Plade Solvent Spray wafer front with Remover 1165 before moving to ultrasound bath
9.5 Remover 1165 bath Z1/Plade Solvent 5' wafer flat up, 5' wafer flat 90 degrees rotated
9.6 IPA bath Z1/Plade Solvent 90" IPA bath
9.7 Wash in FFT Z1/Plade Solvent FFT water bath
9.8 SRD Z1/Plade Solvent Full SRD
9.9 Uscope Z1/uscope Check if liftoff is complete

Figure A.5 — Runcard for asymmetric and symmetric thickness cross section fabrication




A.7. Wafer Level Mask Design

A.7 Wafer Level Mask Design

Figure A.6 — Wafer level mask design for asymmetric and symmetric beam cross section fab-
rication. The bottom electrode layer is in purple, the top electrode and HfO, layers in green.
Sixty-one chips were patterned on each wafer and labeled with the wafer and chip number in
the second photolithography step.
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A.8 Supplementary SEM Electrode Images from Flexoelectric Actu-
ator Fabrication

(A) ®)

Figure A.7 — (A) Normal SEM image of an electrode with released cantilevers on Chip 3a. The
electrode pads (dark squares) below the beam support are used for IV characterization and wire
bonding. (B) Close up SEM image on the five cantilevers lengths fabricated on all the processed
chips.

A.9 Supplementary Data on DC Measurements

Table A.1 — Resistance and standard deviation of top and bottom electrodes before and after
vapor HF release (Chip 7, Run 1) or before and after chip level fabrication (Chips 43, Run 2 and
32, Run 3). Measurements were taken with DC probes in air. The resistance in the top and
bottom electrodes either increases after fabrication or stays approximately the same.

Chip Before | STD | After | STD
Q) Q) Q) )
Top Electrode
1s 70 28 86 37
2s 49 1.3 63 25
2a 29 0.8 35 0.1
3a 34 1.3 32 12
Bottom Electrode
1s 79 32 74 25
2s 39 1.3 55 18
2a 36 0.5 45 3
3a 60 25 57 0.02
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A.9. Supplementary Data on DC Measurements
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Figure A.8 — (A) Five repeated IV sweeps from -1 to +1 V and back using DC probes. (B) Five
back.
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A.10 Theta2theta Curves of HfO, on Si Substrates and Pt-Coated

Substrates
(A) B)
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Figure A.9 — (A) Theta2theta curve of 25 nm HfO, on a Pt-coated Si substrate. Only peaks from
Pt (40°) and Si (69°) are visible. (B) Higher integration theta2theta curve of 25 nm HfO, on a
bare Si substrate. Only a forbidden Si peak is visible. (C) Higher integration theta2theta curve of
40 nm HfO, on a Mo-coated Si substrate. Only a forbidden Si peak is visible.
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A.11. Designed versus Measured Cantilever Lengths

A.11 Designed versus Measured Cantilever Lengths

Table A.2 - Designed and measured cantilever lengths on Chips 1s, 2s, 2a and 3a by analyzing
top view SEM images in Image]J. Chips 1s and 2s have a symmetric thickness cross section, while
Chips 2a and 3a have an asymmetric cross section.The lengths were measured by analyzing the

top view SEM images in Image].

SC Designed Lengths | Chip 1s | Chip2s | Chip2a | Chip 3a
pm pum pum pum pm
10 9.6 10.0 9.8 10.0
15 14.5 15.0 14.9 15.1
20 19.5 19.9 19.9 19.8
25 25.4 24.9 24.8 24.6
30 30.4 29.9 29.6 29.2

A.12 Designed versus Effective Cantilever Lengths

Table A.3 — Designed and calculated cantilever lengths on Chips 1s, 2s, 2a, 3a and 3s using
Comsol simulations of the resonance frequency shift. Chips 1s, 2s and 3s have a symmetric
thickness cross section, while Chips 2a and 3a have an asymmetric cross section. Empty spaces
mean that no cantilevers with that length were measured by the LDV.

SC Designed Lengths | Chip 1s | Chip2s | Chip2a | Chip3a | Chip 3s
pm pm pm pum pm
10 10.15 11.05 10.35 10.95 12.4
15 15.15 16.05 15.85 15.55 17.3
20 20.45 21.45 20.7 21.2 22.7
25 24.6 26.7 25.9 26.2
30 30.4 31.85 31.15 31.25
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A.13 Expanded Flexoelectric and Effective Piezoelectric Coefficient
Results

Table A.4 - Calculated flexoelectric (i, ) and effective piezoelectric coefficients (e, rf) based on
a average of the individual surface fit results for all cantilevers with an asymmetric or symmetric
thickness cross section as well as separately for each measured chip and electrode. The effective
piezoelectric coefficient is shown as e.rr- Zp as well as e, ¢ for easier comparison to .
STD stands for standard deviation, which is propagated from both the surface fit as well as the
measurement error.

Cross Section | fioff STD | ecrr-Zp | STD Ceff adjR? M;::lr::d
(pC/m) | (pC/m) | (pC/m) | (pC/m) | (mC/m?) #
Symmetric 29.5 10.7 -16.4 30.8 -17.0 0.99 65
Chip 1s 23.6 5.9 -25.5 16.8 -26.4 0.99 13
Electrode 1 18.4 4.0 -16.7 11.4 -17.3 0.98 7
Electrode 2 29.7 4.4 -35.8 12.3 -37.0 0.99 6
Chip 2s 28.3 7.4 -11.7 21.9 -12.1 0.99 45
Electrode 1 30.7 5.2 -15.6 17.0 -16.1 0.99 18
Electrode 2 26.7 5.2 -9.1 13.7 -9.4 0.99 27
Chip 3s 48.4 49 -30.0 13.8 -31.0 0.99 7
Asymmetric 41.3 7.4 -4.1 26.5 -0.6 1.00 47
Chip 2a 36.2 4.2 -11.1 23.1 -1.6 1.00 19
Electrode 1 36.3 2.7 -14.9 21.3 -2.1 1.00 12
Electrode 2 35.9 3.2 -4.6 9.0 -0.7 1.00 7
Chip 3a 44.8 6.0 0.6 129 0.1 1.00 28
Electrode 1 45.6 5.0 0.2 11.5 0.03 1.00 22
Electrode 2 42.0 3.4 1.8 5.9 0.3 0.99 6
Total average 37 13 ‘ ‘ 105
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A.14. Supplementary Data from Chapter 4 Flexoelectric Coefficient Analysis

A.14 Supplementary Data from Chapter 4 Flexoelectric Coefficient
Analysis

Table A.5 — All flexoelectric coefficients taken/derived from literature for analysis on the re-
lationship between the experimental flexoelectric coefficients and relative permittivity. Star
indicates that value was digitally received from graphs within the literature.

M1z Or U3

Material Crystallinity Phase (nC/m) €r Reference
near temperature of
PMN-34PT single crystal maximum relative 36,400 33000 [212]
permittivity
paraelectric, above
PMN-34PT single crystal polar region 4,700 3000 [212]
temperature
near temperature of
PMN-28PT single crystal maximum relative 37,200 35000 [212]
permittivity
paraelectric, above
PMN-28PT single crystal polar region 2,100 6300 [212]
temperature
near temperature of
PMN ceramic maximum relative 4,400 12700 [208]
permittivity
PMN ceramic paraelectric 310 1960 [208]
BST/ZNO | ceramic composite | near curie temperature 128,600 | 41400 [214]
BST/ZNO ceramic composite paraelectric 170 700 [256]
BST ceramic near curie temperature 96000 16400 [209]
BST ceramic paraelectric 650 1700 [209]
BST ceramic near curie temperature 8500 4100 [179]
BTO ceramic near curie temperature 43200 10200 [207]
BTO ceramic paraelectric 7770 2950 [207]
BTO (001) single crystal | near curie temperature 25400 14000 [192]
BTO (001) single crystal paraelectric 200 1500 [192]
BTO (110) single crystal | near curie temperature 109000 13000 (192]
BTO (110) single crystal paraelectric 50* 1500 [192]
BTO (111) single crystal | near curie temperature 101000 13000 [192]
BTO (111) single crystal paraelectric 10* 1500 [192]
PZT-5H ceramic ferroelectric, unpoled 9600 11000 [210]
PZT-5H ceramic paraelectric 1000 2700 [210]
TiO2 (110) single crystal dielectric 1.5 110 (193]
STO single crystal paraelectric 7 300 [198]
STO single crystal paraelectric 4.1 75 [16]
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A.15 Supplementary Data from Chapter 4 Flexoelectric Coefficient
Analysis

Influence of constant definition on y value

c=e/4na c=e/a
Relative Permittivity Range | Gamma (107-3) | Error (10"-3) | Gamma (E-4) | Error (E-4)
All, with HfO2 2.0 0.1 1.6 0.1
All, without HfO2 2.5 0.1 2.0 0.1
Low, with HfO2 2.6 0.1 2.1 0.1
Low, without HfO2 3.8 0.3 3.1 0.3
High 7.5E+04 2.0E+04 6.0E+03 1.6E+03

Linear Fitting Results | Slope (E-9) | Error (E-9) | Intercept (E-6) | Error (E-6) | AdjR2
All, with HfO2 2.3 0.5 3.3 7.7 0.44
All, without HfO2 2.3 0.5 3.5 9.1 0.43
Low, with HfO2 0.7 0.3 -9.00E-03 0.8 0.18
Low, without HfO2 0.7 0.4 -9.00E-03 0.9 0.15
High 1.4 1.2 29.0 25 0.04

Figure A.10 — Influence of the constant definition in the power law fitting of the experimental
flexoelectric coefficients versus relative permittivity. Linear fitting results for experimental
flexoelectric coefficients versus relative permittivity.
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A.16 Data from Chapter 4 Curvature Generation Analysis

Table A.6 - Comparison of flexoelectric and piezoelectric curvature generation for a given
electric field with 10 nm thick electrode and actuation layers. All electrodes were Pt. The
thickness of the actuation layer is denoted as t4. The effective flexoelectric coefficient for
TiO, was taken from [193]. In the case of our AIN thin films, a seed layer of 10 nm AIN was
included in the calculation and the AIN e3; was an estimated value and therefore only the order
of magnitude of the curvature generation should be taken into account.

Actuation Layer ta esleff Heff Curvature/
' AC Drive

mm) | (C/m? | mC/m) | (10*3/Vm)
HfO, (this work) 10 0.037 0.1
HfO, (this work) 5 0.037 0.2
TiOy 10 1.5[193] 4.0
TiO, 5 1.5 [193] 7.0
AIN (this work) 10 -1 5.2
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