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Abstract

Abstract

In this work, two cantilevered micro-electro-mechanical systems (MEMS) device architectures
were evaluated, whereas the actuation was done with the flexoelectric effect. The first approach
is based on a non-polar, a-phase polyvinylidene fluoride (PVDF) structure sandwiched between
two gold electrodes. In the second approach, iridium oxide (IrOx) serves as electrode material,
and titanium oxide (TiOx) as a functional material. For the Au/-phase PVDF/Au transducer,
«-phase PVDF was produced with a spin-on method on a heated chuck, which allows the
realization of ultra-thin (<200 nm) PVDF films with an average roughness below 20 nm. It was
found that this soft material exhibits a significant electrostrictive response. Consequently, it
was demonstrated that electrostrictive PVDF cantilevers could compete with their piezoelectric
counterparts while drastically reducing fabrication complexity. Temperature-dependent
cantilever tip deflection measurements were performed, which showed that the impact on the
tip deflection from room temperature up to 160°C is linked to the changes in the effective
Young’s modulus of the cantilever. Even though oc-phase PVDF was reported in literature to
exhibit a giant flexoelectric effect, this finding could not be verified. The latter findings from
PVDF films differ, however, entirely from the sputter-deposited rutile TiOx devices fabricated
and analysed in addition in this study. On device level, a linear dependence of curvature as a
function of voltage was measured when exciting cantilevered MEMS transducers sinusoidally.
The actuation was identified as flexoelectric, with a flexoelectric coefficient of ~2 nC/m.
Segmented top electrodes were designed to stimulate additional electric field gradients to
improve the performance of these devices even further. In addition, the pure electrical
performance of the IrOx/TiOx/IrOx stack is determined in detail on mechanically non-released
test structures, focusing on capacitance and leakage current measurements. On average, the
devices in this thesis showed a permittivity range between 60 and 95. The leakage current
measurements revealed capacitive-memristive leakage current hysteresis effects, which were
linked to the electrical charging and discharging of oxygen vacancies. Additionally, a dynamic
generation of these vacancies with an applied electric field was shown, which led to a repeatable
formation and dissociation of low-resistivity vacancy filaments in the TiOx layer. A drastic
change in the temperature dependence of the leakage current characteristics was found,

depending on the atmosphere to which the IrOx bottom electrode was exposed before sputter-
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Abstract

depositing the TiOx thin film. When getting in contact with air the formation of OH-bridges on
the surface of the IrOx is a leading factor in the temperature-dependent leakage current
behaviour. The temperature dependence of the leakage current is most probably due to the
deprotonation of OH-bridges. The herein-released oxygen can passivate electrically active
oxygen vacancies, thus decreasing the leakage current at increasing temperatures. With this
knowledge, the first temperature-dependent cantilever measurements were performed,

demonstrating this passivating behaviour.
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1 Introduction

Introduction

Most processes in life are a series of signal acquisition from the ambient, data processing and
actuation for the desired output. A detector is needed to enable the first step in this series which
shows the importance of such sensing elements. With the ability of humans to build their own
detectors, it is only a logical next step to decrease their size and cost while increasing their
efficiency. With the development of silicon-based (Si) technology, these three essential
requirements could be addressed. First, only pure optical and electrical detectors could use the
benefits of this new technology. The first emergence of a detector microsystem based on silicon
technology can be attributed to piezoresistive semiconductor strain gages, while ink jet printing
nozzles are an early example for an actuator microsystem.[1,2] Soon after, systems with both
mechanical and electrical components were developed. These first micro-electro-mechanical
systems (MEMS) included micro switches, pressure sensors, accelerometers, mechanical
resonators or torsion mirrors.[3,4] Depending on the size of the functional parts of these systems
can also be called nano electro-mechanical systems (NEMS). As the naming suggests, to actuate
and sense with these devices, transducer elements are needed to provide an electrical-
mechanical coupling. Several transducer mechanisms are exploited in silicon MEMS devices,
especially for actuation and sensing purposes. Besides the capacitive approach as standard, one
transducer principle strongly emerging in the last decade is based on the piezoelectric effect.
The piezoelectric effect describes the linear deformation of a non-centrosymmetric crystal with
an externally applied electric field or vice versa.[5] However, there is an often-overlooked

effect called the flexoelectric effect.[6]

The flexoelectric effect is an electromechanical effect that describes the mechanical
deformation due to an electric field gradient or a change in polarization due to a mechanical
stress gradient.[7] The flexoelectric effect gained particular interest over the last decades due
to its potential to outperform the piezoelectric effect on the nanoscale. This gain in interest is
due to an inverse cubic scaling of the mechanical deformation regarding the electric field

gradient.[8] Conversely, the strain generated from the piezoelectric effect decreases linearly
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1 Introduction

with decreasing thickness at a constant electric field.[9]' Additionally, in practical application,
the piezoelectric constant for common materials such as barium titanate (BaTiO3), lead-
zirconium titanate (PZT), strontium titanate (SrTiO3) or aluminium nitride (AIN) decreases
with decreasing film thickness due to a lower degree of crystallinity in thinner films.[10—12]
The linear scaling of the flexoelectric coefficient with permittivity of the functional material
can also give the flexoelectric effect a further significant role in the realm of actuation
principles, as modern electronic materials can provide exceedingly high permittivity values up
to 10000.[13,14] The flexoelectric effect was first described by Bursian et al. as a non-local
piezoelectric effect.[15] Non-locality means that for a flexoelectric analysis, it is not enough to
focus only on the unit cell of a given material, but multiple unit cells must be considered. An
induced polarization arises when a strain gradient is applied across a material, as the strain
distribution of a given unit cell differs from the neighbouring unit cell. Vice versa, when an
electric field gradient is applied, the electric forces vary from one unit cell to the neighbouring

ones, leading to mechanical deformation.

The effect was first shown experimentally in 1968 when a non-piezoelectric a-phase BaTiO3
beam was subjected to a 3-point beam bending characterization. The authors did not expect any
generated charges at all, as the a-phase of BaTiO3 is not piezoelectric, but still generated
charges were measured. As the bending of a beam introduces a stress gradient across the beam's
cross-section, the flexoelectric effect was first considered.[16] For the following decades, fewer
research efforts were invested in the flexoelectric effect. This is due to the flexoelectric effect
being negligibly small at length scales above several um due to both the comparably low
material coefficients and the increasing complexity of introducing a field gradient.[17]. When
writing this manuscript, most of the investigations on the flexoelectric effect were conducted at
ferroelectric, oxidic materials like PZT, SrTiOs or BaTiO3.[18-20] The reason is that the
flexoelectric effect scales with the permittivity and ferroelectrics tend to show a high
permittivity of up to 10° compared to other more common oxides in microelectronics and
MEMS like titanium oxide (TiOz), aluminium oxide (Al,O3) or tantalum oxide (Ta>Os) with
permittivity values typically between 30 and 100.[21] Non-oxide materials, like silicon nitride
or aluminium nitride, tend to have an even lower permittivity, with a permittivity below

30.[22,23]

! Practically, applying the same voltage ¥ when going to thinner devices with thickness /4 leads to the same
generated strain as the electric field increases as £ = V/h. However, there is a higher chance to increase the electric
field above the breakdown field strength of the dielectric layer and therefore damaging the device.
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For these reasons, non-piezoelectric phases of ultra-high permittivity materials like PZT,
SrTiO; or BaTiO; and variations of these material systems were investigated previously.[24]
Determining the flexoelectric activity in such electronic materials can be challenging, as they
often possess ferroelectric hysteresis and residual piezoelectric phases.[25] A ferroelectric
hysteresis introduces effects such as domain wall polarization and polarization switching
effects.[7] Standard methods to investigate the flexoelectric effect often originate in the field of
mechanical engineering on mm-sized samples. For example, a force is applied to a truncated
pyramid (or cylinder), and the resulting charge is measured.[26] When a force is applied to a
truncated-shaped design, such as a pyramid, the cross-sectional area changes in the direction of

the applied force, as shown in Figure 1.

F

e Ay
/\./AZ

Figure 1 Schematics for the truncated pyramid experiment. A force F is applied on the truncated pyramid,
resulting in different stress values at the two red cross-sections due to the difference in the area of A; and A>.

This change in the area leads to a local change in stress distribution and, therefore, the desired
stress gradient to study the flexoelectric effect results. To exclude parasitic effects due to the
residual piezoelectricity, these truncated shapes are compared to flat (non-truncated) shapes
(i.e. cylinders or cubes), and the resulting charge generation behaviour of both test devices is
compared. There are several problems with this approach: first, the stress generated in a
pyramid is not constant at a given cross-section, and secondly, it was shown that even small
non-zero piezoelectric coefficients (e.g., from residual piezoelectric phases or domain walls)

could substantially influence the resulting flexoelectric coefficient.[17]

Additionally, at the start of the thesis in 2017, there were several studies on the giant
flexoelectric coefficient present in a-phase polyvinylidene fluoride (PVDF).[27-29] In these

studies, a-phase PVDF films with ~10um thickness were cut into straight and truncated strips.

10
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These strips were then loaded with a sinusoidal force. Again, the resulting charge generation of

the straight and truncated strips was compared.

Typical values of the flexoelectric coefficients uey obtained from various methods are given in

Table 1.

Heff
Material
[nC/m]
SrTiO3 4.6 - 7[20,24]
PbZrO; 2.5:10° - 14-10° [18]
BaTiOs 5-10° [24]
p-phase PVDF-TrFE? 3.04 [30]
a-phase PVDF 18 - 104[27,31]

Table 1 Overview of effective flexoelectric coefficient values uoy of solid hard and soft materials.

For pure PVDF, there is a considerable discrepancy between the values for the flexoelectric
coefficient, reported in literature, demonstrating that the experimental determination of y is not

straightforward.

As advances in micro- and nanotechnology enabled the realization of smaller and smaller
devices, the flexoelectric effect gained more attention. This led to a reignition of research in the
flexoelectric field in the 2000s. With advances in micro-electromechanical systems, it is now
possible to produce sub-pum transducers with complex geometry.[32] In 2015, Bhaskar et al.
first showed a flexoelectric cantilever made from SrTiO3 built with semiconductor technology
at sub-um scales, which exhibited very promising results characterized by a flexoelectric

coefficient of e = 4.6 nC m™.[20]

Flexoelectric devices show several advantages. Most importantly, centrosymmetric crystal
structures exhibit flexoelectric properties. This increases the range of usable, functional
materials for NEMS/MEMS applications manifold. [8] Additionally, the flexoelectric effect is

present at temperatures above the Curie-temperature of the functional material. This makes the

2 TrFE stands for trifluoroethylene and is a co-polymer which is often added to PVDF. See section 3.5 for details.

11
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flexoelectric effect particularly useful in high-temperature environments. [33] Also, when
looking at MEMS cantilever applications specifically, the cantilever structures do not have to
follow a bimorph design. In detail, this means that the typical support layer in piezoelectric
cantilevers can be omitted. Every layer that must be added to a MEMS stack can lead to
significant problems. In the example of a cantilever MEMS, such issues include delamination
or cracking at the interface of two layers due to mismatched crystal structures and introducing
static bends of the cantilever due to interface stresses. Also, omitting the device layer means

that the cantilevers can be made thinner, leading to lower stiffness and higher tip deflection.

A prime candidate for flexoelectric silicon MEMS applications is titanium dioxide (TiOz). The
high permittivity of the rutile crystallographic phase leads to a pronounced flexoelectric
actuation. [34] Rutile is also the most common phase of TiO>. It has been calculated that rutile
possesses a permittivity of 129/170 in the a/c-axis direction.[34,35] For MEMS applications,
TiO2 can also be fabricated with complementary metal-oxide—semiconductor (CMOS)
compatible processing, which is a significant advantage to other non-CMOS compatible
materials, such as BaTiO3 or PZT. For the analysis of the flexoelectric effect, it is also
advantageous that TiO2 has no piezoelectric phase. This makes it easier to confidently identify
flexoelectric contribution regarding the total electromechanical actuation of a MEMS device.
The paraelectric nature of TiO; also means that linearity of the polarization with respect to the

electric field is expected.

Prior to this work, to the best of the author's knowledge, there was only one study on TiO>
reporting on the flexoelectric effect.[36] In this work published by 2016 Narvaez et al., bulk
single crystal TiO; was presented, showing an effective flexoelectric coefficient of ~ 2 nC/m.
This work used a 3-point bending method of a macro-sized beam with dimensions in the
millimetre range (length/width/thickness: 20 mm/2 mm/0.175-0.53 mm) and measured the
generated charges. The authors argue that with this method, the surface piezoelectric effect
significantly affects the resulting flexoelectric coefficient. Still, this source is often cited for the
flexoelectric coefficient of TiO», even though the authors themselves argue that it is not a pure
flexoelectric coefficient. In the case where an electric field gradient leads to a mechanical
sample deformation, the surface piezoelectric effect can be neglected. For this reason and the

reasons above, the direct flexoelectric effect of TiO» was chosen to be investigated in this thesis.

For the application of the flexoelectric TiO> cantilever, the choice of the electrode material is
crucial, as it strongly influences the microstructural properties and, consequently, the electrical

behaviour of the capacitor. In this thesis, iridium dioxide was selected as electrode material for

12



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

1 Introduction

TiO; for several reasons. Foremost, iridium dioxide can act as a seed layer for TiO», as it has
the same crystallographic class, namely rutile, with a lattice difference between the rutile TiO:
and rutile IrO, of 0.086 A in a/b-axis direction. Due to the improved film quality when using a
seed layer, a higher permittivity of the TiO» can be achieved, as shown in chapter 3.5.
Additionally, the excellent lattice match reduces any stress between the IrO> and TiO: thin

films.[37]

In addition to TiO,, PVDF was chosen as an interesting functional material for MEMS
applications. From a research perspective, the huge discrepancy in the flexoelectric coefficient
for a-phase PVDF indicated the need for further research. From a device perspective, PVDF is
preferred due to its accessibility, and even with the lowest estimations of the flexoelectric
coefficient (~18 nC/m), actuation would still be high enough for a reasonable flexoelectric

application in MEMS, especially when operated in resonance.

Interestingly, a flexoelectric actuation of a cantilever is possible. From an electrical perspective,
a cantilever is a parallel-plate capacitor, so there should not be any field gradients and hence,
any absence of flexoelectricity. However, a bending of non-piezoelectric cantilevers when
applying an electric field, has been measured previously.[33] As to this date, the typical
explanation is that the polarization does not jump from 0 in the electrode to the bulk polarization
of the functional material but rather that there is a continuous change in polarization from the

electrode to the functional material, and thus a field gradient is present.

Besides the electro-mechanical performance, understanding the pure electrical processes
happening in the TiO- thin films is vital for further optimization of the material properties. As
the spatial gradient of the electric field is the primary cause for the flexoelectric effect, a spatial
measurement of the electric field at the dielectric/electrode interface in nanoscale resolution
would be best. However, there are not many readily available techniques to characterize the
electric field on a nanoscale, which is why more common measurement methods were chosen,
such as capacitance and leakage measurements, to understand better the electrical processes
occurring in the functional material. Especially leakage current characterization at different
temperatures can give much information about microscopic, material-related effects. Using
standard measurement methods to characterise microscopic processes has the disadvantage of
recording only an integrated behaviour over all occurring electrical processes. As such, only
generalized statements about the material can be made. However, by comparison with the
literature and by the characterization of many differently synthesized samples as well as

parameter variations, the amount of information enabled new insights.

13
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In the course of this work, a resistive behaviour that is dependent on the electrical history of the
material was observed. This phenomenon is either called the memristive (from memory and
resistive) effect or the resistive switching effect.[38] While the first describes the effect in
general, the latter originates from the phenomenon that, in some cases, the dielectric resistance
can be switched instantaneously under specific conditions. There are several mechanisms on
which these effects are based. One hypothesis introduces the generation of electrically active
particles or pseudo-particles in transition-metal oxides, where the oxygen is removed from the
lattice, and the emergent positively charged site acts like a charged particle.[39] These holes
increase the conductivity of the dielectric and can form a column connecting the two electrodes.
The column formation results in a shorted capacitor with drastically reduced resistance (low
resistance state, LRS). When the electric field is reversed, this column breaks down, and the
resistance is increased again (high resistance state, HRS). The switch from HRS to LRS and
vice versa happens on the scale of nanoseconds and has potential use in resistive random-access
memory (ReRAM). This technology is most favourable for advanced nanoelectronics devices
as it allows faster switching behaviour and longer retention times than existing RAM
technologies.[40] TiO2 was the first material where memristive properties have been reported

and has been the focus of intensive research activities for the memristive effect.[41-47]

There are also other types of memristive behaviour, such as interface effects, where an oxygen
exchange between electrode and insulator can change leakage current behaviour. In this model,
the electric field can move oxygen from the insulator into the metal electrode, therefore
removing the oxygen from the insulator, resulting in an increased oxygen vacancy density at
the interface. This, in turn, increases the leakage current through decreased resistance of the
insulator or a reduced Schottky barrier height, depending on the material selection. When the
electric field is reversed, the oxygen re-enters the insulator, passivating the vacancies, and thus

recovers the leakage current levels to the unbiased state. [38,48]

Another phenomenon that affects the leakage current behaviour is that the interface composition
changes when in contact with different atmospheres. The surfaces of materials such as IrO; or
Pt can bind oxygen and hydrogen from the atmosphere to form OH bridges or adsorb H>O
molecules.[49,50] When this happens, the surface's electrical properties also change. In
addition, these example materials also exhibit catalytic behaviour, specifically an aqueous
oxygen evolution, meaning that oxygen can be generated locally by splitting H>O molecules at

these surfaces.[51,52]

14
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As the flexoelectric effect in capacitor-type MEMS is proposed to originate at the interface of
the insulator to the electrode, this atmosphere and oxygen vacancy-dependent electrical effects
can also impact the electromechanical behaviour. Previous studies have shown a correlation

between oxygen vacancy density and the flexoelectric coefficient. [53,54]

This thesis investigates flexoelectricity in IrOx/TiOx/IrOx and Au/PVDF/Au MEMS cantilevers.
The design and geometry of the PVDF cantilevers and their correlation to the flexoelectric
effect are analysed while also investigating the electrostrictive effect in detail. The TiOx
cantilevers are studied in-depth for their mechanical and electrical performance. A flexoelectric
enhancement of the TiOx cantilevers by artificially introducing electric field gradients by a
segmented top electrode was theoretically derived and experimentally tested. The flexoelectric
behaviour of the TiOx cantilevers was analysed regarding the impact of the exposed atmosphere
during fabrication, as well as in different ambient temperature and humidity environments
during operation. The findings obtained from these investigations enabled a deeper

understanding of the origin of the flexoelectric effect, especially in oxide materials.

15
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2 Theory 2.1 Electronic properties of materials

Theory

2.1 Electronic properties of materials

Energy band structure

Charged particles in solids can interact with an applied electric field in various ways. In some
materials, electrons in the electric field show almost gas-like behaviour, while electrons are
nearly stationary in others. There are four main categories for the classification of conductivity
in solids. There are conductors, semimetals, semiconductors, and insulators. Their difference is
best described by the energy band diagram, where a schematic of the different positions of
energy bands for the four standard material classes is illustrated in Figure 2. According to
Bloch's theorem, for a periodic arrangement of atoms (nuclei), the solution of the electrons'
wavefunction y is degenerated, meaning that there are n possible solutions of the accompanying

Schrédinger equation for a given wavevector & of the electron.

16
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2 Theory 2.1 Electronic properties of materials
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Figure 2 Schematic band-diagram of different types of electrical conduction. The number of occupied states for
different types of materials is depicted as a black-to-white shading, where black means all states are occupied and
white means unoccupied states. The width of the band-diagram is respective to the density of states (DOS, i.e., the
number of energy states per unit volume). The red and blue bars indicate the range of the valence as well as the
conduction band, respectively. For metals and semi-metals, both bands can overlap. The dotted lines indicate
other present energy bands that are in a first approximation unimportant.

ﬁn,k¢n,k = En,klpn,k (1)

Where H is the Hamiltonian operator and £ is the electron's energy. Even though there are n
solutions, only two are most essential. These latter two solutions can be identified as either a
solution where the electron is either bound loosely to the nucleus or where the electron acts as
a free particle, which allows for electrical conduction. Lower energy states than the loosely
bound ones, as seen by the dotted lines in Figure 2, correspond to core electrons, which can be
regarded as electrically inactive. Energy states higher than the lowest free-electron energy band

have too high energy to significantly contribute to electrical conduction.
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Figure 3 Schematics of an electronic band structure for a semiconductor material. A typical dependency of the
available electron energies concerning the electron’s wavevector is shown. The conduction band Ecis shown in
orange, and the valence band Ey in blue, respectively. The difference between Ec and Ey is the band gap energy
Eg.

As shown in Figure 3, the wavevector dependency of the energy leads to the formation of bands,
whereas the most prominent ones are called the valence and conduction band, respectively.
Loosely bound electrons have energies above the conduction band energy Ec, and electrons

close to the nucleus have energies below the valence band energy Ey.

There are certain energy levels that electrons cannot have for insulators and semiconductors, as
there is no solution for the corresponding Schrodinger equation. This range of forbidden
energies is called the band gap and has the energy Eg(k). If such a bandgap exists, non-
conducting electrons in the valence band must gain E¢ to get to the conduction band. This
means that a certain amount of energy is needed to generate electrons for electrical conduction.
For insulators, the value of E¢ is even more significant, making conduction even less likely.
The larger the bandgap is, the less conductive the material is, generally speaking. For example,
insulating aluminum nitride has a bandgap of about 6 eV at room temperature, whereas

semiconducting silicon has a bandgap of 1.14 eV.

Another important energy is the so-called Fermi-energy Er. The Fermi energy is the upper
energy limit where all possible energy states are occupied for a "resting" material, i.e., at 0 K
with no external influences. This definition also implies that all electronic energy states are
unoccupied above the Fermi energy (at T = 0K). When the temperature is added to the picture,

the Fermi energy stays the same, but the distribution of occupied states changes. At 0 K, there
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is a sharp transition between fully occupied states to non-occupied ones. At temperatures above

0 K, a state is likely occupied above the Fermi energy, as depicted in Figure 4.

0.6

0.4

Fermi distribution

0.2

0.0F

I
0.8 0.9 1.0 1.1 1.2

Energy [eV]

Figure 4 Fermi-Dirac distribution calculated for a fictitious material with a chemical potential of 1 eV. The
distribution at different temperatures is shown.

The EF can also lie in the band gap, which is the case for insulators and semiconductors. For
metals, the conduction, and the valence band overlap, meaning Er is above Ec. When the Fermi
energy is closer to the conduction band, the conduction is more “electron-like”; when it is closer
to the valence band, it is more “hole-like”. Semimetals are similar to metals. However, only a
limited number of electrons are permitted near the Fermi energy. In an undoped (also called
intrinsic) semiconductor, the Fermi energy lies in the band gap and is located in the middle of
the forbidden band with an energy value halfway between Ec and Ey. If the semiconductor
materials are doped with other elements, the £r can be brought closer to either the valence or
the conduction band, depending on the dopant type. When the Er is closer to the valence band,
it is p-doped and has a dominating hole-like conduction, and when Er is closer to the conduction

band, it is called n-doped, and the conduction is predominantly electron-like.

Another effect that the Fermi energy helps to describe is when two materials with different
Fermi energies come into contact. As depicted in Figure 5, their Fermi energies equalize when
coming into contact, thus modifying locally at the interface of the band structures. In this band

diagram, the horizontal axis is a spatial axis (labelled as x-coordinate), whereas in Figure 3, the
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horizontal axis is the electron wave vector k. As the barrier height Eguier stays fixed, the bands

must compensate at the interface, leading to band bending.

Without contact In contact
Q A E \ Metal Semiconductor
b —
Q 5]
5 5
E,
EBarrier
EF,M __________
EF,SC
E,
> >

(a) (b)

Figure 5 The band diagram of a metal with Fermi energy (orange, dashed) Ery and a semiconductor with Fermi
energy Ersc without contact (left) and when brought in contact (right). When the materials come into contact, Eru
and Ersc equalize and Ersc = Eru. As a consequence, band bending occurs at the interface, while the barrier
height Egarrier Stays the same. In the example above, the case is shown where the Ersc is smaller than Er v, which
leads to an ohmic contact, as no rectifying barrier influences the conduction.

In the shown example, the Fermi energy of the semiconductor is lower than that of the metal,
leading to a downward bent edge. This leads to a so-called ohmic contact, where the interface
has no depletion region and no rectifying behaviour. An upward bent is observed when the
semiconductor’s Fermi energy is higher than the metal ones. This can lead to a depletion region
with a rectifying behaviour, and such an interface leads electrically to a so-called Schottky

contact.

20



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

2 Theory 2.1 Electronic properties of materials

Polarization

Polarization is a property of dielectric materials and has two components: a component from
intrinsic mechanisms and externally applied electric fields. One can imagine a positively
charged nucleus and a surrounding electron cloud to understand the primary mechanism, as

schematically shown in Figure 6.

Figure 6 A schematic of the basic principle of a dielectric polarization response to an electric field. On the left is
the positive atomic nucleus surrounded by an electron cloud under no external field. On the right side, the effect
of an electric field is shown. A polarization opposite to the applied electric field is induced by a spatial
displacement of the electron cloud compared to the nucleus.

When an electric field £ is applied, the electrons are shifted relative to the position of the
nucleus. This builds up a polarization P in the atom. This displacement of electrons happens in
a first approximation instantaneously, so that alternating electric fields in the range of 10'4-10

Hz can be followed. [55]

This polarization component is purely induced externally and is written as:
P = gyxE (2)
Where ¢ is the electric permittivity in free space and y is the electric susceptibility. The

susceptibility is related to the permittivity e-as y = &, -1.

The mechanism shown in Figure 6 is not the only possible polarization mechanism. Different
possibilities exist for a material to react to an external electric field. A compact overview is

given on the following pages.
Ionic

Ionic crystals, like salt (NaCl), for example, consist of polar molecules. No matter how you pair
up the Na+ and CI- atoms, there will be an inherent polarization. Even though this molecule is
polar, the solid in total is not (given there is no surface), as the molecules are placed such that

they cancel out these individual dipole moments. Applying an electric field breaks this charge-
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neutral atomic lattice so that the solid in total becomes polar. [56] Ionic polarization responds

in the range of 10'2-10'* Hz. [55]

Dipolar

Dipolar polarization acts only on inherently polar molecules. For the polar molecule water, for
example, the O-H-O structure, with a 104.5°angle between the two H-O bonds, has a dipole
moment due to two free ion-electron pairs of the oxygen that disrupt the charge-related optimal
angle of 109.5° which would make the molecule non-polar. This dipole moment will interact
with any external electric field, and the molecules will rotate and stretch to compensate for the
external field. This polarization mechanism is present in the ranges from 102-10'2 Hz. Water,

for example, has a response time of roughly 5-107'! s. [55]

Interfacial or space charge

This polarization mechanism occurs when a charge builds up at the surface of the dielectric due
to an external electric field. This typically happens when the dielectric is connected to
electrodes (which is discussed later on in section 2.2). Due to the dependency on the drift
velocity of charges, this process has the largest response time range regarding the electric field

and is in the order of 107-10° Hz. [55]

Ferro- and paraelectricity

The polarization response of most dielectric materials is linear with the electric field up to a
material-dependent saturation of the P-E curve. In Figure 7, typical P-E curves are shown.
Some materials, like PVDF or BaTiOs, do not experience this linear relationship with the
electric field, but show a pronounced hysteresis in the P-E characteristics. Such materials are
called ferroelectric. In ferroelectric materials, comparable to ferromagnetic materials, there are

certain domains in the crystal in which the dipoles are aligned in a particular direction.

The crystal consists of several domains, where each domain's polarisation is initially oriented
randomly to the other domains. When an electric field is applied and steadily increased, all the
dipole directions in the domains start to align with the external field. The P-E curve for this

initial electrical stressing of the ferroelectrics is marked with 1 in Figure 7. The higher the field
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strength, the more effective the alignment to the electric field is. At a specific field strength, all
domains are aligned, and the P-E response becomes linear. When decreasing the electric field,
marked with 2, the domains still tend to stay in the previously aligned direction. This means
there is still a net polarization even when no electric field is applied, which is called remnant
polarization P.. When the electric bias is reversed, the domains align in the opposite direction,
leading to a negative polarization, marked with 3. The field strength needed to cancel the

remnant polarization is called the coercive field strength Ecoe.

On the other hand, paraelectric materials have unaligned domains when applying a small

external electric field, resulting in a non-linear P-E relation without hysteresis.

— Dielectric AP
- >
E
Y
— Paraelectric AP — Ferroelectric A P
P |2
[
- > - 5 >
E / coe E
3
Y Y

Figure 7 The difference in the polarization response of the three different classes, di-, para- and ferroelectrics.
When applying an electric field, dielectric materials show linear behaviour. Paraelectric materials show non-
linear behaviour, and ferroelectric materials show a hysteretic behaviour in addition to non-linear behaviour.
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2 Theory 2.1 Electronic properties of materials

The capacitor

A typical use of a dielectric is in a capacitor, where the dielectric has a significant impact on its
electrical behaviour. The capacitor is also the primary building block in the cantilevered MEMS
devices mainly used to characterise the flexoelectric effect as a transducer. A capacitor is a
device to store electric charges by bringing two conductors with a potential difference close to
each other while being electrically isolated from each other. The conductors can be isolated via
vacuum or by a non-conducting dielectric. Capacitors come in many forms and shapes, but for
this work, a plate capacitor type is described, as depicted schematically in Figure 8. For the
following explanation, it is assumed that the permittivity of the dielectric is independent of the

electric field.

When a voltage is applied to two electrodes with a vacuum in-between, a charge difference
between the electrodes arises, resulting in an electrostatic force. This electrostatic force (which
is directly related to the electric field by the elementary charge ¢) changes linearly with the
applied voltage. Decreasing the distance between the capacitors while keeping the electrodes’

charge Qc constant increases the attractive force.

Considering no losses, one can then open the circuit, and this attraction will keep the charged

particles on the corresponding electrodes, thus preserving the potential energy input.
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Figure 8 A schematic planar plate capacitor illustration. Two electrodes (shaded in red and blue depending on
the charge) are separated by a dielectric (shaded in green). When a voltage is applied, opposite charges Qc build
up on the two electrodes that attracts each other. The attractive force depends on the applied voltage V and the
distance h between the electrodes. When a dielectric is present, a polarization is induced which introduces an
internal electric field E; in opposite direction to the external electric field E. The internal electric field dampens
the total electric field between the electrodes. The dampening factor is called permittivity y.

The capacitance C is a quantity indicating the magnitude of stored charge per voltage applied

in a plate capacitor and can be calculated as follows:

A
C= Eobr g (3)

Where 4 is the area of the capacitor and /4 is the thickness, &9 is the vacuum permittivity and &,
the relative dielectric constant (which is 1 for vacuum). In an ideal capacitor, the capacitance is
constant with the applied voltage, as an increase in voltage leads to an increased charge density

according to:

Qc
C=—= t.
;= cons

4)

If a dielectric is sandwiched between the two electrodes, the electric field £ decreases by the
permittivity of the dielectric. Unlike conductors, dielectrics restrict the movement of charges,

leading to an incomplete compensation of the externally applied electric field. Dipoles within
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the dielectric are induced and align in the opposite direction to the applied electric field E. This

results in a decrease of the total electric field strength between the electrodes by a factor of &,.

When the capacitor circuit is closed (i.e., the electrodes are connected via a conductor) and the
voltage set to zero, the charges can compensate via the external electrical connection, returning
to an uncharged state as a function of time. Real capacitors with an open circuit cannot keep
their charge indefinitely, as small currents can flow across the insulator to equalize the potential
drop. These currents are called leakage currents and can significantly influence the performance

of capacitors. The next chapter will discuss how charges can flow through an insulator.

2.2 Leakage currents

Leakage currents are an essential topic in the semiconductor industry, as the performance of
electronic devices is strongly dependent on keeping this quantity at the lowest level possible.
In the past, silicon dioxide was the standard material for the realization of e.g. capacitors. It is
straightforward to realize when exposing a silicon surface to an oxygen-containing atmosphere
at elevated temperatures and offers very low leakage current density values in the range of 10
® A/em? at 1 V.[57] Lower leakage currents reduce charging losses during switching and heat
build-up due to Joule heating. The most substantial disadvantage of SiO» as a capacitor material
is the low permittivity of around 3. This lower permittivity also means a lower capacitance, as

seen in equation 3.

For example, for metal-oxide semoconductor field effect transistor (MOSFET), SiO; is
primarily used as a gate oxide. To fulfill the computational need of a high MOSFET density in
a processor, the MOSFET sizes have to be reduced to a minimum. This includes the gate oxide
thickness of such MOSFETs. However, as the thickness of the SiO, reached below 2
nanometres, the probability of electrons tunnelling through the insulating gate oxide layer
increased above average, thus enhancing the leakage currents to 1 A/cm? at 1V, which is too
high for practical use.[58] Additionally, a high capacitance is needed to scale the device
geometries down in size, due to negative bias temperature instabilites and carrier mobility
lowering.[59] The capacitance also has an impact on the on/off switching times.[60] To keep
the high capacitance while avoiding excessive tunneling leakage currents, one promising

solution is to change the insulating material to a candidate with a higher permittivity. With such
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a material, the dielectric can have enough thickness to avoid excessive tunneling currents, while
ensuring optimized device performance. Prime candidates for this application are HfO» and
AlOs3 due to both their moderately high permittivity of 24 and 8 and their excellent insulating

properties. [61]

To reduce the leakage current, it is crucial to understand why electrons can overcome the energy
barrier represented by the insulator. The most conventional way to describe the processes
responsible for the leakage current is with the help of a band diagram. As outlined in section
2.1, the band diagram shows the energy levels an electron can occupy within a particular
material. There is a gap between the bound electrons representing the valence band and the free
electrons in the conduction band for insulators. Assuming electrons are the dominant charge

carriers, only electrons in the conduction band will contribute to the total leakage current.

The band diagram of a capacitor with an applied voltage across the opposing electrodes is

shown in Figure 9.
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Figure 9 Schematic energy band diagram of a capacitor structure with an applied external voltage. The effect of
band bending when the electrodes come into contact with the insulator, as explained previously, is omitted for the
sake of clarity. The conduction band is shown in blue, the valence band in red and the position of the Fermi energy
is indicated in green. The electron affinity of the insulator y, and the electrode work function ¢, is also shown
with respect to the vacuum level.

Next, an overview of the used terms is given:

Work function ¢.: The energy needed to remove an electron from the material to the vacuum

level.
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Electron affinity y,: Is the energy needed to insert an electron from the vacuum level into the

conduction band of the insulator.

With this terminology, a so-called barrier height can be defined, which is, in this most
straightforward picture, the difference between the electrode work function and the electron
affinity of the insulator. In this idealized picture, this maximum barrier height must be overcome
for electrons to get in the conduction band of the insulator. A potential difference also needs to
be applied to ensure current flow, which is identified as a tilt of the conduction and valence

band, as shown in Figure 9.

There are two possibilities for electrons to travel through the capacitor. One way is that there is
enough potential energy in the system from an applied voltage to get electrons from the
electrode's Fermi level into the insulator's conduction band. Temperature is also a key factor
here, as thermal energy increases the electron energy. Another way is that the electrons tunnel
through the barrier either into the conduction band or directly to the other electrode. It is often

also necessary to consider both thermal activation and tunnelling.

Another physical quantity that significantly impacts the leakage current behaviour is point-like,
structural defects that are electronically active and either located in the insulator or at the
interfaces to the electrodes. These defects include missing atoms, interstitial atoms, lattice
deformations, or unsaturated bonds in predominantly amorphous materials. Such defects can
affect the conduction properties of a material by capturing injected electrons and re-emitting
them after a particular response time. As the difference between the trap energy to the
conduction band can be smaller than the barrier height, they increase the amount of conducting
electrons.

Additionally, to the categorization into thermal and tunnelling mechanisms, a separation into
interface and bulk mechanisms can be made. All the following mechanisms are schematically
depicted in Figure 10. Generally, the effects are described with equations for the total current
flow (see equations 5, 6, 7), which are derived from the balance of probability of an electron

getting into the conduction band and leaving the CB at the other electrode.

Some assumptions are made for the leakage current models shown in the following. These are:
e Parameters in the models are constant and do not change with the electric field or in

time.

e The electric field is uniform and undistorted across the dielectric.
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e Carriers are emitted isotropically from the trap states. This is not necessarily the case
in all materials, especially when trap states have complex geometries or orientations.
e The density of trap states stays constant during the application of the electric field.

e Carrier-carrier interaction is absent

Common leakage current mechanisms and models

Schottky
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Electrode

>
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Figure 10 Schematic energy band diagram of a capacitor with an applied voltage V>0 and ignoring band bending.
Four typical leakage current mechanisms are shown. One exemplary interface mechanism is the thermionic
Schottky effect (purple). Bulk effects include the direct tunnelling effect (DT, green), the thermionic Poole-Frenkel
(PF, red), and the trap-assisted tunnelling effect (TAT, blue).

Field-enhanced thermionic emission (Schottky effect)

Generally, thermionic emission describes the leakage current caused by the thermal excitation
of electrons from the electrode into the conduction band of the insulator, as shown in purple in
Figure 10. When the temperature is raised, electrons can gain higher energy than the work
function. This means the electron can leave the electrode and get injected into the dielectrics’
conduction band. The term field-enhanced describes the lowering of the potential barrier when
an electric field is applied. The model often uses the Maxwell-Boltzmann distribution to
describe the thermal distribution of carrier energies. This distribution characterizes the
probabilities of carriers having various energies due to thermal excitation. The equation for the

leakage current generated by the Schottky effect is the following:[62]
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E(‘lbm‘%) (5)

— 2
]Sch - CSchT e kpT

Where E is the electric field, @sc, the Schottky barrier, 7' the temperature, Csc., a constant, k the
Boltzmann constant, &) the vacuum dielectric constant, &, the relative dielectric constant and ¢

is the elementary charge.

When a metal comes into contact with a semiconductor (given the correct electronic properties,
as discussed in section 2.1), the Fermi energies are equalized and a transfer of charge carriers
occurs, resulting in a space charge in the semiconductor. The space charge is repuslive to the
carriers and results in a potential barrier, called Schottky barrier. The currents across this barrier
shows field-enhanced thermionic emission behaviour. Therefore, a link between the Schottky

effect and the Schottky contact is given.[63]

Poole-Frenkel

The Poole-Frenkel effect describes the thermionic ionization of captured electrons in traps. The
leakage current is derived from the rate of the probability of electrons being trapped and
electrons being emitted from those traps. Bending the conduction band through an external
voltage and having higher temperatures can stimulate electron capture and emission from traps,
by lowering the effective barrier the electron is facing and thus increasing the leakage current
level. Those traps are usually attributed to localized states which can capture and emit injected

electrons. The standard formula for the Poole-Frenkel current is the following: [64]

o(orr- J7he) (6)

Jpr = CppEe kT

Where Cpr is a constant and @pr the Poole-Frenkel barrier height, respectively.
The Poole-Frenkel model is based on several assumptions that simplify the complex physical
processes involved. Here are the additional key assumptions typically made in the Poole-

Frenkel model:[65]

e No quantum mechanical effects, such as tunneling, are considered. Carriers are

assumed as classical particles with definite energy levels and trajectories.
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e Only a single trap energy level is considered, neglecting the presence of multiple trap

levels with varying energies.

Direct tunnelling

As shown in green in Figure 10, direct tunnelling represents the process when charge carriers
move directly from one electrode through the whole barrier to the other electrode. It is known
from quantum physics that a particle has a probability to transverse a barrier, even if it should
not be possible from classical theory. Even though the electron's wavefunction vanishes for a
potential with infinite height, when the potential has a finite value, the wavefunction only
decays exponentially, leaving a non-zero probability of existing on the other side of the barrier.
In theory, the particle does not lose any energy when travelling through the barrier. Applying
an electric field across the dielectric results in a thinner barrier, enhancing the tunnelling
probability. This phenomenon is modeled in the Fowler-Nordheim equation.

When the dielectric has trap states, the electrons can tunnel in and out of such, which is

described in the trap assisted tunnelling.

Trap assisted tunnelling

In the trap-assisted tunnelling (TAT) model, electrons can tunnel between traps and therefore,
"circumvent" the barrier between individual traps, as in the case of the Pool-Frenkel. Like all
the other tunnelling mechanisms, TAT is, from the purely theoretical point of view, only
dependent on the applied electric field and not on temperature. There are different equations
for TAT, depending on the amount and type of traps an electron passes while travelling to the
other side of the insulator. In this thesis, the inter-trap tunnelling equation was used, which

assumes Fowler-Nordheim trap emission [66]:

3
_8my2a1ms Or gy 7)
Jrar = Crare 3h E
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Where Crar is a constant, @747 is the trap-assisted tunnelling barrier, m; is the effective electron

mass, and % the Planck's constant.

In literature, the TAT in oxide-based capacitors is often associated with forming oxygen

vacancies. [67,68]

This model makes certain assumptions to simplify the complex quantum mechanical processes
involved. Here are the additional key assumptions typically made in the trap-assisted tunneling

model:

e The model is semiclassical. Quantum mechanical effects, such as wave-particle
duality and complex interference phenomena are ommited.

e The tunneling process is elastic, meaning that the energy of the carrier before and after
tunneling remains the same. This might not accurately capture inelastic tunneling

processes that involve energy exchanges.

Trap-dependent space-charge limited conduction

Space-charge-limited conduction (SCLC) was first described for vacuum diodes and is very
simple in its formalism.[69] It is derived from the time it takes for charge carriers to travel

through the dielectric. For a plane capacitor, the amount of charge that can be stored is:

Qc=CV (8)

Where Qc is the charge, C is the capacitance, and V' is the applied voltage. Given no time

dependency on the movement of the electric charges, the current Jsczc can then be written as:

Qc )

Jsce = -

Where J is the current and ¢ the time it takes for the electrons to travel from one side of the
capacitor to the other. With the known distance between the electrodes, /4, and the drift-velocity
of the electrons, which is the product of the electric field and the electron mobility umes, the

time it takes to cross the dielectric can be written as:
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_ h _ h?
Eumob Vp-mob

t (10)

Which, with the formula for the capacitance of a plate capacitor (equation 2), results in a

quadratic dependency as a function of the applied voltage:

€
JscLe & —“—mo3b V2 (11)
h
The SCLC is expected in capacitors with a low barrier ohmic metal/insulator interface. If the
latter condition is fulfilled, a large number of carriers can be injected, which travel through the

insulator, similar to the case for a vacuum diode.

The square law for the leakage current holds true if following additional assumptions are true:

e Only one type of charge carrier
¢ Diffusion currents can be neglected, only drift currents are considered

e No traps are present

The situation changes in real dielectrics, where electronic active traps are present in the material
and other conduction types are contributing to the total leakage current. In this work, the trap-
assisted SCLC is modelled as follows: at low voltages®, the travel time for electrons through
the dielectric is longer than the dielectric relaxation time. Injected charge carriers can therefore
distribute evenly across the dielectric so that charge neutrality is maintained and no space
charge regions exist.[70] This means that the SCLC behaviour does not determine the current
observed, and the thermal activation of charge carriers is the primary driving mechanism for
conduction. Also, the traps are not active at these low voltage ranges. When this is the case, the
conduction behaviour is ohmic (J o V). At intermediate voltages, the traps are activated. These
active traps contribute to the electrical conduction, most likely due to trap assisted tunnelling
and hopping mechanisms.[71] Carrier mobility and lifetime are also affected by traps due to
scattering and recombination effects. The traps are activated mainly across low-resistance
filament-like structures throughout the dielectric. Also, new traps can be generated, which
increases the current further. In this regime, the current increases exponentially with increasing

voltage (J o V2P, where exp is material dependent).[72] Finally, at higher voltages, all possible

3 The exact voltage levels depend on the dielectric material and can be determined from current-voltage
measurements. In section 4.3, the voltage levels for IrO,/TiO/IrOy capacitors are shown.
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2 Theory 2.2 Leakage currents

traps are active and an excessive amount of charges are flowing. [73] Here the current has the
above shown pure SCLC behaviour, as rate of carrier injection is so high, that a space charge

at the cathode exists, limiting the current.

Capacitive and memristive effects
When oxygen is separated from the lattice through an external electric field or other influences,
such as being exposed to a vacuum while being heated, it leaves behind a structural defect

(“hole”) called oxygen vacancy.[39] This can be notated in the Kroger-Vink notation as[74]:

1
05 » Vs + 2e” +§ 0, (12)

where O is the lattice oxygen and Vj; is a positively charged oxygen vacancy. Depending on
the oxide, these vacancies can act as either n- or p-doping. In the case of TiO2, an oxygen
vacancy acts as an n-dopant.[44,75] This is because the oxidation state of titanium is 4+ and
that of oxygen is 2- and in this case, the TiO: is fully oxidized with no net charges in the
molecule. When an oxygen atom is missing, there is a net oxidation state of 2+ in the TiO»
molecule. This charged state of the TiO contributes to electric conduction.

Additionally, the oxygen and the oxygen vacancy can then drift and diffuse through the
capacitor. The generation and movement of oxygen vacancies lead to complex leakage current
characteristics known as capacitive and memristive effects. [48,75,76]

Capacitive effects can stem from multiple effects.[77] One is the local separation of positive
and negative ions under an applied electric field. Another is from a oxygen vacancy
redistribution under an electric field.[78,79] The different effects lead to different capacitive
behaviour, such as pure -capacitive, the double-layer, pseudocapacitive or faradaic
capacitance.[80] These capacitive effects impact the total leakage current, as the separation of
charge carriers under an external electric field generates an internal electric field. Depending
on the relaxation time of the separated charges, this can lead to effects where a leakage current
is present for some time after turning the applied electric field off. This behaviour is seen in a
hysteresis in the current-voltage curves, as will be demonstrated in section 4.3.

The other type of effect the oxygen vacancies cause is the memristive effect. There are two
principal identifiers for memristive effects. These are a continuous, and a sudden change from
an LRS to an HRS (or vice versa). The continuous change is generally attributed to interface

effects. These could be a change in Schottky-barrier height, changes in the resistance of the
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interface due to the generation of oxygen vacancies or an oxygen exchange between the

insulator and the electrode.[38,48]

-
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Figure 11 Schematics of the percolation paths electrons form when travelling through a dielectric via vacancies
or oxygen ions.

The sudden change in resistance originates from conductive pathways, as illustrated
schematically in Figure 11 that are generated by either ionized oxygen atoms, oxygen
vacancies, dielectric metal ions or electrode metal ions under an applied electric field.[40] Some
research also suggests the formation of sub-stoichiometric conductive phases, e.g., the Magneli
phases Ti,O2n-1 for titanium dioxide.[81] These are also often called resistive switching effects,
as they are used in devices where a sudden change in resistance from a low-resistance to a high-

resistance state (LRS and HRS, respectively) is desired.
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2.3 Electro-mechanical transduction mechanisms

Transduction describes the conversion of one form of energy to another. For this thesis,
electromechanical transduction is the most important type of conversion. With this type of
transduction, electrical quantities are converted to mechanical quantities and vice versa. There
are a variety of effects that couple electrical and mechanical quantities. The type of
electromechanical transduction investigated in this thesis is the generation of electrical dipoles
and hence, polarization charges under a mechanical field gradient applied externally or the
generation of mechanical stress by applying an external electrical field gradient to dielectric

materials.

Piezoelectricity, for example, is caused by dipoles generated under uniform mechanical load
due to how the atoms are ordered in the piezoelectric materials. When looking at thin films, it
is also not enough to only consider effects linked explicitly to the bulk of the material. In
addition, the surface can significantly impact the electromechanical response. Next, the

different sub-groups of this transduction mechanism will be presented and discussed.

Bulk flexoelectricity

When the flexoelectric effect was first introduced, it was done due to the need to explain the
charges generated when bending a centrosymmetric BaTiO3 a-phase crystal.[16] This phase of
BaTiOs; should have no piezoelectric response due to its centrosymmetry. Due to the
polarization scaling with the strain gradient, the latter study's authors classified this
phenomenon as a non-local piezoelectric effect. Nonlocality in this context means that in
addition to the electric fields and phonons from nearest neighbour atoms of a given atom, the
electric fields and phonons from atoms throughout the crystal are necessary to describe this
effect. This picture becomes more evident when analysing what is happening to a crystal when

applying a strain gradient.
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Internal strains

Figure 12 A schematic drawing illustrating the direct flexoelectric effect. A plate with and without a deformation
is depicted on the left-hand side. On the right-hand side, the electric field of an exemplary unit cell of such a plate
is shown, where the grey lines indicate contour lines of the electric field strength. On the top is an unbent plate
made of a centrosymmetric crystal. The forces acting on the central atom (red dot) are balanced and cancel each
other out. When bent, as shown in the lower part, the resulting strain gradient deforms the unit cell as depicted,
and the forces are not balanced anymore, and the resulting internal strain causes a net polarization in the cell.

When analysing the physics of mechanical deformation on the atomic level, a derivation by
Born can be followed.[82] First, an important distinction has to be made. Namely, there is a
different result when a continuous medium is strained in contrast when the medium consists of
discrete atoms that are displaced. In a discrete arrangement of atoms, there is a complex
interactivity between the individual forces, resulting in a different deformation than from the
model with a continuous uncharged medium. This difference in strain from the discrete to the
continuous model is called internal strain. In Figure 12, the internal deformation of a unit cell
in a bent plate is shown. In a lattice where every atom is a symmetry centre, the internal strain
is zero; by definition, all the forces have an equal opposing force. On the other hand, a strain

gradient causes even such symmetric crystals to have an internal strain. This internal strain is
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essential when describing the flexoelectric effect, as seen in the following derivation. The
internal strain is microscopic with length scales in the sub-A range and does not affect the

dimensions of the strained volume.

Now that there is a basic understanding of the flexoelectric effect, one can turn to the current
models to describe this effect. The original formulation for the relationship of the polarization
P to the total strain for a flexo- and piezoelectric medium, which Kogan gave, was the

following:[83]

P; = xi;E; + dijicu + Ukl"%
Jtj ijkj U 9x; (13)
Here ijk are indices for cartesian coordinates. The first term, where the susceptibility y is
multiplied by the electric field £, describes the amplification of the electric field in a material
through polarization. The second term describes the piezoelectric effect with a linear
relationship between P and the strain u by the piezoelectric constant d. The last term describes
the flexoelectric effect with the characteristic strain gradient behaviour. Here, x4 is the
flexoelectric coefficient, and x is the position. For the converse effect, the same behaviour can

be observed:

i E+ g 2k
Oi = CijkiUkl ijktj T Mklij 37—
Here the total stress o consists of a term with Hook's law where ¢ is the stiffness tensor, a

piezoelectric d-E term and the flexoelectric term at the end.

A description based on the thermodynamic potential ¢, of a piezoelectric and flexoelectric
system gives a more descriptive picture. The thermodynamic potential includes polarization
and strain terms and their derivatives. The detailed derivation of the energy function is given in

[84] so that the following term results.
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-1

Xij Cijkt 9iji1 OP; OP;
= —2-P,P; + ——u; Uy — ————=—d; i Piu;
¢L 2 ity 2 ul]ukl 2 ax]- axl ijk lu']k

(15)

6uij aPk
L | Pr oy, Yox, )~ PE; — u;j0;;

The constant /" is called the flexocoupling constant, that couples the polarization with the strain
gradient. Minimizing the potential energy by applying the Lagrange-Equations d¢,;/0A —
:—x(a% /0(0A/0x)) = 0, where the substitute 4 can be P or u, yields the constitutive

equations. Here, the direct and converse representatives for a purely flexoelectric case are

shown:

aukl 62Pi
Ei=y AP — )i —— — q; i1 ——— 16,
i Xl] J klij axj gl]klaxjaxl ( )
dP;
0ij = CijiWia + Tiji F (17)
X1

When comparing these equations 16 and 17 with the definitions set in equations 13 and 14, a

scaling of the flexoelectric coefficient becomes apparent:

Miiij = Xislkisj (18)

This is a significant result, as this means that the flexoelectric effect scales with the permittivity
of the material. This result made the flexoelectric effect much more interesting for technical
applications when applying high-permittivity materials. Another feature of interest is that strain
gradients scale with the inverse of the thickness cubed (47), and thus for smaller geometrical
dimensions, the effect generates a significantly larger amount of polarization charges.
Consequently, this makes nanomechanical devices preferred candidates to exploit the

flexoelectric effect.

Kogan first estimated the magnitude of the flexoelectric coupling constant [83]. They arrived
at this estimation by considering a lattice of point charges with charge ¢ and lattice spacing a,

respectively. When a strain gradient is then applied to this lattice, the energy density changes

q
4mMEga

in a first approximation in the order of % This change can then be compared to the
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flexoelectric term in the energy density function (equation 15) and the estimation for the

flexocoupling constant is achieved:

r~—4__ (19)
4mmeya

This estimate results in a flexocoupling voltage range of 1...10 V and works well for materials
with a permittivity of moderate value. However, this estimate does not hold for some extremely
high permittivity materials like the second order phase transition ferroelectrics like PZT.
[18,85] This could either be because there is some hidden flexoelectric mechanism at such an
incredibly high permittivity, or there are residual piezoelectric phases or nano-sized polar
regions, which was shown to have a substantial impact on the flexoelectric coefficient of the

material.[17]

It should also be mentioned that the direct and converse flexoelectric coefficients should have
the same value; otherwise, basic thermodynamic principles would be hurt. Assuming that the
coefficients have a different value, it would be possible to build a Perpetuum mobile. For
example, when pairect > tconverse, the harvested energy would be larger than the amount of energy

needed to drive the machine, and thus the feedback loop creates endless ever-increasing motion.

Bulk piezoelectric effect

In the previous chapter, it was shown that the internal strain in a crystal causes the flexoelectric
effect. This is also the case for the piezoelectric effect, but with the difference that the internal
strain, when applying a constant strain throughout the material, arises from the asymmetry of

the crystal's unit cell, as schematically illustrated in Figure 13.
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Figure 13 A schematic unit cell of a piezoelectric material. On the left, no external force is applied to the unit cell,
and the y-position of the centre of positive charges yo* equals the one of negative charge yo. On the right side is
the same unit cell with an external force applied. The applied force changes the positions of the charges, and the
charge centres don’t align anymore, leading to a net polarization in the unit cell.

The piezoelectric effect is substantially more pronounced than the flexoelectric effect due to
the significantly higher coefficient, which is generally about three magnitudes higher when
comparing x4 and d.[17] However, going to lower dimensions, the flexoelectric response
increases while the piezoelectric coefficient stays constant, meaning that at some point, the
flexoelectric contribution dominates the piezoelectric one. The exact point where the
flexoelectric effect dominates piezoelectricity depends on the materials, which are compared,

but a general rule of thumb predicts a value below one um. [86]

As was shown earlier, the piezoelectric effect is characterized by a linear relation of P and u:

Py = xi;E; + dijicwi (20)

As can be seen, the piezoelectric effect is independent of the permittivity. Reducing the
thickness of a piezoelectric plate capacitor reduces the amount of strain/polarization gained
when the electric field is kept constant. This is because the total strain within the material is
equal to the sum of the individual unit cells. There are fewer unit cells when the material is
thinner, and the corresponding sum of the individual strain contributions is smaller than in
thicker materials. This makes the piezoelectric effect less pronounced, especially in NEMS.
Practically, this dimensional effect is less severe, as unit-wise, a voltage (V) is applied (and not
an electric field kV/cm), and the resulting electric field has an inverse proportional thickness

scaling.
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Dynamic flexoelectric effect

In contrast to the piezoelectric effect, the flexoelectric effect also involves a time-dependent
contribution to the polarization of the material. This effect is called the dynamic flexoelectric
effect. When looking at an acoustic wave passing through the bulk of a material (for example,
TiO,), the force that the acoustic wave exhibits on the heavier ions (Ti*") is different to that on
the lighter 1ons (O"). This difference in forces leads to a desynchronization of the heavy ions to

the lighter ones and, in turn, causes a polarization wave in the material.

It has been shown that the dynamic flexoelectric constant follows this relation:[6]

1
uglij = _'[_)XinMnsCsjkl 21)

Where M denotes the so-called Born effective charge tensor, a characteristic for the response
of a set of charges to perturbations, and p the density. For acoustic waves, the magnitude of the
dynamic coefficient is in order of the bulk flexoelectric coefficient. If the wavelength of the
acoustic wave is substantially larger than the thickness of the sample in which the wave is
travelling, then this excitation is negligible with respect to the dynamic flexoelectric effect, and
the dynamic contribution tends to zero. For micro- and nanoscaled devices, excitation

frequencies must be 10'°-10'? Hz to have a measurable impact.

Surface piezoelectric effect

When considering samples with finite sizes, surface effects will be introduced. Typically, in
macroscopic devices, these surface effects can be ignored as the volume of the bulk is much
higher than the area of the surface. However, reducing the dimensions of the sample increases
the surface/volume ratio, and the surface effects gain increasing importance and can even
dominate bulk effects.[87] When looking at the unit cell of a crystal at the surface, a so-called
relaxation of the outermost atomic layers will happen. This reconstruction, a rearranging of the
atoms in the uppermost surface layer, happens because the missing neighbours at the interface
change the attraction potentials in the unit cell. These reconstructed surface layers can have

polarization due to a disturbed balance of electrostatic forces. In Figure 14, the surface
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reconstruction of rutile TiO; is schematically shown. It is seen that the electronic structure of

the interface layer is strongly perturbed.

T Vaccuum

Tis,

® . . ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ . o . .

Figure 14 (Ix1) surface reconstruction of a (110) oriented TiO, surface. The atomic layer facing the vacuum
differs from the bulk. The atoms denoted as Tis., Oz and Os. are missing their neighbours, thus changing their
electronic structure. Even more, oxygen vacancies (green) and adsorbed hydrogen (blue) also change the

electronic surface properties.

Like in the piezoelectric effect, this polarization can deform the surface layer by applying an

electric field and vice versa.

A thermodynamic potential is introduced to model the surface piezoelectric effect and to derive
the constitutive equations.[88] The sample is modelled as a three-layered slab, where in the
middle is the bulk of the dielectric material and the top and bottom layers are piezoelectric
layers with 4, thickness. Here, 4, represents the size of a unit cell. The derivation originates

from the following relationship for the converse effect in a bending case:

2h ¢, 2h
=L =__5 22
G D e ) hAE D eh,IE ( )

Where G is the curvature of the bent plate, 4 is the thickness, D is the flexural rigidity, e is the
surface piezoelectric constant, E is the applied electric field to the stack and &, as well as ¢; are

the bulk and surface dielectric constants, respectively.
This result has several surprising consequences:

— The contribution is independent of the surface-to-volume ratio.
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— The contribution scales linearly with the bulk permittivity.

— The surface piezoelectric coefficient is in the same order of magnitude as the

flexoelectric coefficient.

These results make it very difficult to discern the surface piezoelectric effect from the
flexoelectric effect, as the latter quantity also scales with the bulk permittivity, and the
coefficient has the same order of magnitude. Additionally, the surface piezoelectric effect for a
bent slab has a very similar linear curvature as a function of the applied electric field as the

flexoelectric response of a bent slab, which is also described in this section.

Surface flexoelectric effect

The surface flexoelectric effect is the electric response of the surface to an external mechanical
strain. [89] To get an overview, a schematic of a simple surface, depicted as a layer of atoms as
seen from the top, is shown in Figure 15. When calculating the magnitude of this effect, one
comes to a fundamental problem, namely which unit cell to define. As seen in the figure, there
are two possible unit cells. When calculating the dipole moment of these cells, the result is that
both have a polarization opposite to one another. This means that the result depends on which

unit cell is chosen, which should not be the case.

® @ o ®
® @ ® ®

® ® @ ®
® ® ® ®

Figure 15 A simple lattice made of positively (+) and negatively (-) charged particles. This surface can define two
types of unit cells marked with the blue and red rectangle.
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Compared to the surface piezoelectric effect, this effect does not scale with the permittivity of
the material. This makes the surface flexoelectric effect in materials with a high permittivity
negligible. In low permittivity materials, the coefficient of the surface flexoelectric effect can

be as large as the bulk flexoelectric effect.

As to this date, it is unclear if this effect exists, as there are multiple arguments against it. The
author Resta argues that the surface flexoelectric effect is negligible in the thermodynamic limit,
as the macroscopic electric field inside a bulk slab is not depending on what happens at the slab
surfaces, meaning that surface-charge induced fields do not extend far enough into the bulk.
The author also proves that the macroscopic field is constant in the bulk of the slab, and a well-

defined linear response function of the material can be expected. [90]

Flexoelectric bending

The converse flexoelectric effect was initially measured by determining the deflection of a
BaTiOs; cantilever when an external electric field was applied. [16] By definition, the converse
bulk flexoelectric effect only exists if there is a polarization gradient in the material. However,
there is some apparent contradiction. As shown in Figure 16, the basic electronic structure is a
capacitor when considering a MEMS cantilever. In theory, a capacitor has no field gradient
inside the dielectric material as the electric field perpendicular to the dielectric/electrode
interface is constant inside the materials and makes an instant jump from one material to the
other. So, the question is, as an electromechanical response is measured in non-piezoelectric

materials, which correlate linearly with the strain gradient, where do the gradients come from?
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Electrode

Dielectric

Figure 16 A 3D model of a 3-layered cantilever structure with an applied voltage V is depicted. The two black
layers symbolize the electrode, and the white layer is the dielectric. On the right, the cantilever stack is seen with
a symbolic polarization curve along the thickness of the cantilever. A polarisation gradient exists as the
polarization does not jump from 0 to Py, but has a smooth transition between the two values according to an
unknown function. As the gradients have opposite signs at the two interfaces, the stresses also have opposite signs.
As the cantilever's neutral axis (blue line) is between the two interfaces, their torsion moments add up, and bending

occurs.

It is reasonable to assume that the most significant gradient will be at the interface, as the
polarization changes from a constant value to 0. Theoretically, there should be a polarisation
jump at the interface, but pure step functions are considered unphysical for most systems. This

is why a linear decrease in polarisation is assumed for the following derivation. [88]

A simple plate with height /# and free mechanical boundary conditions (no clamping etc.) is
considered as model. For the electrical properties of the electrodes, they are regarded as 2-
dimensional objects due to simplicity, and blocking boundary conditions are assumed, i.e. the

electric field inside the electrodes is O.

To get an equation of balance for bending moments, equation 17 is multiplied with a cartesian

coordinate along the thickness of the slab, x3 and is then integrated over the cross-section:

h/2 h/2 8P3 h/2
bf 0'11X3dx3 =b f13 f _X3dx3 + b Cllf Uqq X3dx3 (23)
—h/2 —h/2 0x3 —h/2

Here b is the width of the plate. On the left-hand side of the equation is the total bending
moment. The first term on the right-hand side is the bending moment caused by polarization

gradients (flexoelectric bending), and the last term originates from an optional external bending
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moment. Looking at the flexoelectric bending term, in the first step, the polarization gradient
times position x3 will be integrated by parts, where one part is O for the case that both interfaces
show the same polarization function. The second step is the integration of the polarization,
which can be written as the height times the average polarization based on the mean value

theorem.*

h/2 6P3 B h/2 B
—X3dX3 - - P3dx3 —_ _h(P3> (24)
—ny2 0%3 —h/2

For a slab where the dimensions are larger than the interface layer (which has a thickness in the
nm scale), the average polarization will equal the bulk polarization ((Ps;) =~ P). This is because
the polarization drop at the interface gets less significant when the thickness increases. This is
an interesting result, as the flexoelectric bending moment scales with the bulk polarization as
opposed to the polarization gradient at the interface. Of course, these are still forces applied to

the surface where the gradients are present.

Next, some results for strain calculation from plate theory are used. It is assumed that for a thin
plate, only small forces are necessary to bend it. Therefore, at both cantilever surfaces, the

stresses along the x3-axis are zero:[91]

013 = 03 = 033 = 0 (25)

As the plate is assumed to be thin and these stress components at the surface are zero, the latter
are also negligible in the bulk of the cantilever and are considered zero. When this result is used
in the fundamental equations for homogeneous deformations of a rod, we obtain the following

relations:[92]

Uy = Uz, = X36

C12
u33 = _x3 _C G
11
Uip = Uy3 = U3 =0
12 23 13 (26)

and apply them to equation 15 to obtain:

4 TIn this case we refer to the mean of a function which is defined as:

1 b
() =5= | Feoax
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X§31 D C12
b6 =T hP? 426G = 20PG (firzs — 2 fiun ) 27)
11

2 2
When the plate can mechanically move free, and o33 is 0, then this potential can be minimized

with respect to G (d¢p;/dG=0). This leads to the equation with which one can calculate the

flexoelectric bending:

G =—uE (28)

h
D
Consequently, the curvature scales linearly with the electric field, and the flexural rigidity takes

the following form:

D= Emod h3

_~mod * 29
12(1 —v?) %)

As expected, due to the scaling of D with 47, the thinner the plate is, the higher the curvature
gets. It is essential to point out that this result is derived for a single slab of dielectrics with
infinitesimally thin electrodes. Therefore, when applying this equation to real cantilevers, the
thickness is more ambiguous, as the electric field only exists in the dielectrics, while the
mechanical strain drops across the whole cantilever (dielectrics + electrodes). In this thesis, the
bending case is derived with an original approach to see how equations 23 and 28 change when

physical electrodes exist.

This is achieved by setting up the balance of the moment equation like equation 23, with the

difference being that the integral now spans over the electrodes.

he/2 he/2 oE ha/2 0E
f 0_11 x3 dx3 = ‘u f 6_3.7(:3 dX3 = ,U. f 6_3.7(:3 dx3 (30)
~he/2 ~he/2 X3 ~hq/2 9%3

For this equation, the external forces are set to 0. Instead of covering the whole cantilever
thickness /., the integral over the bending moment originating from the flexoelectric effect
(right-hand side) can be reduced to the thickness of the dielectric /g4, as there is no electric field
in the electrodes. The right-hand side can be evaluated similarly to equation 24, which equals -
U ha E = - u V. The relation between stress and strain is assumed to follow Hooke's law and

that there is no strain in the x> direction:
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011 V03,

Uy =
Emod Emod

072 Vo711

Uy = =0 (31)

Emod Emod

The strain that occurs for cylindrical bending can be calculated by analysing how the
mechanical strain changes in the radial direction of the plate, as can be derived from the

schematic illustration in Figure 17.

Figure 17 Schematics to derive the strain in a bending case.

The distance / can be expressed by the radial position » times the angular span of the beam 6.
Similarly, the length of /+0/ at any different radial position r+dr is then 6-(r+or). Both relations

can be rewritten as:

BREY]

——= (32)
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From this, a relation can be made, and the strain can be set in relation to the radius:
or Ol
==y (33)

Here, or can be identified as the x; direction for the moment integral. The //r factor is defined
as the curvature and, for small deflections, can be approximated as the second derivative of the

deflection with regards to the x; direction:
0w

u11 == x:;m (34)

Now, with equations 31 and 34 combined, the moment integral can be evaluated further:
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In this result, d?w/dx? can be identified as the curvature G for small deflections, and the
remaining coefficients can be identified as the flexural rigidity D. For reasons of simplicity, the
cantilever is assumed to have the same Young's modulus for the electrodes and the dielectrics.
Compared to the separate integration across the electrodes plus the dielectrics, this results in a
14.5% error when using values for a 200/200/200 nm IrO2/TiO2/IrO; plate stack when
compared to D with an averaged Young's modulus. Combining the result from equation 31 with

equation 35 yields the result
|4
G=pn—= (36)
"D

Which is the equation commonly used to evaluate the flexoelectric effect in cantilevers. By this,
it is shown in a straightforward derivation that the flexural rigidity depends on the cantilever

thickness, while the flexoelectric moment is linearly dependent on the applied voltage.
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2 Theory 2.3 Electro-mechanical transduction mechanisms

Electrostriction

Electrostriction is an effect that exists in every dielectric, which involves the contribution of
more than one chemical element. It describes the displacement of atoms in the dielectrics with

the square of the electric field.
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Figure 18 Schematic model to explain the electrostrictive effect. Blue and red rigid polarizable atoms of different
species are connected via non-linear springs. An external electric field E is applied, and the reactive motion of the
ions is shown in orange. Depending on the ion pair, stretching or squeezing can be observed. The potential energy
of this spring system is also shown, where the limit for an ideal spring is marked in green.

The cause of the electrostrictive effect can be explained as follows.[93] As seen in Figure 18,
a model consisting of a one-dimensional chain of rigid ions of equal distance is assumed. As an
external electric field is applied, positive ions are displaced towards the negative and negative
ions are displaced towards the positive potential. However, in real crystals, the repulsive and
attractive forces are uneven (it is easier to stretch than to contract). Two situations arise: in one,
the ion pair distance is enlarged, and in the other, the ion pair distance is reduced. For an
idealized spring system, this would lead to a net strain of zero. However, in real systems, the
forces between an ion pair are not symmetric regarding stretching or squeezing, and this slight

difference leads to a net displacement in the crystal lattice.

Electrostriction is distinctive in that the actuation is favoured in one compared to the opposite
direction. Experimentally this displacement, or stress, is proportional to the square of the
electric field, which has interesting consequences when a sine wave electric field is applied to

the dielectrics:
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Where Ey is the amplitude of the applied electric field, w is the angular frequency, and ¢ is the
time. For pure electrostriction, a sine wave actuation with frequency w causes a stress
oscillation with 2 w. For mechanical resonators, this means that to excite the resonator in its
natural resonance frequency, the applied field must be half the frequency of the mechanical

resonance. This can be exploited to determine the electrostrictive effect in resonators separate

from the linear electromechanical mechanisms like piezoelectricity or flexoelectricity.

Maxwell Stress

Maxwell stress describes the interaction of electromagnetic forces with a mechanical impulse.
In the case of a charged particle, this interaction is commonly known as the Lorentz force. The
Maxwell stress tensor is a generalization of the Lorentz force for charge distributions in 3-
dimensional space. In an electric field and without a magnetic field and in vacuum, the equation

for the Maxwell stress o is:

1
O-ij = SOEiEj —EE'OEZSU' (38)
Where d;; is the Kronecker delta.

When a voltage is applied to a capacitor, a Maxwell stress is applied to the sandwiched
dielectric. This force squeezes the dielectric from the bottom and top sides and also causes the
dielectric to expand laterally, as depicted in Figure 19. This deformation due to the applied

voltage means, that this effect can be used for actuation of MEMS devices.
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Figure 19 (a) A plate capacitor without any voltage applied. (b) When a voltage is applied, the two electrodes
attract and cause the Maxwell stress o. This stress causes the dielectric to deform and hence this effect can be used
for actuation.

However, this effect is negligibly small for harder materials and only plays a role in very soft
materials with a low Young's modulus (<1 GPa, TiO; has 157 GPa for comparison). Since this
effect is negligible even for polymers like PVDF due to a Young's modulus of roughly 2 GPa,

this actuation effect is not considered for this work.[94]
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2.4 Micromechanical resonators

There is a wide variety of micromechanical resonators, from simple structures, like cantilevers
or membranes, to complex systems, like motors.[1,95] For material characterization, it is
advisable to select simple structures, as the determination of material parameters in comparison
with theoretical predictions is much straightforward. Three essential building blocks for MEMS
were considered: cantilevers, bridges, and membranes. Cantilevers are one-sided clamped beam
structures. Bridges, in contrast, are beam structures clamped on two sides. Membranes are
plates which are fixed on the outer rim of the plate and can move freely in directions
perpendicular to the top and bottom surfaces. Cantilever structures were chosen to assess
material properties, as they offer one significant advantage: compared to the other two basic
mechanical structures, they are less sensitive to film stresses. As will be explained in section
3.2, film stress is a significant concern, as it can lead to a wrong interpretation for, e.g. material
parameter analysis when not appropriately considered or may even lead to a complete failure
of the MEMS structure. For beams, the film stress is compensated by static bending. This static
bending, however, can make measurements more complicated, such as investigations with laser
Doppler vibrometry, by reflecting the laser beam out of the optical measurement head. The
problem with static bending can be substantially minimized by carefully engineering the film
stresses in the cantilever to compensate across the whole structure or to have every thin film at
a stress level close to 0. Thin film stress-compensating cantilever structures can be seen in

Figure 20 a and ¢ with the problematic static bends in b and d.
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Figure 20 A SEM image of typical cantilever structures investigated in this study. In a and c, stress-compensated
cantilevers are illustrated, while in b and d, strong static, parasitic bending occurs.

A basic mathematical description of a beam is given by the Euler-Bernoulli equation:[96]

2°w(x,t
g 9wt

4

E -1

mod x4
Where p is the beam density, 4 the cross-section of the beam, w the deflection, ¢ the time, Enod
the Young’s modulus and / the area moment of inertia. This equation is an idealized version

with the following two main assumptions:

e Beam cross-sections remain the same during bending. This results from the
approximation that bending the beam does not introduce shear forces.
e Deformation angles remain small so that the curvature is equal to the second

derivative of the deflection (e.g., 10° bending results in a 1.5% error).

The second assumption is also essential, as the second derivative is used for calculating the

curvature of the cantilever and hence, for determining the flexoelectric coefficient.
To estimate the dynamic behaviour of the beams, the following analysis is based on the

definitions and explanations given in [97]. The solution of the Euler-Bernoulli beam equation

for the boundary conditions of a cantilevered beam is:
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cos(BpL) + cosh(B,L) | _
Sin(B, L) & sinh(p, ) () = sinh(B0)| - (40)

Where w, is the mode-dependent deflection, by is a coefficient, and S, is a coefficient that is

wy(x) = by - [cosh(fx — cos(f,x) +

frequency dependent. The index » is important, as this means that several solutions exist for
this equation. Each solution is at a specific resonance frequency and has a different deflection
profile, a so-called mode. The deflection solution for the first four modes is shown in Figure

21.
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Figure 21 The analytical solutions for the mode-dependent deflections wy for the first four modes of a cantilevered
beam.

The solution is more complex in two dimensions, but the shapes are comparable to the 1D case.

In Figure 22, a frequency-dependent mode shape measurement of a cantilever is shown. The

different mode shapes at their respective resonance frequency can be identified.
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Figure 22 Deflection spectrum of a typical MEMS cantilever excited with a chirp signal (amplitude of 1 V) from
10 kHz to 1 MHz.
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For this cantilever, three different shapes at three frequencies can be observed. In the Euler-
Bernoulli theory, damping of the cantilever motion is not included, and therefore the deflection
spectrum has infinitely thin peaks, approaching a line spectrum. In non-ideal systems, however,
the line spectrum widens to Lorentzian peaks. This is due to the so-called quality factor (Q), a
value of all energy losses in a resonator within one oscillation cycle. For mechanical resonators,

the primary individual loss components sum up to the global O-factor as follows:[98]

1 1 1 1 1
=~ = + + + (41)

Q Qmedium champ ing Qintrinsic Qother

These losses represent the following damping sources:
®  Omedium -> Accounts for losses due to the deflection being damped when the
resonator oscillates in a medium.
o QOciamping -=> These are losses due to energy losses to the substrate where the
cantilever is clamped.
®  Qinninsic > This term is for the losses inside the resonator material, such as due
to material impurities or thermo-mechanical losses.

e  Qomer -> This term accounts for any losses that are not listed here.

These losses result in the peak widening, i.e. the lower the Q, the wider and lower the peak

height.

The phase-frequency relationship for a resonator describes how the phase angle between the
applied force and the displacement of the resonator changes as the frequency of the applied
force varies. In the following, the phase-frequency relationship for a simple harmonic oscillator
(which is a reasonable approximation for the fundamental mode of a cantilever structure) is

given:

At resonance frequency

At the resonance frequency corresponding to the fundamental flexural mode, the cantilever
responds with maximum amplitude, and its displacement lags the applied force by 90 degrees
due to inertia and stiffness effects. When the displacement is at its zero point (nodal location)

the force has its maximum value, and as the force crosses its zero point, the displacement is at

57



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

2 Theory 2.4 Micromechanical resonators

its maximum (antinodal location). This way, the force is always acting in the direction of the

cantilever motion and no energy is wasted, resulting in the maximum amplitude of the system.

Below resonance frequency

At frequencies significantly below resonance, the mechanical resonator's phase response is
typically close to 0 degrees. Here the resonator can follow the actuation without lags, as the
frequency is low enough to ignore inertia effects and the amplitude is low enough to ignore
sitffness effects. The amplitude is lower, as a quarter of the force in a period is counteracting

the resonator motion and hence the amplitude is much smaller than at 90° phase shift.

Above resonance frequency

When the actuation frequency is far above the resonance frequency of a mechanical resonator,
the phase relation between the applied force and the displacement of the resonator is typically
close to 180 degrees. Here the frequency is high enough that inertia effects are significant as
the cantilever motion cannot follow the actuation signal and the resonator exhibits the highest
force when the actuation signal is opposite to the cantilever deflection. Again, a quarter of the

force in a period is counteracting the resonator motion
It's important to note that the phase shifts are not exactly 0, 90 or 180° due to the presence of

small damping effects, slight phase shifts introduced by the mechanical system, and possible

resonant behavior associated with other modes of vibration (higher-order modes).
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3 Methods

3.1 Thin film deposition

There are multiple ways to deposit films with thickness in the nanometre range. Sputtering is
the primary technique used to deposit metals and dielectrics in this work. For the PVDF
cantilevers, gold was deposited by evaporation, and the PVDF thin films were realized by spin

coating.

Sputtering

( Shiela Vacuum\
000 0000

| Target \
Shutter T!/— (A Q0 A *’0\ A

0/00 0 0/0 00

A

Plasma Single Knock-on Cascade

@ ‘ 3
0,
o o0 @ 0 Target Atom
© 09000000
|
+ Substrate o Ton
\_ ) @ Electron

L

Figure 23 On the left side is a schematic of a sputtering machine. On the right side are two possible mechanisms
for incoming ions to knock out target atoms.

With the sputtering technique, a substrate can be coated with a target material by accelerating
ionized background gas atoms towards a block of the target material (target, in short). The
kinetic energy of the impacting ions results in the ejection of target atoms, which drift towards
and sublimate on the substrate.[99] Partial ionization of the background gas is achieved by
plasma ignition due to large static (DC) electric fields. A schematic of a DC-magnetron

sputtering process is illustrated in Figure 23.
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The sputtering chamber is initially evacuated to a base pressure of 10”7 mbar to remove any
remaining gaseous contaminations. The process gas is introduced with a constant gas flow rate.
The used gas can vary, depending on if no chemical reaction is wanted (then inert argon is
commonly used) or if a chemical reaction between the gas and the target atoms is stimulated.
A plasma is ignited by applying a static electric field (with power values in the 200 to 2000 W
region after ignition). The plasma comprises free electrons, ions or ionic molecules and neutral

gas constituents.

The positively charged ionic particles are accelerated towards the target. Once the accelerated
ion reaches the target, it can knock out target atoms. These knock-out events can either happen
in a single step or as a cascade, as shown in Figure 23 on the right. Once the target atom is
ejected from the material's surface, the kinetic energy and drift direction is kept initially. On
their way to the substrate, the target atoms will collide with the gaseous constituents, resulting
in energy and momentum transfer and, thus, a wider angular distribution. After passing the
plasma, the target atom will be adsorbed on the surface of the substrate. A standard method to
increase plasma density, and hence, the ionization rate, is placing a magnetron above the target

to force the electrons on circular paths in the plasma region close to the target.

Essential parameters for sputtering are the plasma power, the background gas pressure, the gas
type and the distance between the substrate and target, respectively. The plasma power
determines the kinetic energy the gas ions, and therefore the target atoms, have. The increased
kinetic energy leads to higher ionization and sputter rates. Within certain limits, higher energy
favours a more ordered, i.e. crystalline growth.[100] The gas pressure and substrate-target
distance affect the target atom's mean free path (and, consequently, the angle range under which
the target atoms hit the substrate). With a higher gas pressure, more ions are present per unit
length, making it more likely to collide with a target atom and transfer kinetic energy and
momentum. With a higher electrode distance, the interaction probability of target atoms with

gas ions is enhanced.

For reactive sputtering, a reactive gas is used either exclusively or in combination with an inert
carrier gas. The reactive gas is activated in the plasma region and chemically reacts with the
target atom. This work mainly uses oxygen plasma to deposit iridium oxide and titanium oxide,

with pure iridium or titanium targets, respectively.

A LS730S sputter equipment from VonArdenne (Germany) was used in this work.
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Evaporation

Another coating technique that was used was thermal evaporation. Here the substrate and the
coating material are placed in a vacuum chamber. The coating material, for example, gold, is
loaded into a metallic container and is heated up to the evaporation point of the material. The
pressure in the chamber is significantly lower (< 10 mbar) compared to sputtering (10~ mbar
range) during deposition, as no plasma is needed. The evaporated atoms (or clusters), therefore,
have a very narrow angular distribution, as the mean free path in such a low vacuum is in the
range of meters, whereas for typical pressures in sputtering, it is in the centimetre range. Due
to the narrow angular distribution, only surfaces directly facing the container are coated, which
leads to an uneven coating if the substrate is very rough or has a distinct 3D topography. This
can also be beneficial, for example, in the lift-off process, as explained in the lift-off chapter in

section 3.2.

Spin-coating

Spin coating is a favourable technique for depositing materials in the liquid state. For this simple
method, depicted in Figure 24, a substrate is rotated at speeds of 500-5000 rpm while the
solution is cast in the centre of the substrate.[101] Due to the centrifugal force, the solution
spreads evenly with high uniformity over the entire substrate. The solvent of the solution is
usually volatile and evaporates, leaving the solute material as a thin film. The solvent
evaporation strongly depends on the volatility, the vapour pressure and the ambient condition.

The resulting film thickness can range from tenths of nanometers to several micrometres.
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Figure 24 The primary spin-on method for polymer thin film casting. The solvent is depicted in red, and the solute
as blue lines representing polymer chains. 1. A substrate is coated with a solution. 2. The substrate is spinning,
and the solvent evaporates simultaneously. 3. The solute remains and is the resulting thin film, shown in blue.

The most significant factors influencing the resulting film thickness are the solute concentration
(which affects the viscosity of the solution) and the spinning speed. Higher solute

concentrations lead to thicker films and higher speeds to thinner films.[101]

The films can exhibit defects, such as bubbles or uncoated areas, which are the most important
artefacts. The first defect arises if air bubbles are present in the solution, which are then also
present in the thin film. The bubbles can be pre-emptively extracted from the solvent with a
vacuum or filtered out with a very fine filter. The second defect mainly arises when the amount
of solvent applied to the substrate is too low and as such, using more solvent fixes the problem
in most cases. The second defect can also appear when the solvent is highly viscous. The
solution here is to cover as much substrate as possible with the solvent before starting the

rotation.

The wafer chuck can also be heated during the spin-on procedure, which results, at higher
temperatures, in a higher evaporation rate of the solvent, which has a significant impact on the

microstructure of the deposited thin film.
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3.2 Patterning techniques

An overview of the fabrication technologies and structural designs used for this work is given

in this section.

The standard method for patterning in the semiconductor industry is by coating the substrate
with a material, depositing a resist, which is patterned, and subsequently etching the sample.
This standard method will not be discussed in detail, as it is ubiquitous and can be easily found
in literature. We will first present the preferred micropatterning method when the used material
cannot be etched easily. A standard procedure to pattern such thin films is the so-called lift-off

Process:

Lift-Off

For the lift-off process, an image-reversal resist is first patterned on the substrate such that the
resist coats the areas where the resulting structure should not be, as depicted in Figure 25. The
image reversal resist is needed so that the flanks of the structured resist are undercut (angled
away from the final structure). Next, the material is deposited onto the wafer by evaporation or
sputtering. After the deposition, the material-coated resist is removed, leaving material only in

areas free of resist prior to lift-off.

P EEEEEE R VAN AV AN

Resist Resist Resist Resist

(a) (b)

Figure 25 Schematic illustrations of the cross-section of a Si wafer with a resist patterned for the lifi-off process
for either (a) evaporation or (b) sputtering. The green arrows indicate the angle of the impinging ions. When
sputtering, unwanted protruding ridges at the edges of the final pattern can arise due to the coating of the flanks.
The wiggly red lines indicate a possible fracture point of the coating, which leads to such ridges.
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While thermal evaporation works fine in the lift-off process, sputter lift-off is problematic. As
shown in Figure 25, the angular distribution of the incoming target atoms is wider than for
evaporation. Due to this wider angular distribution, the negative flanks of the resist are also
coated, which hinders the subsequent removal of the resist in acetone and leads to residue. This
problem was especially pronounced for iridium oxide, which featured a stronger isotropic
deposition characteristic and thus, a thicker flank coating than other materials due to the high
gas pressures 1s needed to realise low-stress films. As IrO- has a high chemical resistance and
no possible method for standard dry etching of the IrOx films was found, a special resist (Nlof
20xx from Microchemicals) developed explicitly for sputter lift-offs was used. As spin-on
parameters, a speed of 3000 rpm followed by a 6-minute soft bake at 100°C was used. The
resist was then illuminated for 6 seconds with a subsequent 90-second post-exposure bake at

110°C. Then the resist was developed for 90 seconds with a puddle method®.

Resist Resist

(a) (b)

Figure 26 A cross-sectional images of the Nlof 2070 edge characteristics on a Si wafer after processing. (a)
Schematic cross-section of a part of a wafer. The red border indicates the image position of the SEM image. (b)
SEM image of the Nlof resist used for the device fabrication. The deep undercut needed for the fabrication can be
identified.

Due to a gradient in developing rate over the thickness of the resist (i.e., closer to the substrate,
the resist develops faster than further away), a pronounced undercut is created, allowing for
better sputter lift-offs. The undercut of the resist, as used in this thesis, is shown in Figure 26.
In Figure 27, it is shown that even for a large undercut, the flanks are still coated with IrOx, and

a subsequent resist removal leaves residue in form of protruding ridges.

5 For the puddle method, the developer is applied evenly over the substrate, which is then wiggled clockwise and
counterclockwise at very low speeds.
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Figure 27 SEM image of the cross-section of a wafer with a patterned Nlof resist and a sputtered layer of IrOx. The
IrOx layer covers the whole surface of the resist. The resist can still be removed, as acetone can get through cracks
of the IrOx film to the resist, as indicated by the blue arrow. However, when the resist is removed, ridges will be
on the edges of the patterned electrode.

These ridges can then facilitate a drop-like growth of the dielectrics layer, as seen in Figure 28,
considerably changing the dielectric breakdown behaviour. Additionally, if the electrode has
high thin film stress, the resist can be deformed and can, in the worst case, be pushed down

onto the substrate, significantly reducing the large undercut.
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(b)

Figure 28 Ridge analysis with SEM. (a) Top view on a cantilever device with a labelled bottom electrode (BE)
and top electrode (TE). The red border indicates the area of the zoomed view of (b). (c) Cross-sectional view of
such a ridge. The formation of droplet-like grains due to the protruding ridge can be seen.

With the selection of tailored sputter parameters, the IrOx lift-off can be achieved with minimal

protruding ridges necessary for functioning devices.

RIE etch

Reactive ion etching is a dry etching technique where a gas or a gas mixture that gets chemically
activated is introduced into a chamber together with the sample.[102] For this purpose, a DC
or a high frequency electric field is applied, igniting a plasma. Due to the high frequency of the
electric field, electrons are accelerated, while the heavier gas ions remain stationary. In this
work, a DC RIE etch was used. With this technique, the bias voltage accelerates the ions from
the plasma towards the sample. These radical ions can then react chemically with the sample

atoms and remove material from the sample. There is also a physical etching component due to
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knock-on events of the accelerated gaseous particles, similar to sputtering, thus introducing

anisotropy to the etching mechanism.

For the etching of TiO> films, an SF¢/O> gas mixture was used. In the plasma, typically, the

sulphur hexafluoride breaks down to SF4 and fluorine as:

SF, = SF, + 2F (42)

The resulting fluorine reacts with the TiO2 layer, thus removing material. The O; is introduced
as it was shown that the fluorine atomic concentration gets substantially increased compared to
a pure SF¢ gas composition.[103] The overall effect is that the etch rate increases with
increasing O2 concentration, and the lateral size of an etched hole is reduced. The etch rate of

the fabricated TiOx thin films was determined to be ~ 4 nm/s.

XeF: etch

Dry chemical etching with XeF: is a well-known method in MEMS device fabrication because
of the high selectivity between silicon and many other commonly used materials (most notably,
photoresist) and of high silicon etch rates. Sticking is also avoided.[104] The etching process
with silicon is isotropic, meaning a constant etch rate in all crystal directions. At room
temperature and atmospheric pressure, XeF> is solid. For this etching method, XeF; is vaporized
by reducing the pressure below its vapour pressure in a so-called expansion chamber. The XeF»
gas is then introduced into the sample chamber, where a chemical reaction with silicon occurs.
The xenon and fluorine can dissociate on the silicon surface, whereas the highly electronegative

fluorine can react with the silicon atoms.

When the XeF; is introduced into the chamber, the etch rate is initially high, as 100% of the
fluorine ions can react. Over time, more and more fluorine atoms have already reacted, leading
to a decrease in etch rate. This time-varying etch rate can be problematic for etch-depth control.
A pulse etching method is commonly used to counteract this problem and gain better control of
the etch depth. With this method, a small quantity of XeF> is introduced in the chamber and
pumped out after some time (typically below one minute). After the evacuation of the chamber,

the gas is introduced again. This process can be cycled multiple times.

For this work, XeF» etching with a XactiX Xetch E1 was used to release the cantilevers. Neither

electrical nor mechanical properties of the TiOx or IrOx films were affected by this etch step in
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any measurable way. The etch rate varied from sample to sample, and for an etch depth of ~100

pum, 20-30 cycles at 5.33 mbar XeF; were needed.

3.3 Cantilever fabrication process

In this work, two main mask designs were developed. First, there are the masks for the
characterization of TiOx and PVDF cantilevers, and second, to increase the flexoelectric

actuation by optimizing the top electrode design.

Mask designs

XeF, etch groove O Silicon ] J }

D Bottom electrode U= = L r

o Tio, . L ] [ ] L ) / |
@ Top electrode ’ -.'Cantile\'er /

@ XeF, etch groove Contact pa ds—
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Figure 29 Mask design to characterise the flexoelectric effect via MEMS cantilever. (a) Detailed schematic top-
view on a typical cantilever design. (b) One chip of the wafer with several cantilever structures. The length of the
cantilevers is 65 um.

The first design can be seen in Figure 29. This design consists of four masks, a bottom electrode
(BE) lift-off mask, an RIE etch mask for the dielectric layer, a top electrode (TE) lift-off mask,
and a XeF» etch mask. In Figure 29 a, important cantilever features are shown. The three most
important building blocks are the cantilever, contact pads and XeF, etch groove. For the
cantilever thickness, small dimensions are targeted as the flexoelectric is enhanced. Three
different lengths were chosen such that resonance frequencies are 100/200/300 kHz, which

results in the lengths of 45 um, 65 pum and 100 um, respectively. The values were chosen such
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that the structures are well measurable with the MSA, as the resonance frequency is well within
the frequency range of the MSA. Additionally, the length of the cantilevers was chosen to be
as short as possible, as otherwise static bends (due to thin film stress) result in an enhanced
static tip deflection preventing MSA characterization. With these parameters, the mechanical
behaviour of the cantilever is plate-like, meaning that two dimensions (length and width) are in
a similar order of magnitude and much larger than the third (thickness).[105] This definition is

in accordance with the theory of flexoelectric bending, which is based on the theory of plates.

On a single chip (shown in Figure 29 b), there are 12 cantilevers with four widths ranging from
45 to 500 pum. The width was varied to increase the cantilever area while having the same
fundamental resonator mode. The larger area is favourable for measurements of the direct
flexoelectric effect, as the area where charges are generated is also larger. In the design, the
bottom electrode is wider than the top electrode to avoid lift off ridges parasitically connecting
the BE and TE. Consequently, this design choice has a weakness (or strength, depending on the
use case), as it was discovered that the neutral axis of the cantilever is not centric anymore. The

resulting asymmetry is discussed in detail in section 4.1.

The contact pads were designed to be large enough to contact them with wafer prober needles.
The feed line between the contact pad and cantilever was made as thick as possible to reduce
electrical resistance. Lastly, the XeF, etch mask was designed with wide grooves at the front
face of the cantilever, see Figure 30 a. Even though the XeF> etch of silicon is isotropic, a
straight groove edge at the cantilevers’ base can be achieved. If the resist is patterned to expose
a wide bare silicon area, as shown in Figure 30 a-b, a straight groove edge in the cantilever’s

direction is achieved.
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Figure 30 Schematics of how the cantilever under-etch works. (a) Top view of a cantilever process at the XeF
etching step. When a long strip of resist is removed, the subsequent isotropic etch yields a straight etch. (b) Side-
view of the process step. The XeF> comes into contact with the silicon through the removed strip of resist. The
silicon is etched until the cantilever is free-standing.

For the second design, seen in Figure 31, there are three main changes to the mask design. The
most significant change is the top electrode design, which shows a ladder-like structure. The
purpose of these structures is to increase flexoelectric actuation due to a high field gradient
density. Furthermore, the electrode feed line design is changed. The smaller dimensions were
designed to decrease the area where the top electrode overlaps with the edge of the bottom
electrode. As shown in the lift-off chapter in section 3.2, ridges at the BE edges can lead to
electrical shortcuts. With the optimized lift-off process, ridge formation can be reduced but not
completely avoided. The device failure rate depends on the area of overlap where the top
electrode spans over the bottom electrode edges. The newly designed smaller overlap area
makes ridge formation less likely to occur in this critical region. The third change is not
depicted, but the BE contact pads have a mask that allows for subsequent deposition of Cr/Au
bi-layers across the whole contact pad. This additional mask is needed for wire bonding of the

MEMS structure, as gold bonding directly on IrOx is not possible.
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Figure 31 Cantilever structures with ladder-like electrode design to achieve higher field gradients. Designs with
decreasing ladder steps are shown from left to right. Importantly, each ladder design has the same electrode area.
This figure does not show the actual positions of each cantilever design but was ordered side by side for illustration
purposes.

TiOx cantilevers

The process is shown step by step in Figure 32. As a substrate for the TiOx cantilevers, undoped
4 Si wafers were used. Undoped wafers (with a bulk resistivity of >10.000 Q-cm) were used
to avoid excessive lateral leakage currents between the top and bottom electrode contact pads,
as TiOx is a relatively poor insulator. The native oxide on the Si wafer was removed with a

hydrofluoric acid clean, and a subsequent ultrasonic de-ionized water rinse was performed.
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Figure 32 Schematics of the cantilever fabrication process. a) The IrOx bottom electrode is deposited on the wafer
and patterned via lift-off. b) The wafer is covered with TiOx. c) The IrOx top electrode is deposited and patterned
via lift-off. d) The TiOy is patterned with an RIE etch. e) The cantilever is released by a XeF etch.

The IrOx bottom electrode was then patterned with a lift of method. The IrOx film itself was
synthesised via reactive DC sputtering. A 4” iridium target with 99.9% purity was used. The
plasma power was 500 W, and the deposition chamber back pressure was 60 pbar with a gas
flow of 20/80 sccm Oo/Ar. The sputtering rate was 10 nm/s on average. With these settings, the
film stress of the bottom electrode is below 100 Mpa. As a side note: When performing the
resist strip, it is crucial to clean the sample with an ultrasonic DI water rinse to remove any

residual debris.

Next, the TiOx film was also deposited via reactive DC sputtering. The Ti target had a diameter
of 6, and the purity was 99.995%. The plasma power was set to 800 W and the back pressure
to 2 pbar. The deposition chamber gas flow was 20 sccm O,. The sputtering rate averaged
around 0.1 nm/s. The sputter values were chosen such to optimise the quality of the TiOx films.
However, these values led to a film with high tensile stress of ~1.2 GPa. The TiOx layer was
then patterned with an RIE SF¢/O> etch. Here a plasma power of 300 W was used with a back

pressure of 150 mTorr. The etch rate averaged around 5 nm/s.
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The top electrode differs from the bottom electrode only in the sputter chamber back pressure,
which was 80 pbar. These values were chosen such that the tensile stress of the TiOx film was

compensated.

Finally, when the top electrode is patterned, the XeF> etch resist is applied, and the sample is
etched with a XeF» etch. The amount of XeF> cycles varied between 10 and 20 for a full release
of the cantilevers. This variation in etch cycles did not affect the final length of the released
cantilevers, as the under etch could be controlled by checking the size of the etch groove every

three cycles via a microscope and stopping the process once the wanted under etch is achieved.
PVDF cantilevers

The PVDF cantilevers used the same masks as the TiOx ones, but the fabrication process was

different.

First, as PVDF has a lower electrical conductivity than the TiOx, with 10* Qlem™ compared
to 10°Q'em™! at room temperature respectively, using a standard p-doped 4” (100) silicon
wafer was feasible.[106,107] The high resistance avoids stray capacitances and leakage currents
between the contact pads of the top and bottom electrode. In a pre-step, a polymerized PVDF
powder was dissolved using N,N-dimethylformamide (DMF). The weight ratio of PVDF to

DMF was chosen such that the solution has a 4wt-% PVDF concentration.

After an ultrasonic clean with deionized water, the bottom electrode was fabricated and
patterned by evaporating a 100 nm chromium and a 200 nm gold film and patterning it with a
standard lift-off process. The chromium film is introduced as a silicon-to-gold adhesion

promoter.

Next, the spin-coater chuck was placed on a hot-plate set to 170°C, as the PVDF should be cast
under temperature (the reason for the elevated temperature is explained in section 3.5). The
heated spin-coater chuck was inserted into the spin-coater, the wafer was fixated with a vacuum
on the chuck, and the spin-coater was turned on. A slow ramp of the spin-coater revolutions per
minute (RPM) was chosen. In detail, the RPM increased from 0 to 3500 in 5 s. This parameter
was determined in a pre-study where the film thickness of PVDF thin films was recorded as a
function of PVDF wt-% in the solution and spin-coater RPM. While the spin-coater RPM was
ramping up, the PVDF-DMF solution was applied to the centre of the wafer with a dispenser
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syringe. As the film thickness is not dependent on the volume of the applied polymer solution,
the maximum dispenser volume was chosen to 10 ml. The spin coater RPM was held for
approximately 1 minute before turning off. The wafer was then placed on a hot-plate at 170°C
for 2 hours to effuse any remaining solvent. The final film thicknesses averaged around 200

nm.

Next, the whole wafer is covered with 200 nm gold via evaporation. Standard lithography with
the top electrode mask was done, and the wafer was submerged in potassium iodide for 2
minutes to etch the gold. At this step, the PVDF patterning is still missing. The deposited gold
top electrode was used instead of a resist for PVDF patterning. Next, the wafer is exposed to an
O plasma in an STS 320 PC at 300 W for 1 minute. As a side note, the etch rate of PVDF in
O plasma is very high, and power and exposure time need to be tuned carefully to avoid device

failures.

The cantilever was released from the substrate in a XeF» etching step, like the TiOx cantilevers.
At this stage, the cantilevers showed a static bend, which is not wanted in the final device. This
static bend is predominantly due to the high stress in the chromium layer. Therefore, in the final
step, the chromium was removed from the areas exposed to the air, mainly the bottom side of

the free-standing part of the cantilever, eliminating the static bend.

3.4 Measurement methods

Laser interferometry

Laser vibrometry is a vital characterization tool for MEMS, as it can capture and record the
dynamics (i.e. mode shape, displacements) down to the picometre range over time.[108] Laser
vibrometers generally use the principle of laser interferometry, where the superposition of two
coherent laser beams results in a fringe pattern. This fringe pattern comes from the cross term
of the measured intensity /g .= <E> of two superposed sinusoidal electric fields £ »(x,¢) with

different path lengths L;,L>:
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Ei(x,t) = Ey; cos(w;t — k;x)

Ig ges = Igyo cos?(k(Ly — Ly)) (43)

Where x is a cartesian coordinate, ¢ the time, & is the wavenumber, w the circular frequency, Eo,;
the electric field amplitude and /g the resulting field intensity amplitude. Looking at /£ ges, the
superimposed electric fields have an intensity function proportional to cos’(AL), giving the

fringe pattern that is dependent on the difference in optical path length.

Laser-Doppler vibrometry

The laser Doppler vibrometry (LDV) approach is most prominent in the laser vibrometry
methods. With normal laser vibrometry, the resolution is limited by the minimally achievable
wavelength and the maximally possible optical path length difference. Achieving a picometre
resolution with nanometre wavelength is challenging to achieve. With the LDV, picometre
amplitude resolution and high-frequency ranges up to single-digit GHz can be typically
achieved.[109] A typical LDV setup is depicted in Figure 33.
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Figure 33 Schematics of a laser Doppler vibrometry setup. It consists of a laser source split up by a beam splitter,
where one optical path passes through a Bragg cell, and the other passes through a lens to focus on the sample.
Both laser beams are superimposed, and a detector reads the corresponding interference pattern.

The fundamental principle of the LDV is the Doppler effect, which describes the frequency

shift Af(t) of a wave source when being in relative movement Av(z) to an observer.
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Av(t)
c

Af(t) = fo (44)

Here c is the speed of the wave in the medium, which for an electromagnetic wave is the speed

of light in the corresponding medium.

This frequency shift can then be used to measure the velocity of an object. In detail, for the
LDV, there is a laser source with frequency fj which gets first split up into two optical paths.
One arm is the sample beam, and the other is used as a reference to obtain this superimposed
fringe pattern. The sample beam exhibits a frequency shift f; compared to the reference beam
due to the Doppler effect, having a sum frequency of fy+f;. From the acquired superposed
intensity profile, the velocity can be directly calculated. As the fringe pattern is the same for
objects moving towards or away from the LDV, a Bragg cell is added to the reference beam.
Now, the reference beam frequency is typically shifted by 40 MHz (but the shift can go up to
300 MHz) and is breaking this symmetry. The direction can now be determined, as the fringe

patterns are now distinct in each direction.[110,111]

In this work, an LDV from Polytec is used. The equipment is called a microsystems analyser
(MSA), where both MSA 400 and MSA 500 systems were used to characterize the cantilevered

structures.

Thermal calibration

The thermal calibration method is used to determine the Young’s modulus of the fabricated
cantilevers. Every cantilever has a specific mechanical resonance frequency. At temperatures
above 0 K, any object or particle, such as atoms forming the cantilever or the surrounding
atmosphere have a certain kinetic energy due to the ambient temperature. The movement of the
atoms creates a motion in the cantilever, effectively described as an applied load with a power
spectral density approximated constant across the frequency (white noise).[112] A white noise
excitation leads to the excitation of the cantilever in its resonances, which can, in turn, be seen
in a Fourier-transformed amplitude measurement. The resulting thermally excited resonance

spectrum of the cantilever can be described with the following formula:[113]
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§2(f)  2kgT 1
Af 7w Q for[1—=(f/f)?% + (f/foQ)?

(45)

Where « is the spring constant, J is the deflection amplitude of the cantilever at the tip, Af’is the
spectral resolution, k3 is the Boltzmann constant, 7" the temperature in Kelvin, QO the quality
factor and fj the resonance frequency. It has to be noted that the latter formula is only applicable
to cantilever structures. This equation can be fitted concerning the spring constant and the Q-
factor. With a simple harmonic oscillator model, the Young’s modulus E..s can then be
calculated:[114]

ML LA WL (46)
Where 4 is the total thickness, / the length and b the width of the cantilever. The Young’s
modulus determination is straightforward for cantilevers made from a single material. For a
cantilever consisting of multiple layers of different materials, the method results in a weighted
averaged Emoq, which we call effective Young’s modulus E in this work. The weighted
average E.pis calculated as follows:

n h E .
i=1"4 “mod,i
1=

Where the index i denotes the layer number and n the total number of layers.

Spectral acquisition and lock-in measurements

Using the MSA, there are two methods to measure the resonance spectrum of a cantilever. The
first is to apply a frequency signal with a wide bandwidth and measure the mechanical
amplitude spectrum. There are different characteristic signal types, like white noise or a
periodic chirp. For this work, the periodic chirp was used. The chirp signal features a pure sine
tone with constant amplitude and linearly increasing frequency over time, thus covering a
predefined frequency range. When the maximum frequency is reached, the chirp periodically

restarts from the starting frequency.

For more precise measurements, a lock-in amplifier can be used as the signal-to-noise ratio is
increased. The excitation signal (pure sine tone) is generated using the Zurich HF2LI lock-in

amplifier, and the measurement signal from the LDV modulated by the velocity of the
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cantilever surface is fed into the input of the lock-in amplifier. The frequency of the sine tone
is swept across a defined frequency range, and the input signal is demodulated at multiples of
that frequency. With this approach, the first and second harmonics can be measured by
demodulating the measurement signal at both single and double values of the excitation
frequency. Measuring the first and second harmonics separately is recommended to distinguish
between the linear and the quadratic electromechanical mechanisms, as explained in section

24.

Extracting the curvature

The curvature calculation scheme is the following. First, the cantilever tip deflection is
measured under sinusoidal electrical excitation (Eex(?) ¢ sin(ft)) in a raster grid by the MSA, as
shown in Figure 34 a. The surface of maximum deflection in the time-dependent signal is taken
to calculate the curvature. The MSA surface scan is separated into several line scans along the
x-direction, equally spaced across its width. For small deflections, the curvature can then be

approximated by the second derivative of the deflection with respect to the x-coordinate.

12

10

z[pm]

0 10 20 30 40 50 60 70
X[pm]
(a) (b)
Figure 34 (a) Schematics of the raster principle and the calculation scheme. Black dots denote one MSA
measurement at that position on the cantilever. Lines are scanned, and each line in the x direction gives one

curvature value, G;. (b) Deflection along the x-direction of one line on a cantilever, as measured by the MSA. Here
the measurement is fitted with a 2™-order polynomial.

This work used two methods to calculate the curvature from the measurement data. One method
is to fit the line scans with a 2"-order polynomial z = a + b x + ¢ x* (see Figure 34 b). The

polynomial's 2™ derivative (curvature) gives the constant 2-c.
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In the other method, we calculate the curvature numerically from the second derivative:

_ z(xi41) + 2 2(xp) — z(x;—41) (48)
(Xip1 — x)?

G;

Figure 35 shows a cantilever measurement with the indexing used for the calculation. The
maximum curvature of a line (along x) is then averaged over the lines corresponding to a line
number along the y coordinate. Finally, the curvature values of the different line scans are

averaged. The error in the curvature between different lines is below 1%.

Figure 35 A MSA surface scan of a sinusoidally excited cantilever. Each dot of the surface represents the maximum
measured deflection. The method of indexing is shown in brackets next to the respective dots.

Both methods have advantages and disadvantages. The numerical method is the more accurate,
as it correctly reflects the measured deflection values. However, if the measurement is noisy or
the data are scattered, the curvature values can vary significantly within one cantilever. The
fitting method is the better choice for measurements exhibiting a higher noise floor, as a fit can

be found, which varies less than 1 % between each line across the cantilever.

In principle, a circular segment can also be fitted in the region of highest deflection:

z(x) =\r?—x—r, (49)

Where 7 is the radius and 7y is the centre of the circle. However, as the fitting region is close to

the anchor of the cantilever, x = 0, and as such:
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1
Z(X) zT+T0—;X2+.. (50)

Which is a polynomial of degree 2 and, therefore, should not yield a different result than the
2" order polynomial fit.

Impedance measurement

The real and imaginary parts of the electrical impedance can be used to calculate various electric
parameters. The impedance is gained by applying a sine wave voltage across the device and

measuring the current and the current/voltage (J/V) phase shift.

For this work, the most important electrical parameters are the capacitance and the loss angle,
which are related to the permittivity and the electrical losses, respectively. The permittivity is
especially important for this work (see section 2.3), which is why this method was employed
extensively. To calculate the capacitance from the impedance, the electrical equivalent circuit
of the tested device must be known. For a perfect capacitance, the impedance is Z¢ = l/ioC,
where Zc¢ is the impedance, i is the imaginary number,  the angular frequency and C the
capacitance. This relationship is only valid if the capacitor exhibits an infinitely high resistive
impedance (Zr = R, = ), so the current only flows through the capacitive equivalent circuit

element.

Rp

O ® @ O

Figure 36 The equivalent circuit of a capacitor with a leaky insulator is a resistance R, parallel to the capacitance
C.

For real capacitors, Zz has a finite value and has to be included and hence

1

Z=r——

(51)
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From the capacitance, the permittivity can be calculated with the equation for a parallel plate

capacitor as described in equation 3.

A Hioki IM3533 LCR meter and an Agilent Precision Impedance Analyzer 4294A were used
for this work. With the latter, the impedance spectrum with respect to excitation signal
amplitude and DC-bias was determined. The Hioki was used for low-frequency measurements
(< 300 kHz), whereas the Agilent was used for DC-Bias measurements and high-frequency

measurements (> 300 kHz).

Leakage current setup

To measure leakage currents of capacitors, two methods can be used. For the first method, a
voltage is applied to the capacitor, while the current is measured with an ampere meter in series.
In the second method, a voltmeter is used in parallel with a resistor, which is then connected in
series to the capacitor and a voltage is applied. For the low capacitance capacitors (<1 puF) used
in this thesis, the first method is more suitable, as such capacitors have very low leakage
currents, and ampere meters offer the needed high precision. In addition to the ampere
measuring precision, the ampere meter also offers a high measurable range from femtoampere
to ampere. The source of modern ampere meters also has a high resolution down to nanovolt.
In this thesis, a Keysight B2911A precision SMU was used, which features 10 fA current and

100 nV voltage resolutions.

To get the most accurate measurement, any other sources of leakage currents, such as induced
from external radiation, must be reduced to a minimum. Additional leakage currents can also
arise from the measurement set-up. To get the best possible results, following setup was
realized. The measurement setup consists of a wafer probe station (Siiss PMS8 in our case), two
3-axis micrometre manipulators, wolfram needles to contact the samples and cables connecting
the needles to the source measuring unit (SMU). The wafer prober station consists of a platform
for the needles, which are attached to the 3-axis manipulators, a heat-able sample chuck with
vacuum-based sample fixation and a microscope for precise contacting of the needles, which
are electrically isolated to the tip. A schematic of the electrical wiring within the measurement

setup is shown in Figure 37.
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Figure 37 Schematic of the measurement setup. For the low force/sense, biaxial cables and for the more precise
high force/sense, triaxial cables were used. The dashed lines indicate grounded wires.

The largest source of parasitic leakage current comes from the cables connecting the SMU with
the needles. If, for example, coaxial cables are used, there is a potential difference between the
outer shield and the inner core, which is prone to leakage currents through the cable insulation,
increasing the total leakage current level. This error can be minimized by using triaxial cables,
which have an additional guard. The guard is kept at the same voltage level as the core; thus,

no parasitic leakage currents are created between the guard and the shield.

Measurements, where the voltage is cycled stepwise and the current is measured at each voltage
step is called cyclic voltammetry. This method was mainly used for the measurements in this
thesis. A python script was written to enable a software-based data read-out of the leakage
current measurements. With this program, the number of voltage steps Viep, voltage step time
tsiep and the number of measurement points at each voltage step can be defined, as shown in

Figure 38.
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Figure 38 Current/voltage measurement scheme. Shown are the current measurements (one blue dot represents
one measurement) with respect to voltage level over time.

Additionally, the temperature can be controlled via a heat-able sample chuck between room

temperature and 300°C in air.

X-ray diffraction

X-ray diffraction is a powerful tool that can measure a solid's crystal structure.[115] The
principle is based on Bragg scattering of X-rays at the crystal lattice. X-rays scattered at
different crystal lattice planes can have coherent or incoherent interference, dependent on the

lattice plane spacing, the wavelength and the incoming angle of the incident beam.

Incident

plane wave

2-a-sin(0)

Figure 39 Schematic illustration for Bragg’s law. Depending on the incident beam angle, lattice constant and
wavelength, constructive or deconstructive interference patterns are obtained and are defined by Bragg’s law.
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This means that the X-rays scatter at specific angles, schematically shown in Figure 39. The

Bragg law is given as follows:

2asin(@) =n 2l (52)

Where 6 is the angle of the incoming x-ray, z is a natural number, 4 is the wavelength of the X-
rays, and a is the lattice constant. For the actual XRD measurements, a 26 scan is performed to
see the different lattice spacings. For polycrystalline samples, the resulting 26 scan has a
broader peak (meaning higher angular distribution and lower total intensities than a single

crystal), due to the wider variety of orientations of the grains.

There are several XRD methods, but one used in this work is the grazing incidence XRD
(GIXRD). With this method, the angle of the incoming X-rays is very shallow, almost parallel
to the sample surface, hence grazing incidence. The shallow angle is advantageous for thin
films, as the penetration depth of the X-rays is much lower, and the influence of the substrate

signal does not obscure the thin film signal.

The XRD method proved helpful in the identification of crystalline phases and the degree of
crystallinity for the IrOx, TiOx and PVDF films for the various fabrication methods and
parameters. These analyses were performed with a PANalytical XPert Pro MPD. As a source
for the X-rays, a Cu Ka anode with a wavelength of A=1.540 A was used. The angular step size

of the goniometer was set to A260 = 0,001°. The divergence slit was set to 0.76mm.

Atomic force microscopy

Atomic force microscopy (AFM) is a technique to characterize the topography of a given
sample.[116] In principle, a cantilever with a sharp tip with a radius in the nanometre range is
brought close to the surface. Van-der-Waals forces, dipole interactions and electrostatic forces
of the surface then act on the cantilever by deflecting it. A laser scanning system is used to
measure the tip deflection, which is fed into a phase-locked loop, thus keeping, for example, in
the contact mode, the distance from the AFM needle to the sample surface constant. The

resulting control signal from the phase-locked loop gives information about the topography.
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There are different modes in which the AFM can be used, mainly the contact, non-contact and
tapping modes. In contact mode, the AFM tip is in contact with the surface and then scanned
across the surface. While rastering the surface, the tip deflection is measured. The disadvantages
of this method are tip and sample degradation due to the acting forces, also called sticking.

Even more, soft samples, like biological ones, are typically damaged with this method.

In non-contact mode, the cantilever is brought into resonance by either an external piezo or
integrated piezoelectric transducer on the cantilever. When the resonating cantilever is near the
sample's surface, the resonance frequency changes. A closed-loop feedback keeps the resonance
frequency constant by changing the distance to the sample. This results in a topography image
without damaging the sample or the tip; therefore, soft samples can also be measured. However,
if the resonance shift is not measured correctly, the cantilever tip could be too close to the
sample, thus being attracted to the surface by the Van-der-Waals forces and subsequently
getting damaged by the surface. Therefore, this mode is favourably used in vacuum, as

resonance shifts can be measured more precisely due to greater deflection amplitudes.

The third mode, the tapping mode, is a mixture between the contact and non-contact mode.
Here a cantilever is brought into resonance, and the amplitude and frequency are kept constant.
The tip then is only tapping the surface once each oscillation cycle, which combines the
advantages of the contact and non-contact mode by reducing the strength of lateral forces on

the sample and tip while solving the sticking problem.[117]

A Bruker Dimension Edge AFM was used in tapping mode with NCHV-A type cantilevers to
characterize the PVDF's morphology and measure the roughness of the various materials used
in this work. The PID controller values varied between individual samples and cantilevers. The

Ppip value varied between 10 and 20 while the Ip;p value varied between 0.5 and 2.

Fourier-transformed infrared spectroscopy

Fourier-transformed infrared spectroscopy (FTIR) is a method to determine the composition of
chemical bonds of a material.[118] In principle, the vibrational energies of molecules are

measured with the FTIR method. Here the spring-like behaviour of molecular bonds leads to
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mechanical eigenfrequencies, which can absorb an electromagnetic field with the same

frequency as the given vibrational eigenfrequency.

Static mirror

Beam splitter

Detector Sample

% 7

v

>
Moving mirror

Light source

Figure 40 The light path shown schematically for an FTIR. The light exits the light sources and passes a beam
splitter. At the splitter, the light is split into a path to a static mirror and another to a moving mirror. Due to the
beam splitter properties, both light paths overlap and point to the detector. Before reaching the detector, the light
passes through the sample, where specific wavelengths are absorbed.

The sample is exposed to a broadband infrared light source in the FTIR. A Michelson-
Interferometer is between the source and the sample, as shown in Figure 40. This Michelson-
Interferometer splits the source light into two paths, where one path can change the length (for
example, the mirror can be moved with a one-axial stepper motor), and the other is fixed. Then
the two light paths are superimposed and pass through the sample onto a detector. The detector
then sees an interferometric fringe pattern. The movable arm changes its path length, and then
through a Fourier transformation from the real space to the wavenumber space, an FTIR
spectrum is obtained. The wavenumber resolution linearly depends on the individual step size
the movable arm can travel. As the molecules absorb some energy of the source emission, a
drop in light intensity at the rovibrational frequencies is observed. From this absorption pattern,

the composition of the sample can be identified.

The FTIR method is limited to samples which do not entirely absorb or reflect the source light;

metals, for example, cannot be characterized with this method. In this work, FTIR proved
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helpful in characterising the PVDF samples’ microstructure. A Bruker Tensor 27 FTIR
spectrometer was used with the accuracy set to 4 cm™ and the detector was at room temperature.
For each measurement, the background was measured first (i.e. the measurement was
performed without a sample) and then subtracted from the sample measurement to filter out the

spectrum of elements that are present in the atmosphere, like water or CO».

Scanning electron microscope

With the scanning electron microscope (SEM), surface features of the sample can be depicted
down to scales of 10" of nanometres.[119] Compared to AFM, the SEM technique offers larger
scanning areas to analyse e.g. the whole MEMS device. In addition, sample composition can
be obtained with an energy-dispersive x-ray spectroscope (EDX). Generally, for SEM
operation, electrons are accelerated and focused onto the sample surface. A compact description

is given in the following.

For this work, a tungsten wire for field electron (FE) emission was used as an electron source.
Field emission describes the emission of electrons from a solid due to a high electric field,
giving the electrons more energy than the work function of the solid. A high electric field
between a tungsten wire and the sample holder is applied for an FE-SEM, high enough to emit
electrons. These electrons are then focused on the sample with electromagnetic lenses. When
the electrons hit the sample, they interact with it and produce secondary electrons, back-
scattered electrons, characteristic x-rays, cathodoluminescence, absorption current and
transmitted electrons (only for very thin samples in the nanometer thickness range). These
effects happen in different areas in the sample and are shown in Figure 41. The teardrop-shaped
interaction volume of the electrons with the sample depends on the acceleration voltage and the

sample composition and is generally in the range of several pm.
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Figure 41 Schematic of the different effects when an electron beam is focused on a sample. The scale of the bulb
shape is several micrometres and depends predominantly on the electron acceleration voltage.

In a typical SEM, secondary electrons are recorded for imaging. They have comparatively low
energy (below 50 eV) and can, therefore, only travel a small distance in the sample before they
are either ejected from the surface or absorbed. This means that only electrons from the surface
(in a depth of a few nanometres from the surface) can escape and reach the detector, making

this technique very surface sensitive.

The chemical composition of a sample can also be measured with the SEM. Here, the
characteristic X-rays, as shown in Figure 41, are often measured with an energy-dispersive X-
ray spectroscopy (EDX) sensor. The measured characteristic X-rays originate from the
interaction of primary electrons with the sample atoms. A core hole is produced when the
incoming electron knocks an electron out of the atom's inner orbital shell. Another higher-
energy electron immediately fills this energy level. The resulting loss in energy for the electron
hopping down from a higher energy state results in an emitted X-ray. This interaction happens
at depths of several micrometres in the sample. When the thin film to be measured is thinner
than several micrometres, the obtained EDX spectrum contains information on layers beneath
the topmost layer and the substrate. This poor resolution, especially in depth, can make the

analysis of e.g. the local oxygen concentration problematic.

For this work, the SEM was used to image the MEMS structures and observe cross-sections of

the structures. It proved vital in understanding the origin of most device failures. The scanning
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electron microscopy (SEM) micrographs were recorded with a Hitachi SU8000 at acceleration

voltages in the range from 2 to15 kV.

Transmission electron microscope

With the transmission electron microscope (TEM), nanometre scale sample imaging is possible,
and with modern TEMs, even atomic scale resolution can also be reached.[120] The basic
structure of a TEM microscope is very similar to an SEM. There is an electron gun,
electromagnetic lenses, and various detectors. The fundamental difference is that the
transmitted electrons are analysed in a TEM after passing through the sample. For this method
to work, the samples must be thin enough for electrons to pass through. In the best case, the
sample thickness where the electron beam passes through is only several atomic layers thick.
Such thin layers can be achieved by e.g. ion milling of the sample. When electrons pass through
the sample, they can be reflected, absorbed, or transmitted. There are several imaging modes,
such as bright-field imaging, dark-field imaging, diffraction imaging or convergent beam
electron diffraction. The most common one, and the one that was used in this work, is the bright-
field imaging mode. In this mode, the electrons that pass through the sample non-scattered are
recorded. Regions where electrons have a low absorption rate appear brighter in the recorded

picture, and regions where electrons are more likely to be absorbed, appear darker.

The electrons that pass through can also be characterized with an electron energy-loss
spectrometer (EELS). Here the electrons are fired from the electron gun with a narrow range in
kinetic energy, and the energy loss of the electrons when passing through the sample is
measured. The electrons are more likely to be absorbed at specific energies, as those energies
correspond to different excitations. These can be core-shell excitations, band transitions,
phonon excitations, plasmon excitations or Cherenkov radiation, where core-shell excitations

are mainly used for recording the chemical composition.

In this work, the TEM, in combination with EELS, was used to analyse the oxygen vacancy
distribution in the TiOx using a TECNAI TF20 (scanning) transmission electron microscope

(S/TEM) operated at 200 keV and the electron beam was converged to a diameter of 0.15 nm.
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X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect; a schematic of the
equipment is shown in Figure 42. This method is used to determine the spectrum of binding
energies of electrons exciting the surface of a sample due to the photoelectric effect. The

resulting spectrum determines which chemical composition is present at the sample's surface.

To do so, a sample is exposed to high-energy photons. When the energy of the photons is high
enough, shell electrons of the sample atoms can escape the ion core potential. The escaping

electrons are most often measured with a hemispherical electron energy analyser.[121]

Detector

Electrons

Figure 42 Schematics of the XPS measurement. X-rays are accelerated onto a sample surface. Subsequently,
electrons are ejected and deflected by the electrostatic force (dotted arrows) of the hemispherical electron energy
analyser. The resulting trajectory of the electrons is dependent on the electron's velocity. Three different velocities
are shown schematically with red, blue, and purple paths. Only electrons within a certain velocity window (in this
case only the blue one) arrive at the detector. The velocity determines the electron's kinetic energy. By changing
the amplitude of the electric field, the velocity window can be changed.

The hemispherical electron energy analyser is essentially a hemispherical plate capacitor with

a defined voltage across the hemispheres. Electrons with different velocities have different
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trajectories through the hemispherical capacitor due to the constant deflection of the

electrostatic force FE:

P, = qF (53)

Where ¢ is the elementary charge, E the electric field. Since the gap between the two
hemispheres is narrow, only electrons within a narrow velocity window will pass through the
hemispherical analyser. Faster or slower electrons will hit the walls of the analyser, essentially
acting as a velocity filter. This filter window can be swept by changing the electric field
amplitude and therefore the kinetic energy spectrum can be determined. Equating the energy of
the X-ray (XE) to the kinetic energy (KE) of the exiting electron plus the binding energy (BE)
plus a spectrometer work function (¢spec, Which is an apparatus-dependent known constant)

yields the binding energy:[122]

BE = KE — XE + Qspec (54)

Measuring the binding energy has the advantage that the chemical environment of an atom is
included. For example, the binding energy of an electron in the oxygen 1s shell is different in a

TiO2 configuration compared to TiO.

The surface composition of the samples in this thesis was measured in an ultra-high vacuum
with an AXIS Supra photoelectron spectrometer (Kratos Analytical Ltd., UK) equipped with a

hemispherical analyser and monochromatic AlKa X-ray source (1486.6 eV).

Wafer bow

A wafer bow measurement is a valuable method for measuring the thin film stress of a sample.
Knowing the thin film stress is vital when fabricating MEMS to minimize static bending of
cantilevers and to avoid delamination or cracking of the films. When a wafer is coated with a
stressed film, the curvature of the wafer changes. This curvature change can then be measured,

and the film stress can be calculated via the Stoney equation:[123]
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Where /4 is the substrate thickness, 4y the film thickness and Gy as well as G; are the pre- and

post-coated sample curvature.

In our case, the curvature is measured with an MX 203-6-33 from E+H Metrology. It features
an array of capacitive sensors across the wafer. The capacitance depends on the distance of the
sensors to the wafer; hence, the curvature can be obtained. In this thesis, the wafer bow

measurement technique was used extensively to optimize deposition parameters.

3.5 Used materials

TiO:

Titanium dioxide is a material with attributes that make it interesting for a wide field of
applications. Additionally, it is inexpensive and readily available, making it an excellent option
for not only scientific purposes but also for industrial applications. Its properties range from
high permittivity (< 60) and resistive switching effects to catalytic effects.[40,43,124] These
outstanding features can be used in applications for resistive switching random-access memory,
hydrogen sensors, supercapacitors and solar cells, for example.[125] The permittivity of a TiO>
sample is dependent on its crystal structure and can vary strongly within the same crystal
structure, depending on the fabrication technique and the electrode material.[43] Four
crystallographic phases of titanium dioxide have been identified: rutile, anatase, akaogite and
brookite.[126] The rutile crystal structure is the most common of the four phases, is the only
stable phase above 500°C and has the lattice parameters (i.e. length of the unit cell) a = b =
4.5937 A and ¢ = 2.9587 A, see Figure 43. Anatase is the second most common phase, but is
metastable and converts to rutile at higher temperatures (above 500°C). Brookite and akaogite
are the rarest of the crystallographic phases, are only stable under extreme conditions, and are

of no importance in this work.

The permittivity of TiO> is more favourable in rutile, as it shows a higher permittivity than the

anatase phase. Rutile TiO> can range from ~60-250, whereas anatase TiO> has values up to
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~40.[127] As the flexoelectric effect scales linearly with the permittivity (see equation 18), the
rutile phase is favoured for flexoelectric MEMS applications. The permittivity varies with the
crystallographic direction within the rutile crystal structure. The c-axis has a significantly
higher permittivity compared to the a- and b-axis. This was shown in a study by Sabisky et al.,
where the permittivity approaches 256 in c-axis and 131 in the a-direction at low
temperatures.[128] As such, a c-axis-oriented growth for the flexoelectric thin film is desired.
The c-axis orientation can be identified in XRD measurements by the (110) direction.[129] On
most electrode materials, c-axis oriented rutile growth is favoured, as our study shows, and will

be discussed in the results section 4.2.[130]

Figure 43 The rutile unit cell of TiO>. The titanium atoms are depicted in grey, and the oxygen atoms in red.

Titanium dioxide in its stoichiometric form is rarely synthesized in sputtered thin films. The
film is often sub-stoichiometric, meaning there is less than twice the amount of oxygen
compared to titanium in the “Ti0,” layer. The missing oxygen results in so-called vacancies,
which are electrically active and lead to various phenomena, such as resistive switching
properties, as discussed in section 2.2. The films fabricated in this work are not perfectly
stoichiometric, which is why these films are denoted as TiOx throughout this work. Any

theoretical considerations and citations to other sources still refer to TiO».

Titanium dioxide is also often investigated for its photoelectric activity under UV light, for

example, in photovoltaic cells. However, such effects were not investigated in this work.
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IrO:

Iridium dioxide is a black solid and an oxide of one of the rarest metals — iridium. Even though
most metal oxides are non-conductive, iridium oxide is one of the few conductive metal oxides,
which makes it the preferred choice as an electrode material when specific requirement. A
conductive oxide as an electrode is beneficial when used in oxidizing surroundings, as oxidation
effects are considered to have less impact. IrO is also suitable as a thermal barrier layer between
the capacitor stack and the Si wafer, allowing for thermal treatment without the problem of
diffusing capacitor layers.[131] Even more, the crystal structure of IrO> is the tetragonal rutile
phase, which is also present in TiO2, with slightly different lattice constants. With XRD
measurements, a difference of 0.086 A in a/b (approx. 2% difference) and 0.039 A in the c-axis
direction (approx. 1.3% difference) has been identified. The similarity in crystal structure to the
rutile TiO; phase, which is the desired phase for flexoelectricity, makes IrO> most suitable as a

seed layer.

It was shown that using IrO; electrodes leads to a higher permittivity of the TiOx in the
IrOx/TiOx/IrOx capacitor stack compared to other tested electrode metals like pure iridium,
platinum, and gold.[130] The resulting dielectric constant of capacitors with different bottom

electrode metals can be seen in Figure 44. All films were fabricated by sputtering.
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Figure 44 Measured parallel capacitance of parallel plate TiOx capacitors with varying sizes and electrode
materials. (a) Cy-A plot for the electrode materials IrO, Ir and Pt. The resulting relative permittivity for the tested
electrode materials is shown in an inlay. (b) Cy,-A plot for gold as electrode material. The tested capacitor devices
have larger areas for the gold samples.

We also performed an XRD study to compare the IrOx electrode to other common electrode

metals. All produced samples were fabricated by sputtering a metal (Ir, Pt, [rOx and Au) onto a
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standard p-doped Si wafer. On top of this bottom electrode, the TiOx was sputtered. These
samples, in addition to a single crystal rutile TiO> sample, were then measured with the XRD.

The result is shown in Figure 45. [130]

A(110)| | R(110) R(211) Si (400) Si (100)
Si (200)
TiO, Rutile SC ‘

1TiO, on Ir

TiO, on Pt

TiO, on Au

0 10 20 30 40 50 60 70 80 90 100
26 []

Figure 45 An XRD analysis of TiO. grown on different bottom electrode materials is shown. A single crystal bar
of rutile TiO: is also shown as reference. The main peak of anatase A(110) and of rutile R(110) and R(211) are
labelled. The substrate Si peaks Si(100), Si(200) and Si(400) are also marked. The other peaks in each XRD
measurement correspond to the respective bottom electrode material.

A detailed analysis of the (110) peak of all samples is given in Table 2.

Electrode Material Peak Intensity FWHM (110)
[Counts] [°]
Bulk SC TiO: 1,5-107 0,12 + 0,002
IrOx 4000 0,89 + 0,03
Ir 3000 1,1 £0,06
Pt 4000 0,91 +£0,03
Au 1100 0,92 +0,07

Table 2 Peak intensity and a full-width half maximum of the R(100) peaks measured with XRD in Bragg-
Brentano configuration.
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From this result, it is clear that IrOx stimulates the best TiOx material quality according to peak
intensity and FWHM. Platinum electrodes showed very similar results, but suffered from the
anatase phase also being present. Accordingly, the permittivity in the TiOx layer is highest when

integrating IrOx as bottom electrode. Any further details are discussed in the results section 4.2.

When iridium dioxide is exposed to H>O containing atmosphere, OH groups and H>O molecules
adhere to the surface.[132] Iridium dioxide also shows catalytic activity towards one half-
reaction of the water-splitting process.[50] This half-reaction is called an oxygen evolution

reaction (OER) and is:

2H,0 - 4e~ + 4H* + 0, (56)

This equation describes that at the surface of IrO», two H>O molecules are split into one O>
molecule, four H" atoms and four electrons. This specific reaction is not a one-step reaction and
has some more steps in between, but those are of no importance to this work. It must be noted
that this equation is valid for IrO; films in direct contact with water and likely differs at the
IrO2/Ti0O: interface. In the case of the analysed capacitors, TiOx is also present at the interface,
likely changing the reaction dynamics. To the best of the author’s knowledge, there are no
studies of the catalytic reaction of OH-bonds at the IrO»/TiO; interface. The reactiveness
towards water gives the material a complex electrical temperature dependency, as was

examined in this work and is described in section 4.3.
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Polyvinylidene fluoride (PVDF)

Plastics are a conglomeration of long molecules (so-called macromolecules) consisting of many
chained basic components (monomers). This chain of monomers is then called polymer and the

length of the chain is given by the degree of polymerization.
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Figure 46 Three of the most prominent chain configurations of PVDF, namely the a-, f- and y-phase.

For PVDF, there are different chain conformations. The three main configurations are shown
in Figure 46. The a-phase of PVDF is non-polar and is achieved by crystallising the polymer
solution. Here the monomers are chained such that no net polarization exists. Therefore, this
chain structure does not exhibit any piezoelectric effect. The B-phase, in comparison, is chained
such that the high-electronegativity fluorine atoms are oriented on one side of the chain and

show a significant dipole moment.

There are mainly two ways of achieving the B-phase. The first method is to stretch the a-phase
PVDF film and simultaneously apply an electric field. When the polymer is stretched, the chains
are elongated and can orient themselves parallel. The second method is to add the co-polymer
trifluroethylene (TrFE). With this co-polymer, the B-phase is achieved without stretching the
film, which is vital for MEMS applications. The y-phase is a high-temperature phase that

exhibits some piezoelectricity but is not stable at room temperature and atmospheric pressure.

These chains form the basis for an amorphous, crystalline or semi-crystalline microstructure in
a polymer film. In the amorphous regions, the polymeric chains are randomly oriented. In the
crystalline regions, the polymeric chains are oriented in a specific way to each other, depending

on the type of polymer and the fabrication technique.
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— Crystalline Lamellae

— Amorphous Lamellae

Figure 47 Spherulitic structure of PVDF films. The structure consists of a mix of ordered chains (black) which
make up the crystalline part, and non-ordered chains (red) which make up the amorphous part.

Specifically, polyvinylidene fluoride is a semi-crystalline polymer, meaning that amorphous
and crystalline phases are simultaneously present in the polymer microstructure. In detail, the
chains are arranged in a spherulitic-type structure, as depicted in Figure 47. These spherulites
consist of ordered chains that are mixed with non-ordered chains. The film consists of several

of these spherulites with initially random orientation.

In Figure 48, a SEM image illustrates part of a fabricated cantilever. The spherulite structure

can be identified.

Figure 48 A top-down SEM image of a PVDF cantilever sample mid-processing. Here, the bottom electrode,
PVDF layer and top electrode are finished. A spherulitic structure that formed on and close to the bottom gold
electrode (BE) is detected. In the zoomed picture on the right, a spherulite is indicated by red borders.

Having a well-crystallized film is, however, not always wanted. Such large crystals also lead to

high roughness values of e.g., 1.5 pum for 2.5 um thick PVDF layers.[133] In the aim of this
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work, thinner films are preferred. As one can see from the example, reducing the film thickness
to 200 nm while simultaneously avoiding electrical short-cuts is very challenging. This is why
the PVDF in this work was deposited by spin coating under elevated chuck temperature. This
method increases the evaporation rate from the solution, disrupting the crystal growth. The
resulting decrease in crystal size is beneficial to achieve low surface roughness.[134] In detail,
PVDF thin films at a thickness of 400 nm show a very low roughness below 10 nm when

synthesized at 100°C substrate temperature.[135]

Having a deposition temperature above room temperature is also beneficial for reproducibility.
Unfortunately, quality of PVDF films strongly depends on the atmospheric moisture when
depositing at room temperature. If the conditions are not carefully selected, the films appear
white instead of translucent, and it becomes very brittle with a high tendency for crack

formation.[133]

As the B-phase PVDF was shown to be piezoelectric, a property that is not usual for polymers,
this polymer gained particular attention. Especially interesting is that the longitudinal
piezoelectric ds; coefficient is negative, meaning that there is a contraction when a field in the
direction of the polarization is applied.[136] This contrasts with most other piezoelectric
materials, which feature a positive d3; coefficient. Much research has been conducted to
understand this behaviour for the co-polymers of PVDF. At the time of writing, there are several
theories about where this negative piezoelectric constant behaviour comes from. First, there is
the theory that the piezoelectric effect originates from electrostrictive deformation in the
crystalline domains. This was shown by Liu et al. by investigating the PVDF-TrFE behaviour
at the morphotropic phase boundary.[137] There, the behaviour can be best modelled with a
crystalline model, whereas the so-called dimensional model (where the effect comes from the
amorphous part of the structure) does not predict the behaviour very accurately. There is also
the idea that piezoelectricity originates the interplay of amorphous and crystalline regions.[136]
In the crystalline part, the contraction perpendicular to the applied electric field comes from
stretching the spherulites’ polymer chains in the direction of the applied field. This behaviour

is analogous to the decrease in thickness when a beam, for example, is stretched length-wise.

In a recent study, two slightly different mechanisms for PVDF-based polymers are proposed.
[30] In this study, the electromechanical response is split into two contributions: mechano-
electrostriction and electric repulsion. Mechano-electrostriction is due to the conformation

transformation of twisted polymer chains to extended ones when subjected to an electric field
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3 Methods 3.5 Used materials

and is responsible for the linear behaviour of up to 400 kV/cm. The second contribution, which
causes non-linearities above 400 kV/cm, comes from the repulsion of electrically aligned
nanodomains. It must be noted that the above cited studies use PVDF-baser polymers, such as
PVDF-TrFe but did not use PVDF itself. Therefore, not all conclusions from these studies can
be readily extended to PVDF. For example, the above-mentioned nano-domains occur in
relaxor ferroelectric materials such as PVDF-TrFE but do not contribute to the paraelectric -

phase PVDF.

From our results, it is unclear which of the two theories, piezoelectricity or mechano-
electrostriction, describes linear electromechanical behaviour more accurately. It was therefore
chosen to describe the effects with piezoelectricity, as this is more commonly found in the

literature.

Even though x-phase PVDF is supposed to be non-polar, in real systems, this is not always the
case. Polarization hysteresis effects have been shown at fields >200 kV/cm, where it was
concluded that ferroelectricity is the cause of the hysteresis.[138] This means that even in linear
electromechanical coupling effects, such as piezoelectricity, a non-linear response of the system

can be expected.

100



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

4 Results and Discussion 4.1 a-phase PVDF MEMS cantilevers

Results and Discussion

This chapter presents and discusses the results of the material characterization of the two
materials, a-phase PVDF and TiOx. The electro-mechanical properties of these materials are
analysed with LDV measurements by applying MEMS cantilever structures. For PVDF, the
flexoelectric contribution needs to be investigated. However, a significant electrostrictive
actuation was measured. For the TiOx, the primary electro-mechanical response can be
attributed to the flexoelectric effect. Further studies on the TiOy are also shown, such as
measurements of devices using a segmented top electrode (to locally enhance electric field
gradients), the electrical properties of TiOx (mainly the capacitive and leakage current

behaviour) and the cantilever behaviour at different temperatures and atmospheres.

First, the challenges of the flexoelectric coefficient determination of PVDF cantilevers are
presented. Second, it is shown that the PVDF cantilever proves to be a viable electrostrictive
MEMS actuator. Third, the actuation behaviour, the Young’s modulus and the Q-factor are

analysed at various temperatures ranging up to 190°C.

4.1 o-phase PVDF MEMS cantilevers

As discussed in the introduction chapter, PVDF was chosen as a potential flexoelectric material
because the literature shows that the material’s electromechanical activity promises a large
flexoelectric component. [54] Additionally, PVDF is often cited as a suitable functional
material for MEMS applications, as it is cost-effective, lightweight and chemically robust.
[139-141] MEMS applications include cantilevers used in AFMs or in sensors that can measure
particle mass, viscosity, or flow. Besides MEMS, other common application scenarios for
PVDF also include high-energy-density capacitors, memory devices, energy harvesters and

sensors. [142—-144]

Adding a co-polymer, TrFE, is vital for most of these applications. The reason is that the as-

cast PVDF (as described in section 3.5) is in the non-polar a-phase, and a special technique is

101



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

4 Results and Discussion 4.1 a-phase PVDF MEMS cantilevers

needed to change the non-polar a-phase to the polar B-phase. This technique stretches the PVDF
film while a strong electric field (in the 100s of MV/m) is active. The addition of TrFE causes

the polymer to form the B-phase at room temperature primarily. [145]

However, when investigating the flexoelectric effect, having the non-polar phase is beneficial.
The non-polarity ensures that there is no piezoelectric contribution to the total
electromechanical response of the functional film. In some applications, using the flexoelectric
effect in PVDF is preferred, as using the d33 of copolymers like TrFE limits the temperature
range to the Curie temperature of 120°C and therefore limits the application range. [146]

A non-piezoelectric a-phase PVDF cantilever with a symmetric cantilever design was
fabricated to measure the flexoelectric coefficient in PVDF. The symmetric design, where the
neutral axis is in the centre (out-of-plane direction), is supposed to cancel out the electrostrictive
and the residual piezoelectric contributions compared to the electromechanical actuation, as
shown in Figure 49 a. However, when measuring the PVDF devices with the MSA and
demodulating the signal into its 1% and 2" harmonics (explained in section 3.4), a significant
quadratic mechanical response is present in addition to a linear actuation signal with a
comparatively low deflection. A quadratic contribution to the actuation implies that there is an
enormous non-linear flexoelectric effect in PVDF or that the cantilevers do not fulfil the

symmetry requirement, which is needed to suppress the electrostriction and piezoelectricity.

A
i A-B
T
s ! Overlap
1
Au , Au
1
B!
Au

(a) (b)

Figure 49 (a) The side view of the cantilever. The neutral axis is shown as a dashed red line. The circular arrows
indicate the direction of the torque that results from the piezoelectric/electrostrictive effect. (b) Cross-section of
the cut A-B. The overlap is the difference between the lateral size of the bottom electrode and the top electrode.

To check whether the latter influence is significant, frequency-dependent COMSOL

simulations were performed and showed that the neutral axis is off symmetry due to the
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difference in lateral size of the bottom electrode and the top electrode. In this investigation, this

difference in size is called overlap and is defined as shown in Figure 49 b.

X

N

L

Figure 50 A sketch of the 3D model used in COMSOL. Three rectangular plates can be seen. The yellow plates
represent the gold electrodes, and the blue plate represents the PVDF film. The red area shows where the fixed
boundary condition of COMSOL applies.

The simulation was performed in 3D, and the model was a simple stack of three rectangular
plates, where the bottom plate was laterally more extended than the other two, see Figure 49 b
and Figure 50. The cantilever clamping was approximated by setting the front facet (red area
in the sketch) as a fixed boundary condition (i.e., restricting any movement of the corresponding
nodes in any direction). The plate thicknesses are rounded values of a measured cantilevered
device, namely 200/190/200 nm. The width and length of the simulated cantilever are 50 pm

and 150 um, respectively. The bottom electrode width varies from 50 pm to 57 pm.

The first step of the simulation procedure was to find the resonance frequency of an undamped
cantilever with a given overlap. Then, to obtain a comparative amplitude value between the
different overlap values, a sinusoidal actuation with amplitude of 1 V was applied, where the
actuation frequency is slightly below the actual resonance frequency (0.999-fy). This is
necessary, as the simulation at resonance of an undamped system is unstable. The resulting
amplitude J is normalized to the highest amplitude dmax resulting from the different overlap
values. This framework is reasonable for proofing that the overlap causes the off-axis symmetry

of the neutral axis.

For the electrostrictive coefficients of PVDF, Q¢ = -11 m*C?, Q¢ = 6.7 m*C? and & = 16

were used. The mechanical parameters were taken from the COMSOL standard library.
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[147,148] These are Enoarvor = 2.42 Gpa, ppyor = 1.76 g/em® and veypr = 0.34 and Enod au =
70 Gpa, density p, = 19.3 g/cm?, Poisson ratio v4, = 0.44. For the piezoelectric coefficients,

standard COMSOL values for PVDF were applied.

The resulting normed tip deflection at various overlaps can be seen in Figure 51. Both

piezoelectric and electrostrictive excitation were simulated for reasons of comparison.
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Figure 51 The normalized tip deflection of the simulated cantilever at different overlap values. At no overlap, the
tip deflection is zero. When an overlap is introduced, a resonance mode is excited, and the tip deflection increases
with increasing overlap. No significant difference in deflection when comparing piezoelectric and electrostrictive
actuation is detected.

The simulation limit for the overlap was set to 25 um, as at higher values, the mode shape
changes as in-plane modes occur. As shown in Figure 52 a, at 0 overlap, the cantilever has no
tip deflection and only shows changes in volume, as is expected for piezoelectric materials.
Even the lowest overlap investigated (i.e., 1 um in this case) leads to a tip deflection > 0. With
increasing overlap, the amplitude increases up to the point where in-plane modes are introduced

into the cantilever oscillation. The resulting tip deflection can be seen in Figure 52 b.
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Figure 52 The obtained mode shape from COMSOL simulations of a PVDF cantilever. (a) No overlap between
the top and bottom electrode leads to an expansion of volume, but no tip deflection, (b) having an overlap > 0
leads to an out-of-plane mode shape with a tip deflection.

Due to this overlap effect, and the fact, that 0 overlap leads to a drastic increase in the
probability of bottom-to-top electrode short-cuts (see section 3.2), no methods were found that
could sufficiently decouple the piezoelectric signal from the flexoelectric signal in these
cantilevers. Additionally, as the actual value of the residual piezoelectric coefficient is not
known, the piezoelectric portion of the linear actuation signal cannot be simulated and

subsequently subtracted from the measured actuation signal.

However, we found a significant actuation based on the electrostrictive effect, and with this
approach, no device layer is needed to break the symmetry. Therefore, as the cantilever stiffness
is lower, a higher deflection is possible. This discovery leads to an exciting possibility for using
the electrostrictive effect of a-phase PVDF in MEMS applications. The electrostrictive effect
in PVDF is generally pronounced and even dominates the piezoelectric contribution at higher
electric fields in B-phase PVDF.[149,150] Due to the quadratic dependency of the actuation to
the applied electric field, electrostriction is generally outperformed by piezoelectric
contributions at lower electric fields. [151] Before this discovery, two main strategies for
increasing the actuation performance of an electrostrictive device were followed. One approach
is to decrease the film thickness as much as possible while keeping the applied voltage level
the same. This increases the electric field strength inside the functional material, which leads
to more actuation. Unfortunately, there is a limit in film thickness, which is defined by the
breakdown field strength. This limit for PVDF is about 8 MV/cm, which is comparable to the

piezoelectric ceramic aluminium nitride (~ 9 MV/cm).[23,152]
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By omitting the device layer, the cantilever thickness can be reduced without being limited by
the breakdown field strength. One potential application for a cantilever of this design as
characterized in this thesis is to use them as probes in AFM measurements of biological
samples. Compared to AFM probes made from silicon (Enasi of 140 Gpa), the Au/PVDF/Au
cantilevers are much softer (£ moarvpr~ 2 Gpa and E nod.4u~ 69 Gpa) [153—155]. This lower
stiffness is required for biological samples; otherwise, the samples can get damaged.[156] The
measured Q-factor of the Au/PVDF/Au cantilevers is also relatively low (~ 60), as is shown in
the following section. A low Q-factor of the cantilever means that the response time regarding
sharp changes in amplitude is much faster. A higher resonance frequency is also beneficial, and

a good approximation for the response time is O/f. [157]
Experimental results

The PVDF cantilever device was fabricated as described in section 3.3, and an SEM image of

such a cantilever is shown in Figure 53.

(a) (b)

Figure 53 SEM images of a PVDF cantilever. (a) Side view of a released cantilever. (b) Cross-section of the
cantilever film stack. In a post-release etch, the chromium layer is removed and is, therefore, not present in the
free-standing parts of the cantilever.

As expected, no significant static bends can be observed. The XeF> under etch did not yield a
perfectly straight anchor region, demonstrating that the etch rate close to the cantilever was
higher than in the vicinity. No apparent reason was found; however, the anchor below the
cantilever is reasonably straight and is thus still useful for characterization. In the SEM image,

the surface roughness seems low. To prove that, an AFM characterization of PVDF deposited
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on gold was performed, which is shown in Figure 54. The annealing temperature of the film

was 130°C.

As expected, a spherulitic structure can be identified (see section 3.5). However, the spherulites
are comparatively small in lateral size (1-4 pum compared to <30 um for room temperature
deposition), resulting in a much smoother film.[158] The RMS roughness is very low, with
18.51 nm, whereas at grain boundaries, the thickness drops significantly down to 172 nm. This
drop is due to the presence of deep troughs that can almost extend down to the bottom electrode.
However, no effect on the electrical breakdown field strength was observed. A likely
explanation is that the troughs are very small in lateral size, so the gold top electrode does not

fill them, so that the bottom electrode gets connected.

S 172 nm
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Figure 54 An AFM measurement was performed on an AU/PVDF sample annealed at 130°C. The AFM was set
to the tapping mode, and the forward height sensor signal was recorded. The total scanning area is 10x10um?.
The trough with the steepest decline is marked with a red circle.

Obtaining the effective cantilevers’ Young’s modulus is vital for determining the
electromechanical coefficients. The Young’s modulus was obtained as described in the methods
section 3.4. In this measurement, the sinusoidal excitation frequency was swept from 10 to
200 kHz, and the sampling point of the MSA was put in the middle of the cantilevers’ tip. The
values determined with this approach were x = (.3 and Eer = 65 Gpa. Using the literature values
mentioned earlier in this section, and calculating the weighted sum for the cantilever results in

an Epukep= 46.6 Gpa.[153—155] With a discrepancy of ~30%, this is reasonably close. As thin

107



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4 Results and Discussion 4.1 a-phase PVDF MEMS cantilevers

films have substantially different morphology and stress depending on factors like deposition

method and used parameters, such a deviation is reasonable.[159]

To ensure that piezoelectric contributions from the B-phase are as minimal as possible, the
PVDF film must consist predominantly of the a-phase. To confirm this, a combination of FTIR
and XRD measurements was performed. As both methods benefit from thicker samples and
200 nm thick samples have a very low signal-to-noise ratio, 1 um thick samples at different
annealing temperatures were fabricated. As explained in section 3.5, the room-temperature
deposition samples show a significant difference in film quality, also shown in Figure 55. Due

to the low film quality, the sample at room-temperature deposition was omitted.

(b)

Figure 55 PVDF films deposited on silicon wafers at different temperatures. (a) At room temperature, the PVDF
film is white and brittle. (b) At deposition temperatures above 70°C, a translucent and soft film is formed.

In Figure 56 a, the measured FTIR spectrum can be seen. The specific peaks for a-phase PVDF
are at 763 and 614 cm’'. For the B-phase, the peak location is at 1275, 841 and 510 cm™! and for
the y-phase at 1234 cm™.[160] All three phases are present at room temperature and 70°C
deposition temperature. Above this temperature, the a-phase specific peaks remain, while the

- and y-phase characteristic peaks disappear.
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Figure 56 (a) The measured FTIR spectrum for samples fabricated at deposition temperatures ranging from room
temperature to 130°C. FTIR peaks which are identifiers of the o-phase, are labelled in blue, the B-phase specific
peaks are labelled in green, and the y-phase specific peak is labelled in purple. (b) XRD spectra for samples
fabricated at deposition temperatures ranging from 50 to 130°C. a-phase and f-phase specific peak locations and
corresponding crystallographic planes are labelled.

The XRD measurement, shown in Figure 56 b, confirms the results from the FTIR
measurements. The B-phase specific peak at 20.6° is only present at a deposition temperature
of 70°C. This peak also has a low intensity and is broad, indicating a poor presence of this
phase. The a-phase specific peaks at 17.9°, 18.4°, 20° and 26.8°, which represent the (100),
(020), (110) and (021) crystallographic planes are pronounced at the samples synthesized at a
substrate temperature above 70°C. [161]

The actuation behaviour of the cantilevers is studied with the MSA measurement approach, as
described in section 3.4. This method can split the mechanical response into terms with linear
and quadratic dependence on the electric field. The cantilevers are excited with a sinusoidal
voltage at frequencies f = f. and f = 2+f,, and both the tip deflection across the frequency
spectrum 10-200 kHz and the curvature at resonance were measured with the MSA. The
resulting tip deflection concerning the actuation frequency is shown in Figure 57 a. The
cantilever tip deflection in resonance at low electric fields (<600 kV/cm) is shown in Figure 57
b. As expected, the 2" harmonic excitation (f,, = 2+/,) leads to higher tip deflection than when
the 1% harmonic is applied (f;» = f2). This is true across the whole analysed frequency spectrum.

As explained in section 2.3, the significant actuation at the 2" harmonics strongly indicates that
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the electrostrictive effect is the cause of this actuation. This is further supported by the expected

quadratic dependence of the tip deflection as the case of electrostriction shown in Figure 57 b.

The measurement at the 1% harmonics has a comparatively low amplitude (roughly an order of
magnitude) and shows a linear dependence on tip deflection as a function of actuation voltage.
The linear behaviour of the tip deflection vs. actuation voltage at the 15 harmonics leads to the
conclusion that this actuation originates either from the piezoelectric effect or the flexoelectric
effect. As it was impossible to isolate those two effects by symmetric cantilever design, there
is no final conclusion of what effect causes the 1% harmonics actuation. To make matters more
complicated, some measured cantilevers also show the quadratic dependency of the tip
deflection in the 1°' harmonics measurement. However, in the author’s opinion, it is most likely
that the actuation is caused by the piezoelectric effect, as a piezoelectric contribution in a-phase

PVDF was repeatedly reported. [27,162]
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Figure 57 MSA measurements of a PVDF cantilever. A lock-in amplifier was used to capture the tip deflection
amplitude. The measured frequency f. equals the excitation frequency f, or twice the value of f.. (a) A frequency
sweep was measured. The excitation field was varied between 250 and 2750 kV/cm in steps of 250 kV/cm. (b) A
plot of the corresponding tip deflection amplitude at resonance and low excitation fields.

In addition to the previous measurement, a surface scan at varying sinusoidal excitation voltages
was performed. With the surface scan, a more precise measurement is obtained. A 3D surface
plot of the raw data of all surface scans is shown in Figure 58 a. The derived curvature of the
MSA surface scan of the first mode at different applied electric fields at f,, = 2+, and fi = fa is
shown in Figure 58 b. The f = 2-f. shows a quadratic dependency regarding the electric field,
which is expected for this type of measurement. The measurement with f,, = f, shows linear
dependence at lower electric fields and non-linearities at higher electric fields. The possible
origin of this non-linearity comes from the presence of ferroelectric phases at higher electric

fields, as explained in section 3.5.

111



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

4 Results and Discussion 4.1 a-phase PVDF MEMS cantilevers

160 —~———
140 [
120 [
100
80 |-
60 |-
40}
20k

300

[nm]

Z

200

100

Curvature [1/m]

0 500 1000 1500
Electric Field [kV/em]

(a) (b)

Figure 58 (a) A surface scan of the first mode measured with the MSA at f,, = 2-f.. The electric field amplitude
varied from ~30 kV/cm to ~1700 kV/cm resulting in deflection surfaces, ordered from the lowest to the highest Z
values at the tip (b) The derived curvature at varying excitation fields. A quadratic fit of the two measurements is
also shown to identify better the quadratic dependency of both f,, = f. and f, = 2-fa.

A typical maximum tip deflection Z at resonance of the presented cantilevers is ~450 nm at 60

V for a 60 pm long and 600 nm thick cantilever.

A comparison to other cantilevers found in literature would be beneficial here. However, to our
knowledge, no other electrostrictive semiconductor-technology-compatible MEMS cantilever
with such small dimensions has been published. The research of electrostrictive cantilevers
focuses generally on much larger devices, ranging from a few millimetres to several
centimetres.[163,164] Other electrostrictive MEMS devices are from a different type, such as
membranes or textile fibres.[165,166] Also, the piezoelectric effect for MEMS cantilevers is
generally favourable, as it produces a larger strain at lower electric fields® and is therefore

attracting more attention.[167]

To benchmark the performance of these cantilevers, the best comparison that can be done is to
compare the a-phase PVDF cantilevers with B-phase PVDF-TrFE cantilevers that our group
published most recently [150], as similar methods, equipment and materials are used. For that
comparison, the B-phase piezoelectric MEMS resonator achieved a deflection at the tip of
1.2 pm @ 30 V with a length of 400 pm and a total thickness of 3 um, whereas an exemplary
electrostrictive cantilever reached ~150 nm @ 30 V with a length of ~60 pm and 600 nm total

¢ The exact electric field values where the piezoelectric effect dominates the electrostrictive effect are material
dependent, but in the next paragraph such a comparison between electrostrictive PVDF and piezoelectric PVDF-
TrFE is given.
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4 Results and Discussion 4.1 a-phase PVDF MEMS cantilevers

thickness. From a geometry point-of-view, the tip deflection scales with « Ls/ n3- When

comparing these different geometries, the 150 nm tip deflection must be multiplied by 2.3 if the
cantilever is scaled to the dimensions of the piezoelectric PVDF-TrFE cantilever. This means
that the tip deflection of the electrostrictive cantilever is only 1/3.4 compared to the tip
deflection of the piezoelectric cantilever. This rough estimate does not take any consideration
of, e.g. the Q-factor or other resonator-specific parameters into account, which has a high
impact on the resulting tip deflection. Also, the quadratic field dependency favours the
electrostrictive cantilever approach when going to higher fields. Calculating with the numbers
above, one would need roughly 110 V (5500 kV/cm) to reach comparable deflection values
from electrostrictive and piezoelectric actuation. As the dielectric breakdown strength can be
as high as 8000 kV/cm (for thicker films, as mentioned before), the device could outperform
piezoelectric devices. However, we could not achieve such high breakdown strengths and can,
in direct comparison, not outperform the piezoelectric counterpart. With all this information
combined, we can say that electrostrictive cantilever may be comparable to piezoelectric

counterparts, if thick, high-quality PVDF is used.

For sensing purposes, the resonance amplitudes do not need to be very large (e.g., an AFM
works with amplitudes of ~30 nm), and hence, the cantilever is considered suitable for sensing
purposes. As PVDF has a higher melting point as PVDF-TrFE and a-phase PVDF do not need

poling, the latter material offers benefits for electroactive devices.
Temperature-dependent measurements

The temperature-dependent performance of cantilevered resonators was also measured. In
principle, the electrostrictive coefficient should not be dependent on temperature. On the other
hand, the piezoelectric and flexoelectric effects were shown to increase with temperature.
[168,169] In theory, the flexoelectric effect is present at temperatures above the Curie
temperature, while the piezoelectric effect is not. Measuring actuation above Curie-temperature

could prove that the flexoelectric effect exists in a measurable range in a-phase PVDF.

For this purpose, the cantilever was placed on a hot plate below the MSA. This hot-plate also
had a vacuum chuck to fix the sample. The temperature of the hot-plate was set to the wanted
temperature, and the cantilever’s resonance frequency was monitored. In detail, a continuous

periodic frequency sweep of a sinusoidal actuation voltage was applied, while the tip deflection
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4 Results and Discussion 4.1 a-phase PVDF MEMS cantilevers

was constantly measured with the MSA. Once the resonance frequency was stable for 15
minutes, the actual surface scan of the cantilever was performed. For each temperature, two
measurements were made, one without electrical excitation for thermal calibration (see section
3.4) and one with electrical excitation, where the excitation amplitude was increased from 0 to
~300 kV/cm. The deflection amplitude dependent on the applied electric field was fitted with
either a first- or a second-degree polynomial, = a; + b;x andf = a2 + b2x’, respectively. This
corresponds to a 1% and 2" harmonics behaviour, as previously explained. The temperature was
varied from 25 to 160°C. Unfortunately, at higher temperatures, the PVDF devices started to
bend downwards, and the PVDF film began to show bubble formation and could not be
measured with the MSA anymore. This device failure is unfortunate, as the Curie temperature
for a-phase PVDF is above 160°C, and this method to discern the piezo- and flexoelectric effect

was not possible.

It Is Important to note that these fitting coefficients are evaluated at the resonance frequency
and cannot be equated to material coefficients. However, as the cantilevers do not show any
non-linear resonance behaviour’, the fitting coefficient’s general trend matches the material

coefficient’s trend.

The resulting fitting coefficient over temperature when measuring at f,, = 2f,1s shown in Figure
59 a. Also shown is the fitting coefficient normalized by the Young’s modulus at the respective
temperature. Figure 59 b depicts the Emoaefrand Q-factor obtained from the thermal calibration.
A direct correlation of the 2"! harmonics fitting coefficient with the effective Young’s modulus

is identified.

7 A non-linear resonance behaviour refers to cases, where the resonance frequency is dependent on the tip-
deflection. When such a system is actuated, the resonance frequency changes. If the actuation frequency stays the
same while the resonance frequency changes, the resonance amplitude can decrease even though the excitation
amplitude increases.
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Figure 59 Evaluation of the temperature-dependent MSA measurements of a PVDF cantilever. (a) The fi
coefficient of the 2" harmonics signal (purple) at temperatures ranging from 25 to 160°C. The coefficient is also
plotted normalized to E.yto demonstrate that the coefficient is almost constant over temperature. (b) The obtained
Eey from the thermal calibration method at various temperatures. The Q-factor of the cantilevers as a function of
temperature is also shown.

The Enoaqefr decreased from 71 to 49 Gpa, which is close to the temperature dependent Young’s
modulus of gold nanofilms.[170] Compared to gold, PVDF has a much lower Enoaefr (71 Gpa
to 2 Gpa), and therefore a direct comparison to pure gold films is reasonable. The Q-factor
decreases from 80 to 20, most likely caused by a reduction in storage modulus with increasing

temperature, which increases viscoelastic losses.[171]
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Figure 60 The I*" harmonic quadratic fit coefficients (orange) at different temperatures and when normalized by
Eey (green).

When analysing the 1% harmonics signal, the coefficient doubles from 70°C to 130°C, shown
in Figure 60. Also, the coefficient is not directly correlated to the effective Young’s modulus

of the cantilever. The different temperature-dependent behaviour of the 1% and 2" harmonics

115



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

4 Results and Discussion 4.2 Flexoelectric TiOx cantilever

could be due to increased polarization in the PVDF as the temperature increases. This is a
reasonable assumption as the electrostriction is not dependent on the polarization, but the

piezoelectric and flexoelectric effects are.[136]

To summarize, it was impossible to determine the flexoelectric coefficient in a-phase PVDF

films quantitatively. With these investigations, however, these insights were obtained:

e A difference in bottom to top electrode width shifts the neutral axis off-centre,
eliminating the need for a device layer, which reduces fabrication complexity and
increases tip deflection amplitude.

e Electrostriction represents the most significant contribution to actuation.

e Electrostrictive a-phase PVDF cantilevers show comparable tip deflections to the
piezoelectric counterpart f-phase PVDF-TrFE and theoretically can even outperform
at high excitation fields above 5500 kV/cm.

e The temperature dependence of the tip deflection when excited at f,, = 2+f; is mainly
correlated to the effective Young’s modulus of the cantilever.

e The PVDF devices are stable up to ambient temperatures of 160°C in air.

4.2 Flexoelectric TiOx cantilever

As introduced in section 3.5, another interesting material for flexoelectric device applications
1s TiOx. There is no piezoelectricity due to the material’s centrosymmetric crystal structure, and
the electrostrictive effect is very weak, which will be demonstrated later. Based on these
properties, this material was chosen for further investigations into the flexoelectric effect. First,
the fabrication and the cantilever behaviour are analysed regarding different geometries and
applied electric fields. Even more, analysis of the latter material was performed, where the
crystal structure was determined with GI-XRD, and the film composition was analysed with
XPS method. The flexoelectric effect of such a cantilever is calculated and presented in the
context of other cantilever structures. Furthermore, different top electrode designs were tested

to increase the flexoelectric actuation potential.

116



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

4 Results and Discussion 4.2 Flexoelectric TiOx cantilever

P-E curve and permittivity measurements

As a basis for investigating the flexoelectric effect in TiOy, the dependence of the polarization
to the electric field, the P-E curve, was measured. In principle, TiO, shows a temperature
behaviour which indicates a phase transition into a ferroelectric phase, but the actual transition
does not happen. This is why TiO> is sometimes called an incipient ferroelectric.[34] To rule
out the possibility of any ferroelectric effects, the P-E curve of the TiOx was measured with a
Sawyer-Tower bridge circuit. Circular capacitor structures with the same fabrication parameters

as the cantilevers were realized for these measurements. The resulting P-E curves at different
frequencies can be seen in Figure 61 a. The polarization has a linear relationship with the

applied sinusoidal electric field and does not vary significantly for various frequencies. The
linearity shows that the TiOx fabricated is paraelectric for the range of excitation voltages and

frequencies used, and no additional polarization effects are expected.
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Figure 61 Measurement of dielectric properties of IrOx/TiOv/IrOx parallel-plate capacitors. (a) The polarization
vs. applied electric field plotted at various frequencies. (b) The measured capacitance density of capacitors over
the frequency with varying capacitor radii. The loss angle is derived as shown in section 3.4.

The dielectric constant must be known to calculate the flexoelectric coefficient and is calculated
from the capacitance of the capacitors. The capacitance was measured in a frequency range

between 20 Hz and 200 kHz with varying electrode radii of 125 pm to 500 um. The resulting
capacitance density and loss angle over frequency are depicted in Figure 61 b. The capacitance

density does not change much as a function of frequency or electrode radius. For each radius,
five devices were analysed, showing a variance in capacitance at a given frequency below

0.1 %. One exception is the 500 um device at higher frequencies < 10kHz. Here, the capacitance
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4 Results and Discussion 4.2 Flexoelectric TiOx cantilever

density drops, and the loss angle increases. This is likely due to increased leakage currents at
higher radii and frequency (see section 3.4 for details). The loss angle shows values of -88°
(close to the ideal -90°) at lower frequencies and increases at higher frequencies. The
corresponding slope depends on the device radius and shows higher loss angles at larger
electrode areas. However, the largest cantilever areas (4500 pm?) are ten times smaller than the

125 pm capacitor devices (49000 um?) and hence, a drop in capacitance is not expected.

The derived dielectric constant for the analysed TiOy films equals about 90 at 100 kHz (see
section 3.5), which is a high value for sputtered TiOx films, where values of 50-70 are reported.

[172-174]

Determination of crystallographic and stoichiometric properties

The crystallographic microstructure of the IrOx and TiOx thin films was analysed with the
grazing incidence X-ray diffraction method. As explained in section 3.4, the crystalline phases
of thin films can be measured with a good signal-to-noise ratio. This is important for diffraction
peak identification, as the IrOx and TiOx have reflections at very similar angles. For these
measurements, a set of silicon (100) wafers were coated by sputtering either with a single IrOx
film or a double layer consisting of TiOx on IrOx. For reasons of comparison, the same sputter

parameters as for the cantilever fabrication (section 3.3) were used for these samples.

The result of the analysis of these samples is shown in Figure 62 a. The two most prominent
peaks, at 26° and 56°, show the common c-axis oriented rutile phase and correspond to the
(110) and (220) crystal planes, respectively. [131,175] Reflections from other phases, such as
anatase for TiO, cannot be identified. This is also in line with our pre-study on the influence
of the bottom electrode material on the crystal structure of the deposited TiOx, shown in section
3.5. However, a slight shift is determined between the TiOx and IrOx peaks. For the rutile (110)
crystal plane, the shift is 4120 = 0.25°, which translates to a lattice mismatch of ~ 0.03 A. The
literature shows that the lattice mismatch between IrO, and TiO, is 0.086 A in the a/b-axis
direction and 0.039 A in the c-axis direction for single crystals. [176,177] Additionally, the
polycrystalline nature of the double-layer samples was confirmed via SEM, shown in Figure

62 b, where an average grain size below 50 nm is identified.
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4 Results and Discussion 4.2 Flexoelectric TiOx cantilever

These results show that two goals were reached: First, the low permittivity anatase phase is not
present, which means that the resulting flexoelectric actuation is expected to have the maximum
value for this material. Secondly, the lattice mismatch between the IrOx and TiOx film is
minimal, which lowers interfacial film stresses and avoids resulting static bends of the

cantilever devices.
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Figure 62 The crystallographic investigations of sputtered IrOy and TiO; thin films. (a) GIXRD spectra of a single
layer of IrO. and an IrOy/TiOy bilayer deposited on a Si wafer. The rutile peaks are labelled with their
corresponding crystallographic plane. (b) The surface morphology of a TiOx thin film was recorded with the SEM.
The sputtered films are polycrystalline with an average grain size of 40 (£10) nm.

The chemical composition of the films was analysed with XPS. Three types of samples were

compared:

e TiOx on IrOx sputtered on a Si wafer
e TiOx sputtered on a Si wafer

e A piece from a single crystal rutile TiO> substrate

The bond concentrations were derived from the deconvolution of the Ti 2p XPS peaks, as shown
in Figure 63. The TiOx peak is also labelled with a C-OH compound, as the bond energies are
similar. The respective bond energies are 533 eV for TiOx and 533.3 eV for C-OH.[178,179]
However, the C-OH peak is predominant materials such as carbon nanotubes with a high carbon
content.[ 180] Given that our functional film does not contain carbon, it is reasonable to assume

that this peak is related to TiOx.[181]
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Figure 63 XPS measurement of a TiOx film deposited on IrOy. The signal was deconvoluted into three peaks. The
main contribution comes from the compound associated with TiO.. The second largest contribution is C-O which
stems most probably from surface contaminations due to the handling of the sample (no Ti-C bond was found).
The third contribution is related to TiO.

The Ti*" component (= TiO2) of the deconvolution is compared to the Ti** component (= TiOx).
The latter corresponds to oxygen vacancy presence in the material. The result is shown in Table

3.

Ti** (TiO>) T3 (TiOy)
[7o] [7o]
TiOW/IrOx on Si 95.1 4
TiO, on Si 95 3.9
Single crystal TiO> 95.5 33

Table 3 The proportion of Ti*" and Ti** bonds in the deconvolution of the Ti 2p peaks of samples obtained from XPS. A ratio
of 100% Ti** bonds indicates stoichiometric TiOz. The percentages do not add up to 100%, as the convolution contains trace
amounts of pure Ti and Ti-C.

The fraction of bonds associated with TiOx (Ti*") is, for all samples, very similar and low,
showing that the fabricated TiOx films are close to the single crystal equivalent. If this was not
the case, and the TiOx films have a higher vacancy amount, there might be issues with the
electrical insulating properties of the TiOx layers. The resulting losses from the higher leakage
currents would have a negative impact on the cantilever device performance. The effect of the

oxygen vacancies in the TiOx films on the leakage currents is analysed in-depth in section 4.3.
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Cantilever characterization

Using the recipe shown in section 3.3, IrOx/TiOx cantilevers were successfully fabricated. The
analysed devices had a width of 45 uym and a varying length of either 35, 60 or 100 pm
nominally. The actual length of the cantilevers varied up to £ 5 pm due to the process tolerances
of the XeF; etching step. It is noted that a variation in length due to fabrication intolerances
correlates to a change in device geometry that results in a variation in resonance frequency of
up to 50 kHz across different devices. An exemplary device was recorded via SEM and is
depicted in Figure 64 a. The fabricated devices did not show static bending, which would

interfere with the MSA measurements.

Interestingly, the XeF» etch produced straight and smooth trenches compared to the a-phase
PVDF cantilevers. It is not known where this difference in etch behaviour originates. In Figure
64 b, the cross-section of the thin film stack is shown. The TiOx films show very low roughness,

and columnar film growth.

(b)

Figure 64 SEM imaging of the TiOx cantilevers. (a) An isometric view of one of the measured cantilevers. The top-
electrode (TE) and bottom-electrode (BE) are also labelled. (b) Cross-section of the device layer stack. The TiOx
film shows columnar growth.

The cantilevered devices were placed in the MSA and were excited with a sinusoidal voltage.
A surface scan was performed at each excitation voltage step, where the voltage was varied
from 0.2 to 2 V in 0.2V steps. Basically, the measurement frequency equalled the excitation
frequency, except where the electrostrictive effect in TiOx was determined. The raw data of a

surface scan is shown in
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Figure 65. Here, the excitation frequency was at 10 kHz, far off the resonance frequency

(~151 kHz), and the off-resonance modal shape corresponded to the 10 resonance mode. [182]

Amplitude [nm]

0 20 40 60
Position in X-direction [pum]
Figure 65 Deflection amplitude of one line along a cantilever which is excited at different sinusoidal peak-peak

voltages. The data was recorded with the MSA and corresponded to the maximum deflection at each location. A
spline interpolation was added as a guide for the eye.

Five cantilevers were measured, three with a nominal length of 60 pum and two with nominal
lengths of 35 and 100 um each. This set of cantilevers was chosen to check for the
reproducibility of measurement results and to confirm the independence of the flexoelectric
coefficient with regards to the cantilever length. In detail, the thermal calibration method was
used on all five cantilevers. The individual effective Young’s modulus of each cantilever was
used to evaluate the flexoelectric coefficient. The power spectral density of one cantilever
(derived from the cantilever tip deflection) in a frequency spectrum from 120 to 180 kHz is
shown in Figure 66. The resonance peak in this measurement corresponds to the 10 out-of-

plane mode of the cantilever, and the resonance frequency is 151.85 kHz.
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Figure 66 The power spectral density at frequencies close to the first out-of-plane mode of the cantilever. The
power spectral density is derived from the amplitude measured with the MSA without any external actuation. The
thermal calibration fit, as explained in section 3.4, is also shown.

Three different methods to obtain the Emoaef are compared in the following. First off, the value

is obtained from the equation for the resonance frequency of a cantilever:[26]

Emod,eff
12(1-v¥)p

3 1.8752
7 212

(57)

The measured resonance frequency fy results when using Eyode= 217 GPa. The Ejnodef can be
obtained from bulk literature values as a second method. The weighted sum of the individual
Enodaewhen Epo2 =260 GPa and E7io2 = 157 GPa, results in a Enoqep= 225 GPa.[183,184] The
third method is the aforementioned thermal calibration. This method, applied on all cantilevers,
results in an average Emod e = (206.5+ 11) GPa. As the thermal calibration values are close to

the other two methods, the validity of this method is demonstrated.
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Electromechanical response

To assess the flexoelectric coefficient of TiOy, it must be known what type of electromechanical
effects are contributing in total to the actuation. Otherwise, the flexoelectric coefficient is

overestimated.

Bulk piezoelectricity

Bulk piezoelectricity is not expected in TiO», as its crystalline phases do not have the necessary
point group symmetry needed for a piezoelectric effect to occur. In principle, it is possible that
so-called nano-polar regions can be present in ferroelectric materials. [185] However, we do
not see any ferroelectric or paraelectric behaviour in the P-E measurements, shown in Figure

61 a. With these arguments, any bulk piezoelectric effect can safely be ruled out.

Field gradients in bulk (bulk flexoelectricity)

It has been shown that bending a curved beam can induce a flexoelectric effect due to geometry
changes.[186] Consider a beam bent upwards (see Figure 17 in section 2.3). Due to the bending,
one beam surface gets stretched while the opposite surface is compressed. This difference in
the surface area of the opposing electrodes leads to a field gradient in the bulk. However, in the
case of the fabricated TiOx microcantilevers, the spatial difference between the two electrodes
is 6-:107" m. This is a minimal difference compared to the bending radius of ~2.5 m, making the

effect negligible.[187]

Another factor to consider is the field gradients due to geometrical imperfections in the TiOx.
Such imperfections include micro-cracks, grain boundaries and lattice dislocations. No micro-
cracks can be identified from SEM cross-sectional measurements (see Figure 62 b). Grain
boundary effects and lattice dislocations are not easily determined and are assumed to be small

due to their high local restriction.

Dvynamic flexoelectricity

The dynamic flexoelectric effect is present when the geometric dimension of the bulk of the
functional material is significantly larger than the acoustic wavelength of the excitation signal.

In our case, the determining geometric dimension is the thickness of the TiOx with 200 nm. The
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excitation frequency when determining the flexoelectric coefficient is 10 kHz, meaning that the
acoustic wavelength is 0.5 m. Due to this large difference in size, this effect can be disregarded

for this analysis.[6]

Surface flexoelectricity

In section 2.3, the general problem of the existence of the surface flexoelectric effect was
discussed.[90] However, for the following estimation of the surface flexoelectric effect, it is
assumed to exist and scales as proposed initially.[6] The scaling of the flexoelectric coupling

coefficient is estimated to scale with the inverse of the permittivity y and lattice constant a,

Tour ~-L. The bulk- and surface-flexoelectric effect scales with I' ~ . Assuming that the
f 7 a X a

pre-factors are the same, which is reasonable as the material is the same, a difference of 2

magnitudes (yriox ~ 100) is observed. The surface flexoelectric effect is thus also negligible.

Electrostriction

The electrostrictive effect is, in theory, present in the analysed device and can be measured
directly. This is done with the measurement method described in section 3.4, where the first
and second harmonics are measured separately. The result of this measurement is illustrated in
Figure 67. It can be seen clearly that the magnitude of resonance amplitude of the second
harmonic is significantly lower than the first harmonic actuation. In detail, the resonance

amplitude is lower by a factor of about 1/50.

125



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

4 Results and Discussion 4.2 Flexoelectric TiOx cantilever

100

10

T T T Ty T T T T T T

Amplitude [nm]

20 40 60 80 100 120 140
Frequency [kHz]

Figure 67 Deflection amplitude of TiOx cantilevers measured with the MSA at f,, = f. and f, = 2+f.. The signal
related to the electrostrictive effect (blue) is significantly lower than the flexoelectric actuation (green).

Surface piezoelectricity

Section 2.3 showed that the surface piezoelectric effect could be easily mistaken with the
flexoelectric bending (or interface flexoelectric effect). The main reason for this is the similar
scaling of the surface piezoelectric coefficient and having a similar magnitude to the

flexoelectric coefficient.

The surface piezoelectric effect exists because the unit cell at the surface differs from the bulk
unit cell. In the case of the analysed IrOx/T1Ox cantilever, the unit cells of both materials are in
the rutile phase and have very similar lattice spacing (shown in Figure 62 a). It is reasonable
that the change in unit cell structure at the interface of TiOx/IrOx is less than in the TiOx/Air

case. ®

8 In detail, the change of unit cell atom positions when TiOx is in contact with IrOx as compared to when in contact
with air.

126



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

4 Results and Discussion 4.2 Flexoelectric TiOx cantilever

0P, P,

Surface-
layer

TiO,

Y
Z

Figure 68 Schematics of the TiO; surface layer when in contact with IrO,. The proposed polarization in the spatial
direction along the thickness of the cantilever. As this surface layer is only a few nm thin, the polarization at the
interface Pris much lower than the polarization inside the bulk of the TiO>, Py.

Even more, the thickness of the reconstructed surface layer is in the low nm range. However,
the proposed polarisation change at the interface spans a much larger space. This was shown
by Abdollahi et al., where the electric field of a beam of a single material exposed to an external
electric field was simulated.[188] This study finds that the polarization gradient at the interface
spans as wide as 10% of the beam’s thickness. Figure 68 shows a schematic of the polarization
curve in such a case. The total polarization at the interface P;is much lower than the polarization

in the bulk Py.

An estimation for the piezoelectric surface effect of a beam with thickness 200 nm is done. It
1s assumed, that the piezoelectric surface coefficient is the same as the flexoelectric coefficient.
Also, a linear increase of the polarization from 0 in the IrOx to Py in the TiOx over a length of
20 nm (10%) is assumed. Only the uppermost unit cell layer of the TiOx is reconstructed. This
layer has a width of one unit cell width which is approximately 0.4 nm. The polarization P; in

these 0.4 nm is less than 2% of the bulk value Py.

This means, that even though the coefficient of the piezoelectric surface effect equals the
flexoelectric effect, the piezoelectric surface effect is a lot weaker than the flexoelectric effect.
In this case, scaling with a polarization gradient yields higher actuation than scaling with the

absolute value of the polarization.
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4 Results and Discussion 4.2 Flexoelectric TiOx cantilever

Flexoelectricity at the interface

As other electromechanical effects can be ruled out reasonably as the main contributors to the
total actuation of the cantilevers, the flexoelectric bending mechanism is the most likely cause
for the electromechanical actuation of the cantilevers. The flexoelectric coefficient of TiOx can

therefore be derived from equation 28 for flexoelectric bending.
Coefficient determination and comparison to theory

The resonating behaviour of the cantilevers was measured with the MSA surface scan method.
For the results shown in Figure 69 a, an excitation frequency was set, and several surface scans
at different excitation voltages were performed. The voltage at each frequency step was swept
from 0 to 2 Vin 0.2 V steps. The excitation frequency was set to four values, 10 kHz, 100 kHz,
resonance frequency (~151 kHz) and 160 kHz. The curvature was extracted from the surface

scans, as explained in section 3.4.
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Figure 69 Measurement of the flexoelectric coefficient and resonance behaviour of TiOx cantilevers. (a) The
determined curvature at voltages up to 2 V at various frequencies. (b) Deflection amplitude and phase spectrum
between 100 and 200 kHz.

An additional measurement is shown in Figure 69 b, where the sinusoidal excitation frequency
was set to a periodic chirp from 100 to 200 kHz, and the cantilever tip deflection was measured.
The phase difference between the excitation signal and the measured deflection signal was also
recorded. A Q-factor of 90 is calculated from this resonance curve. The phase shows the
expected 180° phase shift when the frequency changes from a value lower than the resonance

frequency to a value higher than the resonance.
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4 Results and Discussion 4.2 Flexoelectric TiOx cantilever

The effective flexoelectric coefficient u.; (Where the main contributions are the longitudinal
w11 and transverse u;> coefficient) is calculated from the curvature. It can be seen that the
flexoelectric coefficient depends on the resonant behaviour of the cantilever. Measuring at
resonance gives a much higher u.; compared to off-resonance. To avoid any unwanted
amplification of the ue;due to a resonance behaviour, a measurement at an excitation frequency

of 10 kHz was performed, far off-resonance.

To show that the influence of the resonance is sufficiently low, the tip deflection of a cantilever
was measured with an applied periodic frequency chirp from 1 to 160 kHz. This results in the
resonance curve shown in Figure 70. The tip deflection does not change significantly below
30 kHz. Additionally, surface scans at frequencies 1, 10 and 20 kHz were performed, showing
flexoelectric coefficients of 1.98 nC/m, 1.65 nC/m and 1.67 nC/m, respectively. The coefficient
increase at 1 kHz is most likely due to frequency interference with the ambient noise. From this
data, it is concluded that 10 kHz is a suitable frequency to determine the flexoelectric
coefficient, as this frequency is far enough off any resonance frequency and is not affected by

ambient noise.
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Figure 70 Response characteristics of the cantilever as a function of excitation frequency represented by the tip
amplitude. Low-frequency measurements demonstrate the plateau in the response characteristics at frequencies
far below resonance.

The flexoelectric coefficient of three cantilevers with a nominal length of 60 um was
determined at 10 kHz. The effective flexoelectric coefficient was determined as pey=1.78 £

0.16 nC/m. The shorter cantilever at 35 pm nominal value yielded a flexoelectric coefficient of
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4 Results and Discussion 4.2 Flexoelectric TiOx cantilever

Uer=1.61 nC/m, and the nominal 100 um long cantilever resulted in a yer= 1.97 nC/m. There
seems to be a slight dependence of uewith the cantilever length. Even though this dependence
is small, a more in-depth study should be performed in future. The measured coefficients are
close to the theoretically calculated 2.5 nC/m for single crystal TiO2 with a permittivity of 90°.
The lower measured value compared to the theoretical one most likely comes from
crystallographic difference to a perfect TiO> single crystal. The TiOx film of the measured
cantilevers is polycrystalline and is not stoichiometric. This leads to intrinsic structural defects
and higher leakage currents, leading to higher losses. The anchor of the cantilever also leads to

additional losses.

The resulting coefficient is also very close to the measured coefficient of single crystal TiO2
beams with a flexoelectric coefficient of ~ 1.7 nC/m, as performed by Narvaez et al.[36] But, a
direct comparison is not straightforward. In the case of this study, the millimetre-sized beams
were bent with a three-point bending method. In this method, the direct flexoelectric effect is
used to generate the charges, which are measured. Here, the surface flexoelectric effect cannot
be disregarded, as the surface will exhibit the largest deformation of the whole beam and

contribute significantly to the total number of charges.

It was also checked if the resulting flexoelectric coefficient fits Kogan’s estimate. Kogan’s
estimate indicates that any material's flexoelectric coupling coefficient /" (= u/y) lies in the
range of 1 to 10 V. [83] Kogan’s estimate yields 3.14/4.87 V for the TiO; a/c-axis lattice
constants. For the characterized devices, the flexocoupling coefficient has a value of 2.75 V at
10 kHz. This shows that also the flexoelectric coupling coefficient is reasonably close to

Kogan’s estimate.

As discussed with the PVDF cantilevers in section 4.1, comparing cantilevers is not
straightforward. However, from a geometry point of view, the TiOx cantilevers are readily
comparable to the electrostrictive PVDF cantilever. The PVDF cantilevers achieved a ~150 nm
tip deflection @ 30 V with a length of ~60 um and 600 nm total thickness. For the TiOx
cantilevers, a 231 nm tip deflection @ 2V was achieved. The break-even point between the
linearly scaling TiOx cantilevers and the quadratic scaling PVDF cantilevers is at around 70 V.

This voltage is not achievable with the electrostrictive cantilever. To reach the same amplitude

? Calculated with Kogan’s estimate as: u = %
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4 Results and Discussion 4.2 Flexoelectric TiOx cantilever

(in resonance) as the flexoelectric cantilever at 2 V, 25 V have to be applied to the

electrostrictive PVDF cantilever.

To further improve the flexoelectric actuation of the TiOx cantilevers, an electrode design was

developed with the goal to increase the field gradient density.

Segmented top electrode

By introducing a specifically patterned top electrode leads to a locally enhanced field gradients
which extend also into the core region of the layer, thus increasing flexoelectric actuation.
However, segmenting the electrodes always reduces the overall area of the electrode. As the
basis for this actuation principle is an interface effect between the electrode and the functional
insulator, one could potentially lose actuation potential when decreasing the electrode area. In

this section, the main effect dominating the cantilever actuation is investigated.

The electrode segmentation idea is shown schematically in Figure 71 a and b.

 g—

Segments

(a) (b)

Figure 71 (a) Top view of the cantilever design principle. Here, empty segments with gap size hs are introduced
into the top electrode (TE). (b) Cross-section of the cantilever. Gaps in the top electrode lead to gradients in the
electric fields throughout the bulk of the TiO: layer.

To properly determine the effect of this electrode segmentation, the TE was designed with a
varying number of segments while keeping the total area of the TE constant. Varying the
number of electrodes is used as a sweeping parameter, as it is hypothesised that more gaps lead

to more field gradients due to the increased total length of edges.

However, when increasing or decreasing the number of segments, the TE area changes,

affecting the resulting actuation. As such, the top electrodes with varying segment numbers
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4 Results and Discussion 4.2 Flexoelectric TiOx cantilever

change the segment gap size to keep the area covered by the top electrode constant while
increasing the number of open segments. The gap size varied between 2 and 50 um depending
on the cantilever size and the number of segments. It must be noted that the all segments of the
top-electrode are at the same electric potential and therefore they are not generating an
additional lateral electric field between the segments. The TE edges act as a discontinuity,
leading to an electric field gradient. Hence, the gap size is not a critical parameter, but the total
length of the edges of the segments is. The resulting area and edge length versus the number of

open segments is illustrated in Figure 72.
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Figure 72 The designed TE edge length as a function of the number of open segments as well as the TE area are
shown. The edge-length increases with more segments, whereas the area stays approximately constant.

The final design of the devices with different segment numbers can be found in section 3.3,

Figure 31.

Figure 73 shows the side view of the cantilever with the calculated electric field (colour map)
and the field gradient (black arrows). From these figures, the expected result is demonstrated
that the segmented top electrode introduces field gradients. A careful analysis showed that only
introducing these segments dampens the cantilever actuation and an etching step is necessary
for the segments to have a positive effect on the actuation, as will be explained in the following.
In Figure 73 a, coloured arrows were inserted to schematically illustrate in which direction the
different field gradients in the z-direction (VE,) point. The z-direction is mainly analysed, as
the field gradient in x direction is equal above and below the neutral axis, and therefore their
bending moments cancel each other out. In Figure 73 a, the blue arrows show gradients where
the bending moments are clockwise and superimpose. Violet arrows indicate gradients that lead

to counterclockwise bending moments. The bending moment, where the most significant field
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gradient is (white), is counteracting both the moment from the interfacial effect and the

electrode segmentation.

E [V/m] E [V/m]
1x107 1x107
1.4 1.4
1.2 1.2
1.0 1.0
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2

(b)

Figure 73 (a) The simulated electric field (colour plot) and the electric field gradient (black arrows) of a
segmented top electrode for no etch. (b) The electric field gradient for the etched case. The field gradients’ general
direction from the TE design and the IrO\/TiOy interface are shown as coloured arrows, and the neutral axis is
shown as a blue dashed line. Blue arrows indicate gradients that lead to a clockwise bending moment and white
arrows to a counterclockwise bending moment of the cantilever.

This problem can be solved by anisotropically etching the TiOx layer to a depth below the
neutral axis prior to etching. This case is shown in Figure 73 b. Now, the electric field gradient

is most significant below the neutral axis and all moments add up.

As a consequence, the thin film stress compensation had to be changed to realise this design. In
the previous cantilever design, the stress was compensated by the TE, which is now more
sophisticated as the TE geometry consists of different segmented electrodes. Sputter parameters
were successfully adapted such that the stresses in both BE and TiOx layers compensate each
other while the TE layer stress should be as low as possible (in the fabricated devices, the stress

was below 200 MPa generally).
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(a) )

Figure 74 Microscope pictures of the tested devices. (a) A reference design with a fully covering TE is shown. (b)
A cantilever with a segmented top electrode is shown. Similar to the PVDF cantilevers in section 4.1, the XeF
etch rate close to the cantilever is higher, resulting in an uneven under-etch. Also, a residual resist can be seen at
the edges of the cantilevers. Both devices were functional, however.

In Figure 74, different stages of the cantilever process are shown. The segmented cantilever
structures were produced successfully, although the yield was low due to the problematic IrOx

lift-off, which is especially challenging for the small gaps (~ 5 um) at the TE.

The cantilever tip deflection with different segment numbers was measured with the MSA, and
the result are shown in Figure 75. Here the resonance frequency of each cantilever was
determined prior to any further analysis by a frequency sweep, so that the cantilevers were

excited most precisely at the device-specific resonance frequency.
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Figure 75 The cantilever tip deflection over the applied voltage measured with the MSA in resonance is shown. 4
different top electrode structures are compared, namely with 0/5/7/9 segments. While the 5/7/9 segment cantilevers
are yielded from one wafer, the 0 segment structure was from a different wafer. (a) The maximum deflection before
the TiOx etch. (b) The maximum deflection after the TiOy etch. The 0 segment device was not post-etched but is
shown for reference.
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4 Results and Discussion 4.3 Electric behaviour of IrOx/TiOx/IrOx capacitors

Figure 75 a shows the tip deflection vs. amplitude of the sinusoidal excitation of the unetched
segmented cantilevers and a reference cantilever without segments. Unfortunately, the
reference structures with no segments on the same wafer failed in compensating film stresses.
This leads to static bends that make the devices unmeasurable in the MSA. However, the
reference structures with no segments from another wafer is shown. At first glance it seems that
the segmenting has a positive effect on the deflection amplitude when comparing the reference
device to the 5 and 7 segment devices. However, when the number of segments is increased, a
decrease in deflection amplitude is observed, according to the theory. It must be noted that
resonator properties vary from wafer to wafer and hence, some uncertainty in direct comparison

of devices can occur.

Using RIE, the same set of cantilevers was then etched with SFe/O.. The resulting tip deflection
of the cantilevers after etching can be seen in Figure 75 b. The total tip deflection of all
cantilevers decreased, whereas the one with 9 segments seems to be affected the least. This is
evidence that etching the TiOx leads to beneficial field gradients favouring more edge length.
However, there are still many issues to be solved. First, the total deflection of all cantilevers
decreased, which could be due to the different resonance behaviour of segmented and
unsegmented devices. Secondly, the deflection dependent on the number of segments of the
etched cantilevers is not following a clear trend, as the 5-segment cantilever showed more
actuation than the 7-segment one. Therefore, more experimental data are needed to support the

theoretical considerations.

4.3 Electric behaviour of IrOx/TiOx/IrOx capacitors

While increasing the flexoelectric actuation with geometric design optimization is an intuitive
approach, it showed no consistent increase in the cantilever deflection. Also, the straight-up
approach with fully covering electrodes and an interfacial field gradient is more reliable than
the segmented electrode approach, as the fabrication process is simpler. As the interface effect
is a promising way of actuating devices via the flexoelectric effect, it is essential to understand
the electric behaviour of the pure capacitor. For this purpose, we focused on leakage current

measurements supported by XPS, TEM and CV measurements.
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4 Results and Discussion 4.3 Electric behaviour of IrOx/TiOx/IrOx capacitors

Experimental details

All TiOx capacitor devices were made with the same process parameters as the TiOx cantilever
devices presented in section 3.3. However, the capacitor devices differ according to the
following points. The substrates for these samples were p-doped silicon wafers with a 50 Q-cm
bulk resistivity. The use of undoped wafers were not necessary, as the bottom electrode and the
top electrode of the capacitor are both not arranged on the wafer surface side by side, as for the
cantilever structure. In contrast, the bottom electrode has a contact pad for the capacitors, and

the top electrode is contacted directly via a prober needle (as shown in section 3.4).

The set of samples that were compared vary according to the following parameters: Set 1 is
most similar to the TiOx cantilever fabrication. Here 100/4/100 nm IrOx/TiOx/IrOx capacitor
devices with varying dielectric thickness and a top electrode diameter of 250 um were
fabricated. After depositing the bottom IrOx electrode on the substrate, the sample was removed
from the sputtering chamber and exposed to air for approximately one day. For the second set,
the gas composition in the sputtering process of the TiOx layer was varied and the bottom
electrode was also exposed to air. For the third set, the sample was not removed from the
sputtering chamber, and the TiOx layer was sputtered without breaking the vacuum. The

detailed parameters of the sets are shown in Table 4.

Sputter chamber gas . . .
P & TiO; layer thickness Bottom interface
Sflow Ox/Ar .
[nm] exposure to air
[sccm]
50
100
Set 1 20/0 150 Yes
200
10/10
12/8
Set 2 14/6 100 Yes
16/4
Set 3 20/0 100 No

Table 4 Sample parameters of the three sets fabricated for evaluating the electrical properties of the IrO./TiOx
interface.

These samples were mainly characterized by JJ and CV measurements with the setup described

in section 3.4. Characterization with the XPS and TEM methods was performed on samples
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fabricated in addition to the ones in Table 4. These samples are IrOx/TiOx and IrO/TiOx/IrOx

samples without lithography and had fabrication parameters according to set 1.

Material characterisation

An investigation of the set 1 samples’ cross-section in the SEM, as illustrated in Figure 76,
shows a very similar structure compared to the samples presented in section 4.2. IrOx and TiOx
films show a columnar polycrystalline microstructure with grain sizes below 50 nm. In the case
of these samples, the IrOx layer has a thickness of 120 nm instead of the nominal 100 nm. This
deviation from the nominal value is likely due to the sputter parameters not being optimized to
achieve a good thickness precision. A high sputter rate of 10 nm/s was reached with these
parameters. As the total sputtering time of 10 seconds is relatively short, it is likely, that
variations when igniting the plasma in the chamber lead to these thickness variations. However,
the electrical behaviour of the fabricated capacitors is more likely to be determined by the

dielectric thickness than the electrode thickness.

Figure 76 Cross-section of the nominally 100 nm thick TiOy parallel-plate capacitor. A columnar polycrystalline
film morphology is identified.

The electrical measurements in this study were performed at temperatures ranging from room
temperature to 100°C. To check the chemical stability of the IrOx electrode, the oxidation state
under elevated temperatures in a vacuum was analysed with XPS. The measured Ir 4f peaks are
illustrated in Figure 77. The 61.9 and 64.9 eV peaks correspond to the 4f7> and 4fs» peaks of
IrO,, respectively.[189] At temperatures below 150°C, only IrO> peaks are detectable. When
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increasing the temperature above 150°C, the IrO;-associated peaks decrease in intensity, and
new peaks at 60.8 eV and 63.8 eV emerge. These peaks are associated with the 4f7, and 4fs;»
peaks of unoxidized Ir. Since only the IrO» specific peaks are present below 150°C, it is shown
that IrOx layers do not decompose to Ir at temperatures up to 150°C in a vacuum environment.
Consequently, it is even less likely that the functional material will reduce to Ir in an oxygen-

containing environment such as in air when performing the JJ measurements.
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Figure 77 XPS spectra of Ir 4f of IrOx samples measured at various temperatures in a vacuum chamber. At
temperatures below 200°C, the Ir 4f peaks indicate IrO; bonds. At temperatures of 200°C and higher, the peak
position shifts to a value typical for pure Ir.

Like the XPS measurements shown in section 4.2, an XPS study was performed on the samples,
including an analysis when water is present. The result of this measurement is shown in Figure
78. An energy spectrum from 526 to 538 eV was analysed, where oxygen related O 1s peaks
are expected. The obtained signal for the IrOx top electrode, seen in Figure 78, can be
deconvoluted into four components. The components found from the deconvolution procedure

are: [179,189-191]
e Oxygen in IrO; bonds.
e Oxygen in OH bonds.

e Oxygen in adsorbed water.
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e Oxygen in electrically isolated'® H>O, i.e., moisture on the sample.

Comparing the relative occurrence of the components to each other, the surface of the IrOx has

a significant amount of OH bonds and adsorbed water on the surface. It is reasonable to assume

that all IrOx surfaces in contact with air show similar behaviour.

I i T

| —— 1rO, (30%)

— Adsorbed H,0 (16%
- —— 0in H,0 (5%)

OH (49%)

Background

Intensity [arb.u.]

540 538 536 534 532 530 528 526
Binding Energy [eV]

Figure 78 XPS measurement of the O 1s spectrum of IrO. samples. The signal is deconvoluted to the four peaks

as labelled.

When the same XPS measurement was performed on pure TiOx samples, as shown previously

in Figure 63, no peaks associated with OH or adsorbed water were identified. The prominent

peaks aside from the expected TiO, oxygen peak are C-O peaks, most likely due to sample

contamination, i.e., dust. The absence of any OH or H,O peaks means that water will not likely

permeate through the TiOx layer to the bottom electrode. This is important to ensure that the

bottom electrode in sample set 2 does not experience any impact from humidity or water.

10 Electrically isolated means that the H;O molecule did not adsorb on the surface and therefore the oxygen did
not form a bond with any of the sample material.
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Figure 79 STEM-EELS measurement at the Ti-Ls > edge of an IrOyx/TiOx sample. (a) TEM image of the investigated
sample. The interface area, which was analysed with the EELS method, is highlighted and shows the three
measured compounds: IrO; (red), TiO, (green) and TiO,, (blue). (b) The electron energy loss spectrum around 460
eV. A significantly reduced TiO, layer can be identified. (c) The measured thickness of the TiO, layer. (d) Full
recorded EELS spectrum with additional peaks at ~530 eV.

To analyse the chemical composition of the TiOx/IrOx interface, STEM-EELS was applied, as
well as a TEM image is presented in Figure 79 a. For details on the method, the reader is
referred to section 3.4. A 16x14 nm? interface area was scanned with a beam diameter of
0.15 nm, as shown in the insert of Figure 79 a. Figure 79 b yields the resulting Ti-L edge
Energy Loss Near Edge Structure (ELNES). First, the energy loss signal for TiOx can be
identified clearly. Unfortunately, as the measured spectrum is out of range for the IrOy peaks,
no information about this layer can be obtained. The TiOx signal shows the expected peaks at

distances > 6 nm from the IrOx/TiOx interface. At distances < 6 nm to the interface, the TiOx
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signal is noisy, which indicates significantly reduced TiOy, where y < x. As shown in Figure 79
¢, the average thickness of the TiOy layer is 5.7 nm. The whole measured EELS spectrum can
be seen in Figure 79 d. The additional peaks at around 530 eV show the same noisy signal for
the TiOy layer. It can be concluded that a TiOy layer with a high amount of oxygen vacancies
is present at the IrOx/TiOx interface. For more information on fundamentals of oxygen

vacancies, the reader is referred to section 2.2.

Capacitive behaviour

The permittivity behaviour of sample set 1 was investigated (for the methodology, see section
3.4). The applied sinusoidal frequency was swept from 30 to 300 kHz. The capacitance of the
100 nm thick sample was also recorded at varying temperatures ranging from 25 to 100°C. As
shown in Figure 80 a, the permittivity at room temperature decreases from 78 to 64 when going
to higher frequencies. When temperature increases, permittivity also decreases to roughly 90%

of the initial value.

In Figure 80 b, the frequency-dependent relative permittivity at varying dielectric thicknesses
1s shown. At thicknesses above 50 nm, the relative permittivity is very similar and has values
of 75 at 50 kHz. At 50 nm, a lower value of 70 is measured at 50 kHz. These values are lower
and more frequency-dependent than those shown in the cantilever devices presented in section
4.2. The main difference is likely the significantly reduced TiOx interface layer. Such an
interface layer can substantially influence the electrical behaviour, and the oxidation state of
the sputtered films depends on various factors such as the preconditioning state of the sputtering

chamber, the residual gas composition in the chamber or the sputter target condition.

However, even these lower values are comparable to other studies, such as sputtered Al/Ti02/Al

structures with an ¢, of ~60.[192]
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Figure 80 The frequency-dependent relative permittivity of IrO,/TiO./IrO, parallel-plate capacitors obtained from
impedance measurements. The amplitude of the applied sinusoidal voltage was at 0.1 V. (a) Measurement of
capacitors with a 100 nm thick dielectric at various temperatures. (b) Measurement of capacitors with varying
thickness of the dielectric at room temperature.

Time-dependent leakage current behaviour

First, the leakage current behaviour is analysed. Theoretically, for the IrOx/TiOx/IrOx

capacitors, the band diagram, as shown in Figure §1, is expected. The values assumed for the

work functions of both materials are ;02 ~4.2 €V and ¢rio2~4.4 to 5.5 V. [193,194] Another

critical parameter is the electron affinity, which has a value of y, 70> ~ 3.9 eV for TiO2. As

explained in section 2.2, the individual Fermi-energies of both materials equalize when the

materials come into contact. As a consequence, the band structure is changed, and the interface

forms an ohmic contact.
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Figure 81 Band diagram for IrOy/TiOx/IrO; capacitors with literature values for electron affinity and work
function. [193,194]

Additionally, the low bandgap of TiO> (roughly 3.2 eV at room temperature) also means that
leakage currents will be higher compared to i.e., SiO; (approximately 8.6 eV). The low bandgap
and the ohmic contact means that there will be a high amount of charge carriers injected from
the IrOx cathode to the TiOx when a sufficiently high electric field is applied. The high amount
of injected charge carriers have a significant repulsive force that counteracts the applied field
and therefore limits the injection of additional electrons. The current shows the characteristics

of a space-charge-limited current as a result (see section 2.2).

Measurement at room temperature

The measurement setup and method, as shown in section 3.4, were used for the actual
measurements of the leakage current. The first series show an JV-hysteresis measurement
performed at room temperature on set 1 samples with a thickness of 100 nm. The hold time was
set to 100 ms with 10 consecutive measurements at each step (i.e., every 10 ms). The last 10
measurements at each DC voltage step are used for the JV analysis. The voltage cycles in a

hysteresis-like fashion from -3 V to 3 V, where one cycle has the following steps:

1. 0Vto3V
2. 3VtoOV
3. 0Vto-3V
4. 3VtoOV

143



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

4 Results and Discussion 4.3 Electric behaviour of IrOx/TiOx/IrOx capacitors

This numbering of the sweeps will be used for the following sections. This voltage cycling

method is also referred to as cyclic voltammetry.

In Figure 82, the cyclic voltammetry measurement performed on one of the 100 nm thick set 1
samples is shown. The arrows and numbering indicate how the curve was recorded. The inserts

show 10 individual consecutive measurements at selected points of the JV curve.
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Figure 82 Cyclic voltammetry measurements of an IrO,/TiOx/IrO, parallel-plate capacitor. The electric field was
varied from -300 to 300 kV/cm in steps of 0.15 kV/cm and a hold time of 100 ms per step. For clarity, the plot is
separated into two log plots, one containing the positive current values and one with the absolute negative current
values. For this purpose, the negative plot is flipped upside down. One typical cycle of the JV curve where the
trajectory of the curve is labelled. Inserts show the time evolution of the current at selected points of the JV curve.

Three critical features are deduced from this measurement cycle. First, the leakage current
shows a hysteresis-like behaviour, where the leakage current at each voltage depends on the
history of the stressing. This means the leakage current values are different for sweep 1
compared to sweep 2. For example, when looking at the J value at 150 kV/cm, a difference of
three orders of magnitude is observed when comparing the up-sweep to the down-sweep cycle.

This means that the electrical resistance of the capacitor changes dynamically, depending on
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the history of electrical stressing. According to literature, this behaviour is typically called

memristive- or resistive switching behaviour.[74]

Secondly, when looking at the time-transient behaviour in the different sweeps (inlays), sweeps
1 and 3, where the voltage magnitude is increasing, show an increasing current transient
behaviour. In sweeps 2 and 4, where the voltage decreases in magnitude, the current decreases
over time. This transient behaviour shows an asymptotic relaxation behaviour for voltages
applied in this study. This relaxation behaviour indicates that the memristive mechanism also

has a time-dependent component.

The last important observation to note is at the end of sweep 2. The voltage is back to 0 V again,
but there is still a significant negative current with a magnitude of ~ 10* A/cm?. A memristive
hysteresis where the current is not zero at zero voltage is often referred to as non-pinched

hysteresis.[195]
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Figure 83 Cyclic voltammetry measurements of an IrO/TiOy/IrOy parallel-plate capacitor. The electric field was
varied from -300 to 300 kV/cm in steps of 0.15 kV/cm and a hold time of 100 ms per step with multiple consecutive
cycles. The first cycle is in blue, and the 40™ is coloured in yellow.

Figure 83 shows multiple voltage cycles repeated up to the 40" cycle. Only in the first three
cycles noticeable changes in the JV behaviour are identified. From cycle three to 40 the JV

values only differ slightly between each cycle. Over the 40 measured cycles, this change in
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leakage current magnitude is adding up to almost an order of magnitude. Even though the
absolute current values changed, no breakdown or change in the behaviour of the leakage

current is observed and is therefore regarded as stable behaviour within these 40 cycles,.
Where this dynamic memristive behaviour is coming from is explained in the following.

Non-pinched hysteresis

The presented electrical behaviour is best modelled when assuming a parallel equivalent circuit
consisting of a memristor and a capacitor. [196] In this configuration, leakage currents are
caused by memristive and capacitive elements, which add to the total leakage current. The
corresponding modelling and leakage current curves are published in the work of Sun et al.[76]
The curve C;M; looks similar to what is presented in Figure §2. Interestingly, as argued in the
latter study, this C;M;3 shape was not measured before and is the first of its kind. The
capacitively induced leakage current is the cause of the non-pinched hysteresis. If only the
memristive effect is targeted in a device, the capacitive effect must be avoided; otherwise,

energy is lost by the capacitively induced opposing internal field.

In detail, this effect is due to the separation of charges with opposite sign in the dielectric.
Consider a TiOx capacitor with a voltage applied. As a consequence, oxygen which has captured
two electrons and is negatively charged (O%), drift toward the positive electrode. Oxygen
vacancies, however, are positively charged and drift towards the negative electrode. This charge
separation builds up an internal electric field. When the applied voltage is turned off, the O*
/Vo 1ons slowly return to their initial distribution. Until this equilibrium distribution is reached,

a leakage current can be measured, even though the applied voltage is zero.

A cyclic voltammetry measurement of set 1 samples with a thickness of 100 nm was performed
at lower applied electric fields and at different hold times. The maximum field strength was

60 kV/cm, and the hold times were 1 ms/step, 100 ms/step and 15 s/step.
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Figure 84 Cyclic voltammetry of a 100 nm thick set 1 sample at different hold times and a maximum electric field
of 60 kV/cm. The insert shows the time transient of a chosen point on the JV curve.

The result can be seen in Figure 84. The first fact observed is that the longer the hold time, the

more significant the hysteresis is. This is expected, as the longer biasing time leads to a more

effective charge separation. Secondly, in the upward sweep 1, the current at each step is relaxing

to a lower value (see insert). This decrease is different to the current transient of sweep 1 in

Figure 82, showing that a lower bias value does not generate new Vo (which would cause the

memristive effect).

To see which type of charge carriers causes the capacitively induced leakage current, set 2

samples were measured again with the cyclic voltammetry method. The result is depicted in

Figure 85.
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Figure 85 Cyclic voltammetry measurements of set 2 samples with varying gas compositions during sputtering.
Two consecutive cycles per gas composition are shown. The measurements were performed at room temperature
with a 100 ms/step hold time.

As explained in section 3.3, the TiOx is fabricated by reactive sputtering. This means that the
Ti atoms of the Ti target react with the oxygen in the sputtering plasma. To analyse the impact
of deposition parameters, the gas composition of the plasma was changed so that the oxygen
content was partially replaced with Ar, which reduces the amount of oxygen in the plasma, but

keeps the total gas pressure in the deposition chamber constant due to reasons of comparison.

The measurement indicates that the hysteresis is less pronounced the higher the oxygen content
in the plasma is. This correlates with existing literature, where a higher amount of oxygen flow
corresponds to a higher oxidation grade of the TiOx.[197] As the capacitive hysteresis effect is
more pronounced in samples with a lower degree of TiOx oxidation, it is reasonable to assume

that the capacitive effect is indeed caused by the charge separation of O* and V.
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Memristive leakage current description

In general, not considering any traps, a space-charge-limited current (SCLC) is expected, as
explained before. However, as the TiOx is Vo rich, the SCLC behaviour will be altered. Such a
trap-dependent SCLC has been described in literature before and was also used to describe TiOx
devices with memristive effects. Such devices include Al/TiOx/Al, Al/TiOx/TiO2/Al
memristors, and Al/TiOx-nanowire/Ti.[ 198—200] As Al has a very similar work function (~4.06

-4.28 eV) as IrOx (~4.2 eV), in theory, these devices should show similar behaviour.

For a complete analysis of the SCLC mechanism, the exponent exp in the J o V*? correlation
has to be identified in addition to the free carrier density and carrier mobility. The exponent can
be derived from the slope of the log(J)-log(V) plot. Determining the free carrier density and
carrier mobility is, however, possible with Arrhenius plots. As the temperature dependence of
the investigated devices does not show similarities to other devices in literature (to the best of
the author’s knowledge), these parameters could not be determined. The unusual temperature

temperature dependence of the devices is discussed in detail later in this section.

However, the exponent is a good indicator if SCLC is the dominiating leakage current
mechanism. As explained in section 2.2, the exponent should be equal to 1 for low voltages,
increasing at medium voltages to high values of >3 and settling at high voltages to an exponent
of 2. The ranges of low, medium and high voltages is material dependent, but for the
investigated device, itis 0 to 1 V (0 to 100 kV/cm), 1 to 5 V (100 to 500 kV/cm) and >5 V
(>500 kV/cm), respectively.

To confirm the theoretically expected SCLC behaviour, cyclic voltammetry measurements on
set 1 samples with a thickness of 100 nm have been performed. One measurement spans a
voltage range of 0 to 1.2 V and the other from 0 to 10 V. To keep stressing times similar, both
measurements consist of 20 individual measurement points with a hold-time of 100 ms each.
The result is depicted in Figure 86 a and b for the low and high voltage range, respectively.

The obtained slopes are ~1 for low voltages, ~17 for medium voltage and ~2 for high voltages.
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Figure 86 Investigation of the SCLC behaviour of set 1 samples. (a) Log(J)-log(V) plot at small voltages up to 2 V
with 0.1 V steps and a hold time of 100 ms. Below 1.2V, the slope is close to 1, and between 1.2 and 2V, the slope
is close to 17. (b) Log(J)-log(V) plot at higher voltages up to 10 V with 1 V steps and 100 ms hold-time. The high
V slope is close to 2. (c) Schematic representation of the trapping behaviour for low voltages, step time and
temperature. In the low voltage regime, the oxygen vacancy traps are not activated and do not contribute to
conduction. (d) Trap behaviour at high voltages, low hold time and low temperature. Along a path of low

(c)

resistance, traps are active.

(d)

The individual regimes are explained as follows (see section 2.2):

e Low voltage range, exp = 1:

Traps are inactive, and only ohmic behaviour is observed. No conductive channels are

present. This is also depicted in Figure 86 c.

e Medium voltage range, exp > 3:

Traps are activated and contribute to the electrical conduction. The trap-activation
happens preferably through paths of low resistance, i.e. conductive channels throughout

the capacitor, see Figure 86 d. Applying a steady voltage bias in this regime increases

the current over time as new channels are formed (see insert of Figure §82).

e High voltage range, exp = 2:
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All traps are active and an excessive current flow is present. Also, no new channels of
low resistance emerge and the current behaviour transitions to the SCLC typical squared

exponent.

The exponential behaviour of the current for sweep 2 (high V to 0 V), shown in Figure 87, does
not show any clear slope domains. As explained previsouly, when the voltage is ramped up,
capacitive charge separation induces a leakage current that screens the memristively induced

leakage current. This effect is hindering the analysis of the memristive leakage current.

Current Density [A/cm’]

Cvd ovoond oo ovd 3o 3ol i 3o ol

Voltage [V]

Figure 87 Log(J)-log(V) plot of sweep 1 with voltages from 0 to 10 V (black) and sweep 2 from 10 to 0 V (blue)
with 1 V steps and a hold time of 100 ms. Here only positive current values are plotted and therefore the resulting
negative current values at voltages below 1 V in sweep 2 are not shown.

The description of the memristive hysteresis so far is only of electronic nature. No new Vy are
generated. This hypothesis is supported by the measurement shown in Figure 83, where
repeated cycles do not significantly change the leakage current levels. The measurement was

repeated for lower hold times of 1 ms and showed similar results.

Given the nature of the SCLC, a space charge polarization should also be present in the
dielectric. This is potentially of interest, as this polarization could cause electromechanical
effects. However, the applied electric fields in the measurements shown in 4.2 are much lower

(max. 200 kV/cm) than where a clear SCLC behaviour can be identified (<500 kV/cm) and
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therefore electromechanical contribution to the flexoelectric behaviour of the TiO; cantilevers

can be ruled out.

Long hold-time measurements

For longer hold times, this picture changes. In the measurement shown in

a, the sample was stressed for several cycles with a hold-time of 15 s. Again, set 1 samples
with a thickness of 100 nm were used. Striking is that the capacitively induced leakage current
hysteresis is more pronounced than for shorter hold times, i.e. the electric field where the current
is zero is larger than for shorter hold times (100 kV/cm vs. 50 kV/cm). This is in accordance

with the measurement of the capacitively induced leakage currents shown in Figure 84.

In the first cycle, the behaviour is reminiscent of filament-forming behaviour. When a positive
voltage is applied, Vo are generated and filaments are formed, which lead to high leakage
currents of up to several A/cm?[71,201] A schematic for a wide channel situation of Vy is

depicted schematically in

b. When the bias is reversed, however, these filaments erode. This is demonstrated as the
maximum negative leakage current is not at the maximum negative bias but rather slightly
before (at ~200 kV/cm). Between -200 and -300 kV/cm, the leakage current decreases in
magnitude as the filaments erode, even though the magnitude of the external electric field

increases.

A measurement where the voltage was cycled multiple times is shown in Figure 89. Each cycle
shows that the switching behaviour decreases. In the 7™ cycle, large jumps in leakage current
are detected. In the 8" cycle, the memristive and capacitive hysteresis behaviour has vanished.
Most likely, filaments formed, which are not reversible between high and low resistance states.

This non-reversible breakdown behaviour is also called a hard breakdown.
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Figure 88 (a) Cyclic voltammetry measurement of a set 1 sample with 100 nm thickness and a hold-time of 15 s.
Black arrows indicate the voltage sweep order. Inserts show the time transient at specific points in the JV curve,
and the red arrows indicate if the current is rising or falling over time. (b) Schematic of the origin of the JV
hysteresis behaviour. At high V and high tyep, a Vy filament forms and due to the high electrical stressing, new Vy
are created, thus widening the filament.
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Figure 89 Cyclic voltammetry measurement of a set 1 sample with 100 nm dielectric thickness and 15 s hold time
per biasing step. The sample was repeatedly stressed in sweep order: 1, 2, 3, 4, until a dielectric breakdown, which
happened at of 8 such cycles. (a) Selected cycles of the measurement are shown. (b) The absolute value of the
current of cycles 1, 7 and 8 at negative electric field bias is shown. In the 7" cycle, the current shows large jumps
in magnitude, resulting in a breakdown of the capacitive and resistive hysteresis, as seen in cycle 8. Most probably,
a stable filament has established, causing this change in electrical performance.
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Interestingly, the maximum leakage current after a hard breakdown (cycle 8) seems to be lower
at electric fields >100 kV/cm than before the stressing (cycle 1). This might be due to a different

leakage current mechanism after the dielectric breakdown.

TiOx thickness dependent measurements

The JV behaviour was also analysed for samples with varying dielectric layer thickness, namely
50, 100, 150 and 200 nm. The result of the cyclic voltammetry for 1 ms, 100 ms and 15 s hold-

time per voltage step is shown in Figure 90 and Figure 91.

The capacitively induced JV hysteresis dominates the response characteristics for the 50 nm
sample. Unfortunately, higher voltage bias, where a memristive hysteresis is most likely to
occur, leads to hard breakdowns. It is reasonable to assume that the capacitive part is more
pronounced in thinner samples, as the O*" and V ions are spatially closer together and therefore
the magnitude of the internal electric field from charge separation is higher, according to
E = V/h. This trend continues when analysing the other samples with different thickness values,

where the field strength for zero-current condition is lower for thicker samples.

For the samples with thicknesses >50 nm, the memristive hysteresis is similar, as shown

previously in Figure 82.
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Figure 90 Cyclic voltammetry of set 1 samples at hold times of 1 ms, 100 ms and 15 s. (a) A sample with 200 nm
dielectric thickness. (b) A sample with 150 nm dielectric thickness. The leakage current characteristics are similar
to the previously shown 100 nm thick samples.
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Figure 91 Cyclic voltammetry of set 1 samples at hold times of 1 ms, 100 ms and 15s. (a) A sample with 100 nm
dielectric thickness. (b) A sample with 50 nm dielectric thickness. The sample with 50 nm dielectric thickness is
notably different to the other samples. Here, the capacitively induced leakage current hysteresis is dominating the
signal.
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4 Results and Discussion 4.3 Electric behaviour of IrOx/TiOx/IrOx capacitors

Temperature-dependent leakage current measurements

A cyclic voltammetry measurement at temperatures varying from 30 to 100°C was performed
in air on set 1 samples inclsuding all thickness variations. A maximum field strength of
200 kV/em was chosen. This was done to ensure that there are no significant irreversible
changes in the resistive properties of the dielectric layer when cycling over multiple temperature

steps.

The following test was performed as proof that the material does not significantly change its
resistive properties with the chosen electrical stressing parameters. A 100 ms hold-time was
chosen, and a cyclic voltammetry measurement was performed on set 3 samples. The sample
temperature was first swept from 30 to 100°C and then back from 100 to 30°C. The result can

be seen in Figure 92.

While the total current values differ between the temperature up- and down-sweep up to one
order of magnitude, the temperature dependence and capacitive-memristive leakage current
behaviour are similar. Therefore, the chosen stressing values allow for an accurate analysis of

temperature-dependent behaviour being free of any hysterises effects.

The cyclic voltammetry measurement at temperatures ranging from 30 to 100°C was also
performed on set 1 samples with varying dielectric thickness, as illustrated in Figure 93. The
results for thicknesses above 50 nm are similar and comparable to the thickness-dependent
measurements shown in Figure 90 and Figure 94. In detail, the capacitively induced electric
field strength is reduced at higher thicknesses and the memristive leakage current behaviour is

not changed significantly with increasing dielectric thickness.
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Figure 92 Cyclic voltammetry of a set 3 sample at various temperatures and 100ms hold time. Two cycles per
temperature step are shown. The temperature was swept from 30°C to 100°C and back down to 30°C. At each
temperature step, 2 cycles were recorded. (a) The resulting leakage currents. Dots represent measurement points
for the temperature up-sweep and lines represent measurements from the temperature down sweep. (b) Only the
30°C measurements are shown. It can be seen that the down-sweep JV curve is similar to the up-sweep JV curve
in both current magnitude and temperature dependency.
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Figure 93 Cyclic voltammetry of all set 1 samples at varying temperatures. The hold time was set to 100 ms, and
two complete JV cycles were recorded at each temperature. (a) A sample with 200 nm dielectric thickness. (b) A

sample with 150 nm dielectric thickness.
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Figure 94 Cyclic voltammetry of all set 1 samples at varying temperatures. The hold time was set to 100 ms, and
two complete JV cycles were recorded at each temperature. (a) A sample with 100 nm dielectric thickness. (b) A
sample with 50 nm dielectric thickness.
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4 Results and Discussion 4.3 Electric behaviour of IrOx/TiOx/IrOx capacitors

At 50 nm thickness, the resulting JV curve differs from the other samples. At room temperature,
the JV curve is dominated by a capacitively induced leakage current (similar to Figure 90). At
higher temperatures, the capacitive part vanishes, and a noisy transition to a filament-like JV
behaviour is recorded. At temperatures above 70°C, a filament is formed, which is continuously
being built and breaks down suddenly. This is event identified in the JJ” curve where the current
suddenly jumps one order of magnitude, denoted with soft-breakdown (SB). Also, the
capacitively induced electric field vanishes. It is reasonable to assume that a more pronounced
filament-forming behaviour is present at samples with 50 nm dielectric thickness and at higher
temperatures, respectively. The filament paths are shorter and hence, establish with a higher
probability. Higher temperatures also increase the Vy diffusion rate, leading to a faster filament

build-up.

On the one hand, this is valid proof that filaments are indeed formed in the analysed capacitors.
However, on the other hand, this means that the maximum applied field strength is too high for
areversible temperature cycling measurement. At lower maximum field values, the memristive
behaviour is screened by the capacitively induced leakage current. As a consequence, it cannot

be analysed with the same framework as the other samples with thicknesses above 50 nm.

When assessing the temperature dependence of samples with a film thickness >50 nm, a
counterintuitive behaviour is determined. In most cases, the leakage current of a capacitor either
increases with increasing temperature (see Schottky emission and Poole-Frenkel equation 5 and
6) or is independent of temperature (primarily seen in tunnelling effects such as Fowler-
Nordheim tunnelling). Also, the free electron density, carrier mobility and oxygen vacancy
forming rate increase with increasing temperature.[202,203] However, in the case of
IrOx/TiOx/IrOx capacitors, none of these typical trends is observed, as the leakage current
decreases almost three orders of magnitude with increasing temperature at electric fields <100

kV/cm.
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Figure 95 Comparison of samples set 1, where the surface of the bottom electrode was exposed to air, to those of
set 3, where this surface was not exposed to air. (a) Cyclic voltammetry measurement (two cycles) of a set 1 sample
at various temperatures. At fields above 100 kV/cm, the current is inversely dependent on the temperature in both
biasing directions. (b) Cyclic voltammetry (two cycles) of a set 3 sample. Notably, the current at negative bias is

not inversely related to the temperature.
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4 Results and Discussion 4.3 Electric behaviour of IrOx/TiOx/IrOx capacitors

Where such a behaviour comes from can be seen when comparing sets 1 and 3 samples. The
difference between these sets of samples is the exposure of the bottom electrode to air during
fabrication. In Figure 95 a, a set 1 sample and in b, a set 3 sample was measured with cyclic
voltammetry over temperatures ranging from 30 to 100°C. While the two samples show similar
behaviour in the positive electric bias direction, the behaviour in negative electric bias direction
differs significantly. While for the set 1 sample, where the bottom interface was exposed to the
atmosphere, the leakage current decreased with increasing temperature, the opposite occurred
in the set 3 sample, where the interface was not exposed to air. This represents strong evidence
that the interface that forms when exposed to air is responsible for this counter-intuitive leakage

current behaviour.
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Figure 96 Capacitance over biasing field measurement of a set 3 sample at temperatures ranging from 25 to 100°C
at a biasing field frequency of 50 kHz. No electric field dependency can be identified. The temperature has minimal
influence on the capacitance.

The hypothesis is that due to the interface’s exposure to air, a Schottky barrier formed, and the
ohmic contact is not present anymore. Capacitance-voltage measurements of set 3 samples at
temperatures from 30 to 100°C were performed to see if such a barrier exists. A diode-like CV
curve is expected if a Schottky barrier is present. For a diode, the capacitance is dependent on

the bias direction (positive bias or negative). In Figure 96, the CV measurement is shown. No
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4 Results and Discussion 4.3 Electric behaviour of IrOx/TiOx/IrOx capacitors

such diode-like behaviour can be identified. The capacitance is constant with voltage and only
changes ~5pF with increasing temperature. The formation of a Schottky interface is, therefore,

unlikely.

Influence of atmosphere on the interface

A standard atmosphere contains mainly nitrogen, oxygen, and water (humidity). It is reasonable
to assume that the interface that forms due to being in contact with these gaseous species is

responsible for the unexpected temperature dependence of the leakage current.

One hypothesis is that the oxygen in the air passivates Vo in the bottom interface, thus changing
with respect to the top interface which is never in contact with air the oxygen vacancy
distribution from a symmetric to an asymmetric one. As the oxygen vacancy density determines
the overall electrical resistance, it is reasonable that the JV-curve is then also asymmetric.[42]
The interface with less Vo has a higher resistance than the that with a higher number of V. This
hypothesis, however, would not explain the inverse temperature dependence, as a lower Vo
density leads to lower leakage currents at all temperatures and would not inverse this

dependence.

Nitrogen can bind to the TiO: surface and, with the presence of water, is used for photocatalytic
conversion of nitrogen to ammonia (NH3).[204] In this process, the water is split and can
interact with the Vo at the interface. However, this process needs photons for activation, which

are likely blocked by the top electrode IrOx and dielectric TiOx layer.

Water, on the other hand, can be adsorbed to both IrO; and TiO: surfaces and both materials
are used as catalysts in an oxygen evolution reaction (OER). [49,50,204,205] It was also shown
in this work that OH-bridges and adsorbed water are present at the investigated IrOx surfaces.
The presence of hydroxyl bridges when IrO; is exposed to water was also shown previously.
[50] In addition, multiple works show the influence of water on leakage currents. More
specifically, two works show such an influence on both Pt/SrTiOss/Pt and Pt/TiO»/Pt
capacitors.[196,206] Similar to Pt, IrO> is also used for OER and is even a better catalyst for
this reaction than Pt. [51,52] It was shown that the OH bridges for OER conditions deprotonate

and passivate Vo on the IrO» surface. [132] The OER favours higher temperatures, meaning that
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4 Results and Discussion 4.3 Electric behaviour of IrOx/TiOx/IrOx capacitors

under these conditions , more Vo can be passivated, which is similar to what was observed for
Nb:SrTi03/SrTi03/Pt capacitors.[207]

® Oxygen vacancy trap
% Passivated vacancy

+ IrO,

@ @ @@ @ TIOX
® ® o
@®
%°00° 0000 5% 00°%@
- IrO

X

Figure 97 Schematic representation of the mechanism causing the inverse temperature relationship.

When taking these findings into consideration, the strong dependence of the leakage current on
temperature can be estimated by an Arrhenius-type approach that the reaction rate of the OER
follows. The so-called Tafel-slope of a catalyst is indicative of electrolytic cell efficiency. It
has been shown previously that the Tafel-slope of IrO> decreases with temperature, which
shows that the catalytic reaction rate increases.[208] Another study also linked higher
temperatures to higher OER rates for [rO2.[209] Therefore, the higher the temperature, the more
the hydroxyl bridges deprotonate and the more Vo are passivated.

Following these argumentations, the decrease in leakage current originates from the available
oxygen from the deprotonation of the hydroxyl bridges at the interface. This additional oxygen
can passivate oxygen vacancies and therefore, change the vacancy density at the interface. As
depicted in Figure 97, the passivation of Vo leads to the inhibition of the formation of low-
resistance paths and filaments. This is seen in a decreased leakage current with increasing

temperature when the interface was exposed to air during fabrication.
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4 Results and Discussion 4.4 Temperature-dependent cantilever characterization

4.4 Temperature-dependent cantilever characterization

The results of the electrical characterization led to the question of how the performance of the
cantilevers changes under temperature in combination when fabricated under different

atmospheres. The corresponding results are presented and discussed in the following.

IrO/TiOx/IrOx cantilevers were measured with the MSA in resonance at different temperatures
and atmospheres (in air or in moisturized nitrogen with varying relative humidity). During
fabrication, both interfaces were in contact with air. Unfortunately, due to necessary lift-off
steps, the fabrication of cantilevers where the bottom interface was exposed to air was
impossible. Figure 98 a shows the tip deflection as a function of applied voltage at various
temperature levels in air. In general, a decrease in tip deflection can be identified. For a more
detailed measurement, an MSA surface raster scan of the cantilever, from which the curvature
was determined, was performed and is shown in Figure 98 b. Again, a decrease in temperature
at all applied voltages is observed. From the curvature/voltage, the flexoelectric coefficient at

resonance was calculated using equation 28, and shown in Figure 98 c.
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Figure 98 MSA characterization of the IrOx/TiOx/IrOy cantilevers from room temperature to 100°C. (a) Cantilever

tip deflection as a function of the applied voltage. (b) Curvature resulting from MSA surface raster scans at
different voltages. (c) The calculated flexoelectric coefficient at resonance over temperature.

As can be seen, the actuation performance decreases over temperature. Several factors could be

the cause:

- The permittivity decreases with temperature

The stiffness increases over temperature
- Anincreased amount of losses, i.e. lower Q-factor

- Some specific impact on the flexoelectric effect causes the decrease.
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4 Results and Discussion 4.4 Temperature-dependent cantilever characterization

First, the permittivity decreases over temperature, as shown in section 4.3, although it decreases
by ~10%, whereas the flexoelectric actuation decreases by almost 50%. This difference in

decrease means that the drop in permittivity does not fully account for this effect.

With the thermo-mechanical spectrum of the cantilever at different temperatures shown in
Figure 99 a, the second and third arguments can be disregarded. From room temperature to
100°C, there is no change in the full-width half-maximum of the resonance spectrum, which
means that the O-factor does not change significantly over temperature. Also, the resonance
frequency does not vary significantly, as seen in Figure 99 b, which means that the Young’s

modulus can be regarded as constant.

S

a) b

o
o

[es]
o
L

151
Amplitude [pm]10%

5\

[+:]
[+

Lo ]
B
L

. 7 80 Temperature [°C]

[++]
LX)
L

™

/40

Resonance Frequency [kHz]

100 g
Frequency [kHz] 150

w
o

40 60 80 100
200 Temperature [°C]

]
(Y]
o

Figure 99 (a) The cantilever amplitude-frequency spectrum due to thermal noise at temperatures ranging from
room temperature to 100°C. (b) The cantilever resonance frequency over temperature.

The only remaining possibility for the origin why the decrease in flexoelectric actuation over

temperature occurs is a direct influence on the flexoelectric coefficient.

In section 4.3, it was shown that an electrically active TiOy layer with a high amount of Vj is
present at the interface of IrOx/T1Ox. As the interface plays a vital role in flexoelectric actuation,
it is very likely, that there is a correlation between the presence of a reduced layer and the
flexoelectric actuation. As the oxygen vacancies of the TiOx act like an n-type dopant, meaning
that there is an excess of electrons, it exhibits a higher electrical potential than stoichiometric
Ti10,.[210] This leads to a larger field gradient at the interface. When temperature increases,
the reduced interfacial layer is oxidized due to the OER of the IrOx. This decreases the amount
of charged oxygen vacancies and as such, weakens the field gradient. This could potentially

explain the decrease in flexoelectric actuation.
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4 Results and Discussion 4.4 Temperature-dependent cantilever characterization

To further study the behaviour of the cantilever, a setup was designed where the cantilever can
be exposed to a controlled atmosphere containing moisturized nitrogen while still being able to
measure the cantilever with the MSA. It was shown that the oxygen from humid air can
permeate through Pt electrodes via grain boundaries and potentially passivate the interfacial
layer.[207] It is assumed that a similar effect is happening in the polycrystalline IrO; electrode.
In accordance with the temperature-dependent leakage current measurements, this would result

in a decrease in cantilever actuation.

For the atmosphere, moisturized nitrogen gas was used, where the relative humidity was
changed from 5% to 75%. The resulting maximum cantilever deflection can be seen in Figure
100. Two different cantilevers were measured at varying humidity and voltages. The dots
indicate measurements at an excitation voltage of 0.5 V, whereas the stars denote measurements

at2 V.
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Figure 100 (a) The maximum cantilever deflection of two cantilevers (red and blue) at varying relative humidity
during operation. (b) The maximum curvature of the two cantilevers when changing the relative humidity. Dots
denote measurements at a sinusoidal excitation of 0.5 V, while stars indicate a sinusoidal excitation profile of 2
V.

Unfortunately, an explicit dependency of the cantilever behaviour concerning the relative
humidity cannot be identified. This might be due to the thickness of the top electrode being too
large, which inhibits the ability of the water molecules to permeate through the electrodes. As
such, a decrease in electrode thickness might be beneficial. Also, the sample size must be

increased, so that a measurement variance can be determined.
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5 Conclusio

Conclusio

This work investigated the flexoelectric effect of TiOx and a-phase PVDF. Several MEMS
cantilever designs were successfully fabricated with semiconductor-compatible process steps.
Multiple techniques were used to analyse the Au/a-phase-PVDF/Au and IrO./TiOx/IrOx

cantilevers from an electrical and mechanical point of view.

For the fabrication of PVDF cantilevers, the atmospheric condition under which the PVDF is
deposited on the wafer is very important. When processed at room temperature, the root mean
squared roughness of the PVDF layer can reach values being in the range of the total PVDF
film thickness, which makes it unusable for MEMS devices. To reduce the roughness, the
PVDF film was deposited via a spin-on method on a pre-heated chuck, which resulted in smooth
thin films with a low RMS roughness of ~18 nm. Atomic force microscopy confirmed a
spherulitic grain structure with 1-4 um large grains, typical for a-phase PVDF. Furthermore,
the presence of mainly a-phase at deposition temperatures above 70°C was confirmed with
Fourier transform infrared spectroscopy and X-ray diffraction analysis. A cantilever process
was developed, and devices were fabricated successfully. The cantilevers were designed such
that the device layer was omitted, typically needed in piezoelectric actuation schemes. This
design theoretically eliminates electromechanical mechanisms other than the flexoelectric

effect due to a centred neutral axis.

The mechanical deflection of the cantilevers, when excited by a sinusoidal electric field, was
measured with a laser-Doppler vibrometer. The spectral response was measured, with excitation
at half the measurement frequency, to identify the quadratic and second-order
electromechanical effects. Only a small linear electromechanical coupling between stress and
electric field could be determined from the resulting resonance spectra of these cantilevers.
From the available data, it cannot be concluded that the flexoelectric effect is a significant part
of the total electromechanical actuation. Also, it was not possible to distinguish the flexoelectric

from the piezoelectric effect, as it was discovered that an asymmetry of the lateral size between
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the top electrode to the bottom electron leads to a shift of the neutral axis out of the centre of
the cantilever. A centred neutral axis would be needed to distinguish the effects sufficiently.
While these a-phase PVDF cantilevers do not show specific flexoelectric behaviour, it was
demonstrated that the electrostrictive effect shows a significant actuation. This result extends
the usability of PVDF in MEMS devices, as there is no need to convert the non-polar a-phase
PVDF to the polar B-phase PVDF in a complex process. The electrostrictive actuation of the
cantilevers shows a tip deflection of ~450 nm with a 60 um long cantilever at 60 V. When
compared to B-phase piezoelectric PVDF-TrFe, the electrostrictive cantilevers showed 30% of

the tip deflection, which makes such devices useful for most MEMS resonator applications.

Additionally, the cantilever response at different temperatures was measured. Here the
cantilever is exposed to the temperature while the thermally induced mechanical noise spectrum
is observed. The temperature dependence of the quadratic electromechanical signal shows that
a change in the deflection over temperature can be explained by a modification of the Young’s
modulus. Also, the devices are temperature stable up to 160°C; at higher temperatures, the

PVDF film shows bubbles and degrades fast.

The analysis of TiOx was another focus of this work. A fabrication process for flexoelectric
TiOx-based MEMS cantilevers is shown, where no backside etch is needed, and the number of
steps in the process is limited to a minimum. Like the a-phase PVDF cantilevers, the device
layer is omitted for the TiOx cantilevers. A clear flexoelectric mechanism of the IrOx/TiOx/IrOx
cantilevers was identified. An in-depth analysis of the various electromechanical mechanisms
was performed, proving that the measured deflection originates from the flexoelectric effect. It
was demonstrated that the flexoelectric TiOx cantilevers are viable structures for low-voltage
MEMS actuators, where the maximum tip deflection of a 100 um long cantilever is ~231 nm
at 2 V. The flexoelectric coefficient was determined to be 1.78 = 0.16 nC m™'. The flexoelectric
coupling constant is calculated as 2.75 V, relatively close to the so-called Kogan’s estimate of
3.14 V for TiO; in the a/b direction of the rutile unit cell. Cantilevers with a segmented top
electrode were fabricated with the goal to artificially introduce a higher density of electric field
gradients into the dielectric. An extensive analysis with finite-element simulations of the
electric field in the dielectric was performed. Examples are presented that such an idea can be
beneficial. However, the measurements do not show the increase in flexoelectric actuation that

was theoretically predicted by the simulations. From these measurements it was concluded, that
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the electrode/dielectric interface is the main driving factor for flexoelectric behaviour in

cantilevered MEMS devices.

IrO/TiOx/IrOx plate capacitor structures were investigated to gain more knowledge about the
impact of the interface on the electrical behaviour. The capacitors show a frequency- and
temperature-dependent permittivity of ~ 78 to 60 between 50 and 300 kHz and 25 to 100°C.
Various effects can be demonstrated with leakage current measurements, such as a generation
of oxygen vacancies, a resulting memristive behaviour, and a significant contribution from
capacitively induced leakage current, respectively. The IrO,/TiOx interface was chemically
characterized with TEM EELS, where a ~5 nm thin, significantly reduced TiOy layer (where
vy < x) was found close to the IrOx electrode. Unfortunately, it was impossible to determine the
chemical bond concentration of TiO*" in the TiOy layer, but as the EELS measurement suggests,

the amount of TiO®" is higher than in the bulk of the TiOx layer.

A trap-assisted space-charge-limited current was identified as the dominating leakage current
mechanism. The SCLC mechanism was confirmed by determing the slope of current-voltage
curves obtained from cyclic-voltammetry measurements. These slopes were ~1 at voltages
<1V (<100 kV/cm), about 17 between 1 and 2 V (100 - 200 kV/cm) and 2 for voltages above
2 V (<200 kV/cm), typical for SCLC with traps. The different slopes at the respective voltage
ranges are explained as follows. In the low voltage regime, the traps are not active, and the
dielectric relaxation time is substantially lower than the time electrons need to pass through the
dielectrics. This leads to ohmic conduction. In the intermediate voltage regime, traps are
activated along low resistance paths through the dielectric and contribute to conduction, likely
due to trap-assisted tunnelling and hopping mechanisms. In the high-voltage regime, all traps
are active, the dielectric relaxation time is larger than the electron’s travel time, and a space-
charge limited conduction is observed. Additionally, high electrical stress leads to the

generation of additional oxygen vacancies.

Even in the initial configuration, the high amount of oxygen vacancies causes a capacitive
leakage current behaviour. This capacitive behaviour happens when an electric field is applied,
and the negatively charged oxygen ions move opposite the positively charged oxygen vacancies
in the TiOy. This charge movement introduces an internal electric field with a slow relaxation

time (in seconds), leading to charges flowing even if the external applied electric field is zero.
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Other memristive effects are caused by two mechanisms. One is an interfacial effect, caused by
dynamic trap activation and deactivation depending on stressing parameters. The other is a
filament-forming behaviour, where electrically conductive filaments of oxygen vacancies form
and dissociate. Filament forming can be reversible under certain conditions, thus causing
hysteresis. The dominant effect depends on various stressing parameters, such as electric field
amplitude, biasing hold time, temperature and dielectric layer thickness. Generally, the
interfacial memristive behaviour is dominant at low electric fields (< 300 kV/cm), hold times
(< 100 ms) and temperatures (< 70°C). Reversible filament-forming with switching capabilities
was observed for samples with 50 nm dielectric layer thickness and temperatures above 70°C.
Irreversible filament-forming happens at high electric field values, biasing hold times and

temperatures and are considered to cause device failure.

An unintuitive behaviour is identified when performing the temperature-dependent evaluation
of the leakage current characteristic. Counterintuitively, the leakage current decreases with an
increase in temperature. It was shown that the temperature dependence changed depending on
whether the IrO./TiOx interface was exposed to the air during the fabrication process or kept
under vacuum. When the interface was exposed to the latter condition, the leakage currents
showed the expected increase with increasing temperature. If not, the leakage current decreased
with increasing temperature. The catalytic activity of IrOx with respect to water splitting
provides a reasonable explanation for this behaviour. When IrOx is exposed to a water or
humidity containing atmosphere, oxygen-hydrogen (OH) bridges are bound to the surface.
When an electric field is applied, these OH bridges deprotonate, and the oxygen that is now
freely available can now passivate oxygen vacancies and therefore reduce the overall leakage

currents.

The impact of this dependency on temperature and humidity was also investigated with TiOx
cantilevers. A setup was built where the cantilevers are exposed to temperature and to a nitrogen
atmosphere with a varying amount of relative humidity while still being able to be measured
under a laser Doppler vibrometer. The flexoelectric coefficient of the cantilevers was
determined from room temperature to 100°C and at relative humidity values, ranging from 7 to
70%. Unfortunately, no clear dependence on the humidity could be observed, which could be
caused by the selected thickness of the top electrode, preventing water from permeating down

to the TiOy interface. It is possible that a decrease in the top electrode thickness could allow the
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water to pass through. However, a temperature dependence is observed. The flexoelectric
coefficient of the cantilever decreases with increasing temperature. We rule out possible sources
for this decrease, such as higher mechanical or electrical losses, a reduction in permittivity or
an increase in the Young’s modulus. This, in turn, means that the decline in cantilever excitation
amplitude originates from a decrease in the flexoelectric coefficient. As the flexoelectric effect
in cantilevers originates from a field gradient at the interface to the electrodes, and we have
shown that the interface has an increased amount of oxygen vacancies compared to the bulk of
the TiOx, these vacancies most likely impact the electric field gradient. When the temperature

increases, the leakage current decreases due to a lower amount of oxygen vacancies.
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6 Outlook

Outlook

Based on the results presented in this thesis many topics need to be studied in more detail. Most
critical is to identify the role of oxygen vacancies with respect to the flexoelectric effect. While
much effort went into this topic, the answer is still unclear. The previously discussed
temperature-dependent laser-Doppler measurements of the TiOx cantilevers should be repeated
as a first step. The oxygen vacancy density does likely have an impact on the flexoelectric
behaviour. The next step is to improve the humidity measurements, mainly by finding a
fabrication process, where the interface does not come in contact with air. The scientific
questions that need to be answered are: What is the role of oxygen vacancies on the flexoelectric
effect? Would an increase in vacancies increase the flexoelectric effect? In that case, the origin
of the actuation in the TiOx cantilevers is not purely of flexoelectric nature. If the vacancies
decrease the flexoelectric actuation, the next step would be to reduce the defects as much as

possible to maximize the flexoelectric effect at flexoelectric applications.

One of the prime applications for the flexoelectric effect is a flexoelectric microphone with
ultra-thin membranes or an ultra-thin AFM cantilever. Using the flexoelectric effect for such
application adds many possibilities regarding materials, as every dielectric exhibits a
flexoelectric effect. However, for a commercially viable application, it is essential to find other
electrode materials than the IrOx electrodes, as they are expensive and complicated to integrate

into a fabrication process.

Another interesting measurement is the thickness dependence of the flexoelectric effect in the
TiOx cantilevers. As it is proposed that the flexoelectric effect theoretically increases with
decreasing film thickness, cantilevers at varying dielectric thicknesses must be investigated.
The main question here is: Does the flexoelectric effect increase with decreasing thickness, and
if yes, in what proportionality? The result will also allow a better interpretation of the

electromechanical mechanism behind the TiOx cantilevers.

It is also essential to look at other flexoelectric materials. Ta;Os is especially interesting as a

flexoelectric material, as it exhibits a high dielectric constant while showing low leakage
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currents. This is further supported as this material is extensively used in the production of

177

capacitors. This material could be a potential candidate for flexoelectric applications.
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