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Chapter 1

Introduction

Microelectromechanical Systems (MEMS) devices combining sensors, actuators and
electrical interface on a single structure is a current trend and it has been widely
studied because of their remarkable potential for new application as vibrational
sensors, lab-on-chip for medical applications, micromachined ultrasonic transduc-
ers, droplet ejectors, energy harvesters, etc. Many are the advantages in fabricating
micro and nano-sensors as well as MEMS such as the use of silicon microtechnol-
ogy, the devices small size and low weight, the possibility of batch production and
performance improvement by integration of electronics and actuators. However, a
few difficulties can be faced to achieve these devices like process incompatibility
between materials, major packaging problems, some device deficiencies like offset,
drift, non-linearity, cross-sensitivity, temperature, etc.

Piezoelectric materials have shown to scale very favourably upon minia-
turization which led to an increasing growing interest in using piezoelectric films
for MEMS applications. The deposition and integration of high-performance piezo-
electric films to drive these devices’ actuators such as lead zirconate titanate with
the morphotropic phase boundary composition, i.e., PbZr0.52Ti0.48O3 (PZT), have
received wide attention because they can potentially outperform other MEMS ac-
tuators due to their exceptionally high ferroelectric polarization and piezoelectric
coefficients. The integration of high quality piezoelectric materials enables the de-
sign of novel piezoelectric MEMS products and provides greater consolidation with
CMOS circuitry and into advanced low-power applications.

Lead-free piezoelectric materials like aluminium nitride, AlN, also display
high piezoelectric responses useful for MEMS fabrications, however there is still
great difficulty in growing thin films of these materials with similar piezoelectric
response as in their ceramic form. For this reason, PZT is still widely used in piezo-
electric MEMS in research and development and also in commercial products. AlN,
however, displays great chemical stability upon some acid attacks showing up as a
good candidate for protection material, so although a smaller piezoelectric effect is
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expected, AlN is compatible with fabrication processes where PZT would be com-
pletely etched away.

The performance of piezoelectric MEMS is however strongly dependent
on the film quality since the surface nature onto which the piezoelectric material is
grown plays a crucial role as it can lead to degradation of its piezoelectric proper-
ties. To achieve enhanced performance of the final devices, epitaxial piezoelectric
films growth was envisaged in this thesis due to greater piezoelectric coefficients,
polarization and dielectric constants, compared to polycrystalline films.

PZT deposited on top of conductive oxide electrodes exhibits better perfor-
mance than on typical platinum-coated Si wafers such as better fatigue properties
and suppression of dead-layers, as a result of the oxygen sink effect of oxide elec-
trodes that fills the oxygen vacancies during switching cycles which can still be im-
proved by the use of symmetrical oxide/ ferroelectric/ oxide electrodes compared
to a single one.

In addition to conductive and superconductive oxides as electrode ma-
terials, conductive perovskites have gained importance as they enable heteroepi-
taxial growth with PZT, like SrRuO3, (La, Sr)CoO3, Sr(Ti, Sb)O3 (SSTO), LaNiO3,
(La, Sr)SnO3 (LSSO) and (La, Sr)MnO3 (LSMO). The possibility to epitaxially grow
high-quality single-crystalline STO onto Si(001) enables the integration of LSMO on
silicon.

Among the large choices for perovskites bottom electrode, La2/3Sr1/3 MnO3

(LSMO), a ferromagnetic oxide with strong magnetoelastic coupling thus poten-
tially allowing for high magnetoelectric effects via a piezoelectric- magnetoelastic
coupling, is presented as a promising choice not only because of its good lattice
parameters matching with PZT but also for its majority of charge carriers, since a
p-type conducting oxide steer clear of surface charge accumulation at the interface
PZT/oxide during the polarization cycle, effect that would be observed if a n-type
electrode were employed due to PZT’s characteristic of a wide bandgap p-type semi-
conductor. With no carrier injection leading to accumulation of oxygen vacancies at
the interface, the fatigue problems are again minimized.

In addition, the outstanding properties of rare-earth manganese oxides ma-
terials such as LSMO that presents a high electrical resistance variation as a function
of temperature around its transition metal-insulating, that takes place close to room
temperature, is attracting considerable interest due to its possible applications as
uncooled sensors, such as anisotropic magnetoresistances or infrared bolometers,
taking advantage of its low-noise level compared with other resistive materials such
as semiconductors (a-Si, a-Si:H, aGe, poly SiGe) and other oxide materials (semicon-
ducting YBa2Cu3O7−δ, VOx, etc.) and the utilisation of classical silicon microfabri-
cation techniques.
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This enables applications such as micro-electromechanical systems (MEMS)
based on epitaxial piezoelectric layers integrated to LSMO thin films that can find
applications in spectroscopy sensing or in terahertz imaging devices for military or
health sensors or magnetoelectric sensors. In an inverted manner, one can also profit
from the understanding on resonant frequency shift in the LSMO beams to define a
device that is not limited to room-temperature usage but that can be also used in
higher temperatures through the control of strain to compensate for the shift in fre-
quency and maintain the device under resonance to reduce energy dissipation.

This thesis is the result of a multidisciplinary work where the objective was
focused in developing a fabrication process in clean room allowing the realization of
suspended structures of LSMO integrated with piezoelectric materials.

To develop resonant MEMS based on such innovative materials, a series
of steps are needed, namely the understanding and use of physics of the properties
used for converting the physical quantities into electrical ones in order to propose
innovative devices and understand its principle of operation, comprehension on ma-
terials science to grow epitaxial films, use of micro-(nano-)technology to fabricate de-
vices, some mechanical engineering for the dynamic measurements and electronics
for the general assembly of samples tests and characterization. This work includes
three main parts:

• A comprehensive study of piezoelectric thin-film that has been carried out to
propose the best method compatible with a room-temperature fabrication pro-
cess achieving full epitaxy with our LSMO thin films. This was followed by
the deposition and characterization of hetero-epitaxial thin-film multilayer;

• Establishment of a reliable microfabrication process to produce piezoelectric
epitaxial MEMS with micrometer resolution;

• Mechanical study of the fabricated devices, both static and dynamic.

The definitions of main concepts on epitaxy and strain application in thin
films are presented in chapter 2. A general overview on piezoelectric and epitaxial
MEMS are shown, as well as applications found in literature and our own proposi-
tion of device.

The materials that are going to constitute the final actuator-integrated reso-
nant device, namely, the perovskite LSMO and also the piezoelectric materials PZT
and AlN, are studied in details in chapter 3. The methods of deposition together with
the characterization ones focused on the thin films quality are described and the re-
sults examined in the end of the chapter. The properties of LSMO layers on different
substrates are studied as well as different deposition methods for the piezoelectric
films integration onto LSMO.



4 Chapter 1. Introduction

Chapter 4 is dedicated to discuss the fabrication process of the suspended
clamped-clamped beams on silicon and silicon-on-sapphire substrates as means to
verify the epitaxial strain effects on the structural and dynamic properties of such
bridges. All the steps are shown with the respective calculated parameters, such as
dose tests for direct-write lithographies of different layers and etch rates for each
material. And the validation of all the steps is done by comparing the electrical
resistivity of the films before and after the etching stages as well as the comparison
of electrical resistivity for the as-grown films and the suspended bridges’ ones. The
dynamic evaluation of the suspended structures are presented. The performance
under air for simple bridges are evaluated and a value of apparent Young’s modulus
for our used heterostructures is given in comparison with the expected theoretical
resonance frequencies.

Finally the full device process is presented for two different cases: either on
Si or silicon-on-sapphire substrates or using silicon-on-insulator ones but it was not
possible to arrive up to a successful functional device before the end of writing this
manuscript. A conclusion including perspectives to continue the work is given in
chapter 5.
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Chapter 2

Piezoelectric MEMS

To achieve heteroepitaxy, the deposition of a crystalline layer on a crystalline sub-
strate, the mismatch between lattice parameters in the interface cannot be ignored
and should even be considered as a true technique to control the desirable proper-
ties of functional oxide materials by the application of residual stresses due to their
sensitivity to external disturbances.

Strain, as one of the most important external factors along with oxygen va-
cancies, defects, thickness and deposition conditions, and one of the key parameters
for improving conductivity and performance of devices in the CMOS technology,
can be applied by the so called strain engineering, either by strain due to lattice mis-
match (in compression or in tension), by substrate bending (semi-flexible type of
substrates) or by Micro-Electro-Mechanical Systems (MEMS), as shown in figure 2.1.
It can also be used to tune the functional properties of thin films.

FIGURE 2.1: Methods of strain application in thin films. Extracted
from (Chaluvadi, 2017a)

In this chapter the main concepts in the development of piezoelectric and
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epitaxial MEMS are presented. After a brief introduction on strain engineering, ba-
sic concepts from epitaxy itself to the aforementioned different methods of strain
application in thin films are described. Relevant aspects of our main objective are
discussed as well as the main fabrication associated challenges and the applications
possibilities for the proposed full process integration development.

2.1 Strain engineering

The mechanical strains developed in micro and nanolayers or heterostructures un-
der the influence of external controlling fields, result in physical effects in solids such
as changes of the band structure, electric, magnetic, optic, and other materials prop-
erties that are of interest for development of innovative sensor devices. The technol-
ogy that produces materials with desired properties by means of mechanical stresses
control is called strain engineering. This is not restricted, however, to such controlled
change of materials properties in semiconductor technologies (Banerjee, 1997), but
also extended to magnetic and ferroelectric films (Haeni et al., 2004) (Collins and
Saslow, 1996) as well as graphene (Pereira and Castro Neto, 2009) and several 2D
materials (Heine, 2015) (Zibouche et al., 2014) (Wei, Dai, and Huang, 2017).

Two branches of this recent area of study, are seen in figure 2.2. The first
one considers massless relativistic electrons in two-dimensional media with the un-
certainty principle of Heisenberg taken into account and the General Relativity. This
approach is explained in (Atanasov and Saxena, 2011) and is based considering two-
dimensional materials such as corrugated graphene sheets to simulate the motion
of relativistic particles in curved spacetime, but also hexagonal boron nitride, ZnO,
ultra-thin layers of transition metal chalcogenides: MoS2, WSe2, PdS2, WTe2, semi-
conductors monolayers and planar heterostructures of them. The innovations in this
branch aim the strain-mediated manipulation of semiconductor electronic structures
(Bukharaev et al., 2018) where the mechanical stresses actuate as an elastic gauge
field interacting with fermions as an electromagnetic field.

The second branch treats the linkage between mechanical stresses and mag-
netic or ferroelectric subsystems in crystals for strain control. It has as main element
heterostructures of magnetic layer with anisotropy produced by substrate deforma-
tion in the framework of magnetic sensors.

Such non-volatile magnetic strain engineered devices (maintain the steady
state in the absence of an energy supply) are fit for state-of-the-art technologies such
as read-only and random-access memory elements combination in a single device.
In addition, envisaging such applications, their switching energy as memory units
has been estimated to be below 1 aJ (Roy, Bandyopadhyay, and Atulasimha, 2011)
(Roy, 2014), very close to the limits of fundamental thermodynamic principles, such
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as the Landauer limit kBTln2 which is the minimal energy dissipated during the
erasure of an information bit.

FIGURE 2.2: The two branches of straintronics/strain engineering (a)
strain-mediated manipulation of the electronic structure with me-
chanically induced transition from direct- to indirect-band struc-
ture in silicon nanotubes and modification of the Brillouin zone in
graphene and (b) the main magnetic straintronic devices, namely
magnetic memory and logic, in particular, as well as some newly
emerging kinds of straintronics: neuromorphic straintronics and
light-mediated straintronics). Extracted from (Bukharaev et al., 2018)

Mechanical stresses are incorporated to thin films during epitaxial growth
as a result of their lattice constants difference in comparison with the substrate’s
ones. Such relative deformation in oxide epitaxial thin films may go up to several
percent. Stress may also be applied to a material by a mechanical deformation of the
structure where it is deposited, leading to the interest in developing MEMS struc-
tures.

2.1.1 Epitaxial growth

In 1928, Royer established the conditions for oriented overgrowth, defining the term
epitaxy1 and determining a rule that says epitaxy only occurs when it involves the
parallelism of two lattice planes that have networks of identical or quasi-identical
form and of closely similar spacings (Herman, Richter, and Sitter, 2004a). It is a

1Greek word meaning “above in an ordered manner” and possible to be translated as “arrangement
on”.
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well-controlled phase transition that leads to a single crystalline solid, accomplished
through nucleation, making it possible for a crystalline phase to grow in a structure-
dependent manner onto another (Herman, Richter, and Sitter, 2004a). It designs the
arrangement of atomic particles on the surface of a crystalline substrate preserving
preferred orientations of the substrate into the film so that both crystallinities match
even if the composition of the materials may differ. It is widely aimed to grow high-
quality functional films for electronics applications.

Based on experimental results it was determined that the lattice misfit,
given by (as − a f )/as, where as and a f are the corresponding network spacings (lat-
tice constants) in the substrate and film, respectively, should be limited to 15% for
epitaxial growth to occur. Since the growing layers follow the orientation of the
substrate, a requirement for epitaxy is a clean substrate surface, otherwise, the in-
formation about orientation of the substrate is disordered or even destroyed, and
the consequences are crystalline defects up to polycrystalline or amorphous growth
(Vivien and Pavesi, 2013).

The processes involved in epitaxial growth are shown in figure 2.3 in which
atomic species sublimated from effusion cells arrive at the substrate surface in high
vacuum and condense either by chemical or physical adsorption. Once in the sub-
strate surface, the adsorbed atoms diffuse thermally to jump to the sites of mini-
mal energy, such periodical adsorbing sites for bonding and nucleation of adsorbed
atoms that migrate colliding with crystalline nuclei are provided by the crystalline
substrate. On the other hand, surface defects on the substrate surface due to slight
misorientation behave as preferential nucleation centres since displaying a relatively
small bonding energy. Hence, epitaxial growth of high-quality thin films requires
compatible crystalline structures of both film and substrate as well as low lattice
mismatch between them.

The epitaxial film starts to grow pseudomorphically imposing its lattice pa-
rameter to adapt to the substrate one and thus accumulating elastic strain energy as
the deposited thickness is increased. However, beyond a critical thickness a relax-
ation of the elastic strain takes place either by plastic relaxation through dislocations
formation at the interface or by elastic relaxation through formation of coherent 3D
islands. Small lattice mismatch is important then not only to avoid defects but also
to decrease interface strain in order to obtain high-quality crystalline films, leading
to a cube-on-cube growth for similar cubic lattice structures. In other cases, though,
a large mismatch can be accommodated by a re-orientation of the crystalline struc-
ture, i. e., a lattice mismatch can be decreased if the unit cell of the film is rotated
by some angle relative to the substrate, as is the case of STO (3.905 Å) buffered on Si
(5.432 Å) that when rotated by 45 degrees provides a lattice mismatch of only 1.65%.
Other structures can still be seen as pseudo-cubic cells with lattice constants close to
those one aims to match.
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FIGURE 2.3: Atomistic process of the epitaxial growth (Yin, 2013a)

The epilayer grown on the substrate crystal surface may be formed from
amorphous solid deposits, a liquid phase (a solution or a melt), vapour or gas (con-
sisting of neutral or ionized particles) and from atomic or molecular beams (in a high
or ultra high vacuum environment) (Herman, Richter, and Sitter, 2004a).

With respect to the modes of crystal growth, (Herman, Richter, and Sitter,
2004a) defines five of them, shown in figure 2.4, that are possible to be distinguished
in epitaxy:

• Volmer-Weber mode (VW-mode): also called island growth mode, it is a mode
where small clusters are nucleated directly on the substrate surface and then
grow into islands of the condensed phase. It happens when the atoms, or
molecules, of the deposit are more strongly bound to each other than to the
substrate. This mode can be observed in many systems of metals growing on
insulators.

• Frank-van der Merwe mode (FM-mode): this mode displays the opposite
characteristics of the previous one because the atoms are more strongly bound
to the substrate than to each other, so the first atoms to condense form a com-
plete monolayer on the surface, which becomes covered with a somewhat less
tightly bound second layer. This growth mode is observed in the case of ad-
sorbed gases, such as several rare gases on graphite and on several metals, in
some metal-metal systems and in semiconductor growth on semiconductors.

• Stranski Krastanov mode (SK-mode): also known as layer plus island growth
mode, it is an “intermediate” case in which after forming the first monolayer,
or a few monolayers, subsequent layer growth is unfavourable and islands are
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formed on top of this intermediate layer due to factors that disturb the mono-
tonic decrease in binding energy characteristic for layer-by-layer growth. It
occurs especially in cases when both the interface energy and the strain energy
of the film are high.

• Columnar growth mode (CG-mode): in this mode, when the film thickens,
the condensed phase islands characteristic to these modes tend to cover the
whole substrate surface without the merging of columns. As a result, columns
usually remain separated throughout the growth process of the film, and the
films grown in this way are easily fractured. It occurs when low atomic mobil-
ity over the substrate surface leads to the formation of highly defective atomic
columns of the deposited material on this surface.

• Step flow mode (SF-mode): this mode is observed when the substrate wafer
is cut slightly misoriented from a low-index plane in a specific direction, so
its surface breaks up into monoatomic steps with precisely oriented low-index
terraces and edges.

FIGURE 2.4: Schematic representation of the five crystal growth
modes occurring on flat surfaces of substrate crystals: (a)F-M mode;
(b) SF-mode; (c) SK-mode; (d) VW-mode; (e) CG-mode. Extracted

from Herman et. al, 2004 (Herman, Richter, and Sitter, 2004a).

The prerequisite for a macroscopic phase transformation, seen in figure 2.5,
to take place, is the nucleation process which is the spontaneous formation of small
embryonic clusters – also called nuclei –, with some critical size determined by the
equilibrium between their vapour pressure and the environmental pressure (Her-
man, Richter, and Sitter, 2004b). The critical nucleus is defined by a size where
growth by capture of adatoms2 is more probable than decay of the nucleus Vivien
and Pavesi, 2013. These clusters exhibit increased surface/volume ratio having more
energy than the bulk phases of the same mass, and hence a chance to survive and
to produce macroscopic entities of the new stable phase (phase B) only within the
supersaturated/undercooled homogeneous medium (Herman, Richter, and Sitter,
2004b).

2Adsorbed atoms in a precursor state for later incorporation in the lattice (Vivien and Pavesi, 2013).
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FIGURE 2.5: Schematic illustration of the geometrical configuration
of the epitaxial growth system in different time periods of crystalliza-
tion: (a) before the growth started, (b) in the nucleation period related
to growth of the first monolayer, (c) at the stage of epitaxial growth,
when an epilayer has already been grown and a fairly thick epilayer
is exhibited. Extracted from Herman et. al, 2004 (Herman, Richter,

and Sitter, 2004a).

In the case of heterogeneous nucleation, the particle clusters forming the
critical nuclei of phase A do not occur in the homogeneous medium A but within the
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matrix of adsorbed particles of medium A on the substrate crystal, i.e., on the phase
B (Herman, Richter, and Sitter, 2004b). It happens as a sequence of two processes:

• Formation of adsorbed material of the phase A on the surface of substrate B,
which is in sufficiently long-lasting contact with the surrounding phase A;

• Formation of a critical nucleus from the adsorbed particles and its subsequent
growth to a supercritical size.

The orientation behaviour of the growing layer on a substrate single crystal
may not only be influenced by nucleation of the deposited phase A, but also by the
subsequent growth of the phase A on the crystalline surface of the phase B. When
the deposit crystallites and the crystallites of the substrate show both the textural
and azimuthal orientation towards one another then it is said to have epitaxial ori-
entation relationships (Herman, Richter, and Sitter, 2004b).

The importance of nucleation to epitaxy for the production of high quality
epilayers concerns the island growth (VW-mode and CG-mode) and layer growth
(FM-mode and SK-mode) cases, whereas the step-flow growth mode (SF-mode) does
not have this requirement (Herman, Richter, and Sitter, 2004b). In the island growth
case, for example, since critical nuclei are quite stable, can reorient themselves and
move over the substrate, one can conclude that it is largely the migration, rotation
and coalescence of small stable crystallites that eventually produce an epitaxial layer
(Herman, Richter, and Sitter, 2004b). These processes must be going on during de-
position when it is carried out at high temperatures which is why clusters are often
seen to be in epitaxial orientation at all stages of the deposition.

In the layer-growth regime, the substrate has a very strong influence on the
form of the thin layer produced, and the growing layer has little option but to choose
the best orientation in which to grow (Herman, Richter, and Sitter, 2004b).

2.1.2 Heteroepitaxial layers

The growth process in heteroepitaxy depends strongly on whether the interface be-
tween the epitaxial overgrowth and the substrate is crystallographically perfect or
not, that is, on whether the grown epilayer is coherent – free to adopt any in-plane
lattice constant that minimizes its free energy – or incoherent with the substrate –
the energy minimization is achieved by adopting the in-plane lattice constant of the
substrate (Herman, Richter, and Sitter, 2004b).

From the point of view of the mutual relation between the substrate and
the heteroepilayer, three factors must be taken into account:

1. Lattice constant matching or mismatch, which constitutes the crucial problem
of heteroepitaxy;
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2. Crystallographic orientation of the substrate;

3. Surface geometry, or surface reconstruction, of the substrate.

If the misfit between a substrate and a growing layer is sufficiently small,
the first atomic monolayers which are deposited will be strained to match the sub-
strate and a coherent epilayer will be formed (Herman, Richter, and Sitter, 2004b).
However, as the layer thickness increases, the homogeneous strain energy EH be-
comes so large that a thickness is reached when it is energetically favourable for
misfit dislocations to be introduced. The overall strain will then be reduced but at
the same time the dislocation energy ED will increase from zero to a value deter-
mined by the misfits defined by (as − a f )/as (Herman, Richter, and Sitter, 2004b).

2.1.3 Epitaxial strain induced by substrates

One possible way to induce strain in epitaxial thin films is to use the lattice mismatch
between the film and the chosen substrate. Before I start my PhD thesis, a previous
PhD student, Sandeep Kumar Chaluvadi (Chaluvadi, 2017a), had studied the effect
of the strain induced by a selected list of substrate materials, as shown in figure 2.6,
to evaluate its effects on the magnetic properties of LSMO and more precisely on its
magnetic anisotropy (Chaluvadi et al., 2020).

Depending on the substrate materials and on the LSMO film thickness, it
was shown that the magnetic anisotropy could be tuned from in-plane uniaxial to
in-plane biaxial, including a mix of them or traces of out-of-plane anisotropy in some
cases. It was then discussed that the choice of the appropriate substrate can be a way
to tune the magnetic anisotropy as required for different applications such as AMR
sensors or memory devices for examples (figure 2.7).

Works by other groups can be found in different references. One can cite
(Mandal, Choudhary, and Das, 2020) who tuned the magnetotransport properties
of epitaxial Sm0.5Ca0.25Sr0.25MnO3 thin films via strain engineering due to different
film thicknesses and (Adamo et al., 2009) who studied the electrical and magnetic
properties of LSMO thin films deposited on different single crystalline substrates,
thus varying the substrate-induced biaxial strain from -2.3% to +3.2%. It was shown
that the dependence of the Curie temperature on biaxial strain was in very good
agreement with the theoretical predictions of (Millis, Darling, and Migliori, 1998).

2.1.4 Thin flexible substrates

Magnetic thin films deposited on polymer substrate show tremendous potentialities
in new flexible spintronics based-applications, such as magnetic sensors adaptable
to non-flat surfaces. In the case of flexible sample made of polymers coated by a very



14 Chapter 2. Piezoelectric MEMS

FIGURE 2.6: (a) Lattice parameters of different single crystal sub-
strates used during Chaluvadi’s PhD thesis along with the calculated
lattice misfit strain by considering the pseudocubic bulk lattice pa-
rameter of LSMO (0.389 nm); (b) Electrical resistivity versus temper-
ature characteristics of the 50 nm LSMO film deposited on various

substrates. Extracted from (Chaluvadi et al., 2020)

FIGURE 2.7: Thickness and substrate-dependent in-plane magnetic
anisotropy, its possible origins, anisotropic field and applications are

tabulated (Chaluvadi et al., 2020)
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thin layer, a very small bending effort can lead to relatively high stress in the layer
(Gueye et al., 2014).

Structures based on a 200 nm-thick Nickel film deposited by radio fre-
quency sputtering at room temperature on a flexible substrate (KaptonVR 24) of
125 µm were used by (Zighem et al., 2013) to study the voltage induced in-plane
magnetic anisotropy in a magnetostrictive film deposited on a flexible substrate and
glued onto a piezoelectric actuator.

The use of flexible compliant substrate with a much smaller Young’s modu-
lus than a rigid substrate such as silicon, for example, with E = 180 GPa can be cho-
sen in order to avoid clamping effects with the substrate to obtain maximum strain
transmission in between a piezoelectric actuator and the film as done by (Zighem
et al., 2013). The stress applicable to the magnetization by the piezoelectric environ-
ment is limited by the clamping effect which may reducing perspective on applica-
tions.

A significant strained induced magnetoelectric coupling is obtained in this
kind of bilayers (piezoelectric/magnetostrictive) only in the presence of non negli-
gible in-plane strains (Zighem et al., 2013). The strains ϵxx and ϵyy were observed to
be transmitted onto the proposed structures homogeneously in the thickness, i. e.,
the transmission of the in-plane strains between the actuator and the surface of the
film was close to 100%.

The magnetization in 20 nm thick Co2FeAl, CFA Heusler alloy, deposited
on Kapton flexible substrate was also studied by (Gueye et al., 2014) and shown to
be easily manipulated by bending the sample. The bending strain effect was experi-
mentally studied by microstripline ferromagnetic resonance (MS-FMR).

2.1.5 Strain application

MicroElectroMechanical Systems (MEMS)

MEMS devices are miniaturized mechanical systems produced using microfabrica-
tion techniques widely explored in the electronics industry. Some of its advantages
are the use of silicon microtechnology, small size, low weight, batch production
and performance improvement by integration of electronics/actuators. However,
some difficulties can be found when dealing with such microstructures fabrication
as process incompatibility between materials and major packing problems, the de-
vices may also present some deficiencies (offset, drift, non-linearity, cross-sensitivity,
temperature) that must be considered for each application.

Such structures offer the possibility of taking into account the defects, mi-
crostructure and even compositions which can change with strain in thin film sam-
ples in contrast with stress-dependent properties studies based on films subjected to
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static stresses, that simply derive the effects of the deformation from the comparison
of samples subjected to different stresses. Reversibly controllable stress using piezo-
electric material, for example, helps overcome this problem and allows direct mea-
surements of strain-dependent ferroic properties to be made (Dörr et al., 2009). Com-
pared to electrostatic MEMS, piezoelectric devices also offer advantages in larger ac-
tuation amplitude, faster response time and lower operation voltage (Banerjee et al.,
2014).

Use of piezoelectric substrates

Controlled deformation of the crystal lattice is a desirable tool for exploring
the influence of deformation in thin films.

The basic idea of a piezoelectric substrate is as follows: an electric field ap-
plied perpendicular to the plane of the substrate causes a biaxial deformation in this
plane by the inverse piezoelectric effect (coefficient d31), and a thin film deposited
on the substrate will be continuously strained with the substrate, as shown by fig-
ure 2.8 for insulating and conductive films, respectively. The film thickness limit is
dependent on the force that the piezoelectric surface must exert to apply stress in
the film (Dörr et al., 2009). This force increases in proportion to the thickness of the
film, ultimately leading to cracking on the surface of the piezo material, assuming
the film does not crack earlier.

FIGURE 2.8: Piezoelectric actuation principle. Extracted from (Dörr
et al., 2009)

(Thiele et al., 2005) proposed to use 0.72Pb (Mg1/3Nb2/3)O3–0.28PbTiO3

PMN-PT substrates with oriented surfaces (001) to provide deformation in the bi-
axial plane so as to be electrically controllable, due to some important advantages,
like the fact that it is almost cubic even in the ferroelectric state - this composition of
PMN-PT is rhombohedral with aPMN−PT = 4.022 Åand α = 89.90° at 300 K, which
is close to a cubic structure -, reaching extremely high strain levels (above 0.6%) and
low hysteresis can be achieved in addition.

Electrical transport measurements under the reversible strain in the plane
of the substrate for LSMO and LCMO thin films deposited on top of STO/PMN-PT
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(001) were analyzed by (Bilani-Zeneli et al., 2008) by applying a voltage between a
lower Au/NiCr electrode and the conductive manganite film - this is possible due
to the much larger resistance of the piezoelectric crystal (> 109 ohms), compared to
the resistance in the kilo-ohm range of the manganite film, leading to a low leak-
age current which can, however, have all its contributions avoided if the resistance
measurements of the films use alternating signs of source current (Thiele et al., 2005).

The importance of using a buffer layer such as STO comes from the fact that
many properties depend nonlinearly on strain, so that in order to properly assess the
observed change in a property X depends on strain as developed from the film, one
must first know a predetermined lattice parameter a0 (the pseudocubic film lattice
parameter at E = 0) to determine the influence of the reversible strain in the dX/da
derivative, as underlined by (Dörr et al., 2009). Otherwise, this can give very dif-
ferent values of dX/da depending on the state of deformation in the state of strain
during the growth of the film (static strain).

Strain transfer from substrate to films can be revealed in strain-dependent
electrical resistance measurements, which must present a reversible hysteresis loop.
The butterfly-like format is a typical behavior of the change in resistivity due to the
deformation induced by the reversal of the direction of polarization in the PMN – PT
substrate (Zheng et al., 2010). If the ferroelectric field effect played a dominant role
in the influence of resistivity, we would observe a rectangular hysteresis loop ρ − E
with the change in resistivity showing opposite signs for opposite directions of the
applied electric field. It is still important to note that butterfly-like cycles involve the
danger of cracking due to the repeated switching of the substrate (P) polarization,
therefore, the safer type of measurement avoids a P inversion when working in a
unipolar mode of the substrate.

The resistance of the films was seen to be proportional to the strain, because
its loop follows the strain hysteresis curve and the R maxima are at the coercive fields
of the substrate recorded in the polarization measurements, P (E). The resistance at
room temperature increases under application of stress and is roughly proportional
to Vpiezo. The electrical resistance varies appreciably with the state of deformation
of the films; therefore thinner films can be passed from a thermal dependence of
the insulating type to a metallization by stress relaxation obtained from a thermal
treatment.

The decrease in the resistivity of the thin film is explained, according to
(Zheng et al., 2010), by the decrease in the tensile stress in the plane leading to
the reduction of the tetragonal distortion of the MnO6 octahedra of the film - re-
vealed by an angularly resolved X-ray absorption spectroscopy study of thin films
of La0.7Sr0.3MnO3 subjected to epitaxial strain - and thus weakening the electron-
lattice coupling force. As a result, this improves the hopping amplitude of electrons.
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One way to quantify the contraction in the plane is to first evaluate the
2-theta value of the film reflection shifts and its corresponding increase in the cell
constant c and then assume an approximate volume conservation after measuring
the expansion out of plan. This means that an increase in ϵzz = (c f ilm − cbulk)/cbulk

(outside the constrained plane) would be accompanied by a decrease in the tensile
stress in the plane ϵxx, the two quantities of which are related using the expression
δϵzz = −2ν/((1 − ν)δϵxx) - where ν is the Possion coefficient (Zheng et al., 2010).

A decrease in Curie temperature, TC, was also verified on the LCMO/
STO/ PMN-PT (001) sample studied by (Bilani-Zeneli et al., 2008) - this was at-
tributed to the effect of tension tensile strength in the manganite film -, as shown by
(Angeloni et al., 2004) whose ferromagnetic temperature Curie, TC, of La0.7Sr0.3MnO3

was reduced by 365 K for unconstrained films/bulk at 270 K in 16 nm thick LSMO/
LaAlO3 (001) structures under compression. (Thiele et al., 2005) also showed an
increase of 6 K on TC when applying a voltage Vpiezo = 400V leading to strain relax-
ation on the LSMO layer. A reduction in the transition temperature of the insulating-
metal type was also provided by (Zheng et al., 2010) of about 9 K by applying an elec-
tric field of 10 kV/cm for La7/8Ba1/8MnO3 structures on 0.67Pb(Mg1/3Nb2/3)O3–
0.33PbTiO3 (LBMO/ PMN-PT).

Associated with the dependence of Curie temperature on stress, remanent
(MR) and saturating (MS) magnetization also show both strain-related changes as
a consequence as reported by (Dörr et al., 2009), using a basic model system for
a strain-coupled two-phase magnetoelectric multiferroic composed by a magnetic
film of La0.7 A0.3MnO3 (A = Sr or Ca) on a PMN-PT piezoelectric substrate, epitax-
ially deposited, so that the film-substrate sample is also well suited to theoretical
modeling - for which a tetragonal approximation has been widely used with success
for strained films, due to the distortions being small enough for a cubic reference
cell, even though the structure of bulk lattice of materials is either rhombohedral
or orthorhombic -, since the orientations and crystallographic deformations are well
defined. No significant change in the coercive field, HC, in these strain-dependent
studies was observed, which is attributed to the low level of reversible strain (0.1%),
which does not significantly change the total tensile strain and leaves the easy axes
of the film unchanged.

It was still observed by (Dörr et al., 2009) that the dTC/da increases with
decreasing thickness, while no significant difference between the Sr or Ca doping
was found. The TC of near cubic ferromagnetic manganites has been described as
quadratic strain dependent, described by

TC = TC0(1 −
1

3αϵa
− δ

2ϵ2
a
) (2.1)
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With the TC0 unconstrained, the total strain in the plane ϵa and the positive
volume and tetragonal strain coefficients α and δ, respectively, and under the as-
sumption of a Poisson number of ν ≈ 0.33.

Actuation in MEMS

The actuation in MEMS devices, however, can be performed by different
solutions used to apply deformation to suspended structures by mechanical bend-
ing, such as lateral gates (Biasotti et al., 2013), Lorentz force actuation (Remaggi et
al., 2016), Atomic Force Microscopy (AFM) tip strain application and, finally, piezo-
electric layers. Each one of these first three methods are briefly discussed in the
following topics. Piezoelectric actuation will be presented in a separate section (2.2).

Coplanar electrodes actuation: Cantilever-type structures with an actua-
tion by applying an electric field between side pads (lateral gates) instead of using
typical top-bottom electrodes have been demonstrated by (Biasotti et al., 2013), as
shown in figure 2.9. The structures were fabricated using Pulsed Laser Deposition
(PLD) deposited STO/LSMO on STO substrates (001). Controlled bending of the
beam was carried out under quasi-static electric fields applied according to the im-
age below, using different values of tensions on the side pads, without any conduc-
tive layer deposit on top of the structure (the tension is applied to the lower LSMO
by perforating the insulating STO support layer).

This actuation is based in the the voltage potential gradual drop over the
domain of the substrate and the electric field lines gradually bending in the air and
inside the STO substrate towards the ground pads. The electric field polarizes the
dielectric beam mainly in its longitudinal (y) direction, and the non-uniform electric
field bends it down.

The geometry of the side pads has a weaker electromechanical coupling,
but a stronger relative dependence on the dielectric constant of the dielectric film, in
particular at high values compared to the configuration of the top-bottom pads.

Such coplanar actuation has also been verified in the fabrication of reso-
nant high-electron-mobility transistors (R-HEMT) in (Faucher et al., 2009). Instead
of using a passive piezoelectric sandwich for detection, an Al0.26Ga0.74N/GaN 100
nm long, 5 µm large, doubly clamped beam heterostructure was fabricated on a sil-
icon, Si (111), substrate. The actuation was performed by a Schottky diode and the
two-dimensional electron gas (2-DEG) as a bottom electrode (which is electrically
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FIGURE 2.9: LSMO/STO cantilever (a) optical image upon different
voltage bias applied to a lateral gate design structure actuation, show-
ing the scheme of electrical contacts and color map with change of
colours in the microcantilever reflecting its bending until stiction with
substrate when pull-in voltage is achieved, (b) Scanning Electron Mi-
croscope (SEM) micrograph and (c) endpoint tip deflection with its
normalized as a function of the dielectric constant of the STO film for
the side gate and back gate configurations. Extracted from (Biasotti

et al., 2013)

linked to coplanar guide by an ohmic contact at its termination it also defines a path
between the ohmic contact located on the beam and two other ones below the clamp-
ing point). Hence, it defines a structure where coplanar electrodes laterally connect
both the source and bridge over the gate to connect the drain.

Lorentz force actuation: Resonant structures which exploit the Lorentz
force principle to detect magnetic fields by measuring the displacement of such
structures exposed to external magnetic fields by capacitive, piezoresistive or optical
detection techniques, have their operating principle based on an amplified response
to the applied excitation source with a frequency equal to the resonant frequency (s)
of the structure - amplification caused by the efficient transfer of energy from the
excitation source to the structure. The use of sensors based on resonant structures
can produce larger output signals, increasing its sensitivity. MEMS magnetometers
are potentially compatible with CMOS manufacturing, without magnetic hystere-
sis, an advantage over Hall effect sensors with their higher power consumption for
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better resolutions or even magnetoresistive sensors which require special magnetic
materials in the process of manufacturing; On the other hand, they present gener-
ally low resonant frequencies and therefore limited by the flicker noise (S.Ghosh and
J.E.Y.Lee, 2016).

The idea, as proposed by (Herrera-May et al., 2009) and graphically ex-
plained in figure 2.10, is based on an aluminium loop placed on the surface of the
bridge: the excitation current flows inside with a frequency equal to the first fre-
quency resonance of the structure. When exposed to an external magnetic field Bx,
a Lorentz force, FL = lBxLy, is generated. Where Ly is the length of the Al loop
while the amplitude of the deflection of the beam depends on the amplitude of the
Lorentz force, which is directly proportional to I and Bx. Such deflections lead to a
deformation linked to the elastic modulus of the material structure, to the geometric
characteristics of the resonant structures and to the quality factor (Q) (Todaro et al.,
2012).

FIGURE 2.10: Bridge-type structure actuated by Lorentz force. Ex-
tracted from (Herrera-May et al., 2009)

Most of these structures are fabricated on Si substrates, which have an elas-
tic modulus dependent on temperature in such a way that T affects the performance
of a resonant sensor (it influences the properties of the material and creates stresses
inside the structure). The resonance frequencies are affected by the residual stresses
on the structure: the deformation causes a shift in fR (Todaro et al., 2012). For bridge
and beam structures, if the internal stresses are compressive then they reduce the
resonant frequency of the beams; on the other hand, if the internal stresses are such
of traction, they increase the resonant frequency of structures (Herrera-May et al.,
2009).

Tip induced actuation: Local actions can be performed by using a mechan-
ical profilometer or a scanning probe microscopy in order to suject a MEMS device
to an external force application. A mechanical pressure can be exerted to such struc-
tures with the cantilever of an atomic-force microscopy (AFM) (Pellegrino et al.,
2009) or optomechanically with the probe of a near-field microscope (Salary et al.,
2016).
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2.2 Piezoelectric MEMS

Piezoelectric MEMS are based on the intrinsic electromechanical coupling effect of
the piezoelectric materials, which is a physical quantity related to the materials abil-
ity to convert electrical energy into the mechanical form or vice-versa. A direct effect
is visualized when electric charges appear on the surfaces of a piezoelectric material
upon an elastic stress application and it configures the base for piezoelectric sen-
sors, i. e. direct mechanical transducers, whereas an inverse effect takes place by the
application of an electric field inducing elastic strain which is the case for actuators
such as resonator for which the resonance parameters, frequency and amplitude, are
influenced by the input physical quantities.

Common piezoelectric actuators are either based on bimorph or expansion
structure to obtain the elastic displacement: the former is based in the in-plain piezo-
electric strain e31 which is to be measured as beam deflection while in the later, it’s
the longitudinal electric-field-induced strain, d33, that is responsible for mechanical
displacement, a simpler design at the cost of a less important variation.

Piezoelectric thin films offer several significant applications in microelec-
tronics and microelectromechanical systems (MEMS) such as microsensors, microac-
tuators, non-volatile memories, printheads, etc. Due to large piezoelectric coeffi-
cients of many ferroelectric materials, such as lead zirconate titanate, Pb(Zr,Ti)O3

(PZT), large actuation force and displacements can be generated and also thin films
actuators can be driven by high-frequency signals with high contact and restoring
forces at low voltages. The use of such piezoelectric materials in MEMS scale al-
lows the exchange of minimal amount of energy to achieve improved performances
in terms of resonance frequency reach as well as sensitivities, hence high efficiency
and quality factor, Q. The performance of piezoelectric MEMS is, however, strongly
dependent on the film quality since the surface nature onto which PZT is grown
plays a crucial role as it can lead to degradation of its piezoelectric properties (Is-
arakorn, 2011) since it affects leakage current, dielectric properties and the growth
and crystalline structure of the grown ferroelectric films.

The actuation behaviour of MEMS devices is a result of the intrinsic and ex-
trinsic contributions of the aforementioned material’s piezoelectric response. These
contributions originate from the stretching/contracting of the unit cell dipoles in the
piezoelectric material and the contributions due to domain wall movements, respec-
tively. In this sense, a thermal poling procedure is imperative for proper operation
of MEMS actuators devices to eliminate a decrease in deflection of the actuator due
to reduction of extrinsic contributions and/or re-poling ones after a few actuation
cycles. This characterizes a typical procedure where the use of thermal energy in
combination with an electric field is used to align defect dipole complexes and cre-
ate an internal electric field aligned with the polarization direction and lock in the
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domain configuration (Funakubo et al., 2012).

Conventionally, PZT is deposited onto platinum-coated Si wafers and coated
also with platinum for top contacts, in order to form a capacitor structure of the type
Metal-Ferroelectric-Metal (MFM) (Vilquin, B. et al., 2001).

2.3 Epitaxial MEMS

The development of epitaxial MEMS allows a way to promote an enhancement in the
piezoelectric properties to the typical growth of piezoelectric materials. However, it
requires optimization of growth process for achieving better quality films for such
improved performances. Additionally, the high-frequency losses of films may be
smaller than those of bulk materials and sensitivity can be increased.

So far, few realisation of epitaxial MEMS using oxides can be found in lit-
erature and very few of them integrate piezoelectric materials.

• (Banerjee et al., 2014) has used yttria stabilized zirconia (YSZ )as buffer layer
to epitaxially grow by PLD at high temperatures a multilayer of sandwiched
PbZr0.52Ti0.48O3 (PZT) between SrRuO3 (SRO) electrodes on a silicon (001)
substrate. The structures were patterned by lift-off with a AlOx sacrificial mask
followed by anisotropic substrate etching (hot KOH-etching) to obtain a can-
tilever configuration to be operated in bending mode actuated by an external
voltage that induces a lateral extension/ contraction in the active piezoelectric
layer causing a bimorph actuation due to the clamping with substrate. This
can be seen in figure 2.11. Epitaxy was confirmed by X-ray diffraction measure-
ments and the electromechanical response of the PZT cantilevers well-behaved
ferro and piezoelectric responses was investigated employing laser Doppler
vibrometry, and the dependence of frequency versus cantilever length can be
verified in figure 2.11(c).

• The enhanced piezoresponse in relaxor ferroelectrics with engineered domain
states and associated possibility to improve performance of piezoelectric MEMS
by incorporating these materials has led (Baek et al., 2011) to study the use of
Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), a lead-based relaxor ferroelectric with
piezoelectric coefficients that can be 5 to 10 times those of bulk PZT ceramics
and a large electromechanical coupling coefficient of k33 ≈ 0.9. A composi-
tion 0.67PMN-0.33PT was used due to maximized physical properties in ferro-
electric solid solutions morphotropic phase boundary (33% PT in the PMNPT
solid solution system). Problems with the appearance of pyrochlore phase,
one of the major processing difficulties, were bypassed by the careful control
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FIGURE 2.11: (a) Schematic representation of freestanding piezo-
MEMS devices, (b) Scanning Electron Microscopy (SEM) overview
of a series of cantilevers with different lengths and (c) measured res-
onance frequency of dominant vibrational mode versus the length of
the freestanding heteroepitaxial cantilevers; Equation (1) to which it
refers determines the bending resonance frequencies as a function of
numerical factors αn, the length of the cantilever L, its width W, thick-
ness t, effective Young’s modulus E and beam mass per length mL:

fn = α2
n

2πL2

√
E(Wt3/12)

mL
; Extracted from (Banerjee et al., 2014)
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of thin-film growth conditions to achieve (001)pc oriented single-crystal PMN-
PT films. To achieve this, an epitaxial SrTiO3 buffer layer was used as well as
a 4 miscut Si substrate, since the effect of high density of steps on the surface
of miscut substrates is to maintain film stoichiometry by effectively incorpo-
rating volatile constituents, as PbO, into the film, suppressing formation of
lead-deficient pyrochlore. The PMN-PT film on 4° miscut Si have shown dra-
matic improvement in both phase purity and epitaxy of perovskite phase in
comparison with exact Si.

The polarization–versus–electric field (P-E) hysteresis loops measured for 1
µm thick PMN-PT films were seen to be negatively imprinted indicating the
existence of a built-in bias which decreased the permittivity at zero field, re-
sulting in an improvement of the figure of merit for sensors operating in a
voltage-sensing mode. A further study replacing randomly oriented PZT ac-
tuators in radio frequency MEMS switches with these highly oriented PMN-PT
films decreased the voltage required to minimize contact resistance from 10V
to < 2.5V.

All the cantilevers are bent downward, as shown in figure 2.12, after release
from the Si substrate due to the relaxation of the epitaxial strain between PMN-
PT (apc = 0.402 nm) and SrRuO3 (apc = 0.393 nm).

• Magnetoelectric (ME) sensors use the mechanical coupling between a ferro-
magnetic material and a piezoelectric (PZT) one in a multiferroic laminated
composite to convert directly a magnetic signal into an electrical one with re-
markably high sensitivity compared to other different magnetometers for res-
onant AC fields (Kiser et al., 2013), (Robisch et al., 2015). The heterostructures
grown epitaxially enhance mechanical coupling and, hence, the stress trans-
fer between the functional layers. The self-excitation capability provided by
integration of piezoelectric materials allows the avoidance of solenoid coils in
microdesign (Ngoc et al., 2021).

The operation principle of such devices is based on the resultant stress in the
magnetic layer subjected to an external magnetic fields that is transferred to the
piezoelectric layer due to the mechanical coupling between them and leading
to a shift in the resonant frequency of the system. Such change in the resonant
frequency is measurable through an impedance measurement.

Doubly clamped magnetoelectric micro-electromechanical systems have been
proposed using AlN (750 nm) as piezoelectric material and FeCo (200 nm) as
magnetic field sensing layer in resonators with a magnetic field sensitivity of
about 5000 Hz/T in a bias magnetic field of up to 0.2 T (Bennett et al., 2017).
The sensitivity in such sensors is calculated by the ratio of the shift in the res-
onant frequency over the range of external DC magnetic field, i. e., df/dB.
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FIGURE 2.12: (a) Bright-field cross-sectional (Transmission Elec-
tron Microscopy) TEM image at the interface between PMN-PT and
SrRuO3, the inset is a selected-area electron diffraction (SAED) im-
age of PMN-PT along the [100] zone axis with atomically sharp inter-
face between the SrRuO3 and PMN-PT layers exhibiting clear epitax-
ial match between the layers (b) SEM image of a PMN-PT cantilever
and its profile as a function of dc voltage. Extracted from (Baek et al.,

2011)
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• (Ngoc et al., 2021) have shown the use of resonant cantilever structures based
on freestanding multi-ferroic PZT/Tb–Fe–Co thin film multilayers as magnetic
sensors where the Tb–Fe–Co layer (150nm) acts both as a magnetic field sens-
ing and top electrode and the PZT one (150 nm) as a micro-transducer to obtain
an electrical signal to estimate the magnetic signal by the shift of the device
resonant frequency. A SrRuO3 (SRO) layer is employed as bottom electrode
for the complete heterostructure grown on silicon substrate as shown in figure
2.13. The devices are patterned as 40 µm long, 20 µm large cantilevers.

The deflection curve follows the conventional butterfly shape of the C-E curve,
in this case with a total variation of 6 µm, as well as the shift of the resonant
frequency, which is consistent with the deformation of the cantilever under the
application of the electric field, exhibiting the same butterfly shape.

A DC magnetic field can be sensed by such devices through the the impedance
phase angle frequency peak of the magnetoelectric PZT/ Tb–Fe–Co cantilever
resonators as shown in figure 2.13(d). It has exhibited sensitivities of around
487 Hz/T at low field (< 0.2T) and 249 Hz/T at high field (> 0.2T).

FIGURE 2.13: (a) Schematics of the proposed PZT/Tb–Fe–Co micro-
resonators, (b) its experimental setup for resonance characterization,
(c) the scanning electron microscopy image of the fabricated structure
and (d) an impedance phase plotted as a function of frequency at two
different values of the out-of-plane DC magnetic field. Extracted from

(Ngoc et al., 2021)

• (Pellegrino et al., 2009) have shown the fabrication of an all-oxide micro-electro-
mechanical structure based on suspended bridge devices made of an epitax-
ial heterostructure composed of a La0.7Sr0.3MnO3 (LSMO) sacrificial layer and
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STO supporting layer to study the strain effects in oxide compounds.

The fabricated geometries are designed in order to measure the resistance of
the microbridge region during its bending by a four-wire electrical configu-
ration. The bending was performed either mechanically through the use of a
stiff AFM tip leading to linear increase of the electrical resistance until contact
with substrate enabling the experimental value of the elastic constant of the
bridge to be calculated from the slope of the force–distance curve, or through
the application of a bias voltage between the gate and substrate region (that
is also covered by a conducting LSMO film) to increase the electromechanical
coupling. Both cases are shown in figure 2.14. Small deflection of the bridge
is verified up to -21V seen by a slight change of color at the bridge edge, ac-
companied by the occurrence of subtle increase of the film resistance due to
small strains. At -22V, however, an abrupt change in the optical image linked
to a jump toward a high-resistance state is observed. The reduction in volt-
age keeps the bridge’s position between states C and D remaining in contact
with the substrate where the induced strain and film resistance approximately
stand constant at their maximum value.

From the AFM tip actuation, values of k in the range of 10–15 N m−1 were
extracted, in accordance with estimations for cantilever theory and a Young’s
modulus for STO films of approximately 100 GPa. The LSMO resistance modu-
lation achieved is about 0.6–1.6% either bending with the AFM tip or by electric
fields and its increase is explained in the framework of a reduced bandwidth
and higher localization effect due to an increased Jahn-Teller splitting. Strain
distribution along the bridge was concluded to be non-uniform, with a max-
imum value reached at the joints and the device performed mainly uniaxial
stresses along the bridge length. A maximum surface tensile strain at the joint
along the bridge length was calculated to be 0.26%.

• Epitaxial all-oxide nanocantilevers composed of a strontium titanate (SrTiO3)
active layer sandwiched between two layers of strontium ruthenate (SrRuO3)
were studied as flexoelectric devices in comparison with MEMS based on the
piezoelectric effect by (Bhaskar et al., 2016). Flexoelectricity defines the lin-
ear coupling between the mechanical strain gradient with the electric polar-
ization (or inversely, or the mechanical response under the electric field gra-
dient) and it is a property that all high-k dielectric materials used in CMOS
circuitry should possess, since it is not restricted by material symmetry, ex-
tending the possibilities of materials likely to be suitable for nanoscale elec-
tromechanical device applications, providing a route to integrating more than
Moore electromechanical functionalities within transistor technology since flex-
oelectric curvature/voltage scales as the inverse of the cube of the thickness
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FIGURE 2.14: (a) SEM image of the proposed triangular STO micro-
bridge with electrical contacts indicated,(b) AFM-tip deflection ver-
sus Scanner Z extension, showing the two regimes of bridge bend-
ing and bridge in contact with the substrate, (c) optical images of the
bridge at different biasing states as indicated by capital letters and (d)
LSMO film resistance as a function of the applied voltage, measure-
ment reports two voltage-ramp cycles. The resistance discontinuities
are associated with jumps in the bridge deflection and in the strain of

the overgrown LSMO film. Extracted from (Pellegrino et al., 2009)
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and it could be expected to exceed the performance of even the best piezoelec-
tric and ferroelectric devices reported in the literature to date (Bhaskar et al.,
2016). The device was tested in resonant mode showing an observed resonance
frequency of 310 kHz, as displayed in figure 2.15, which corresponded to the
analytical estimate based on the geometry and the value of the effective flexo-
electric coefficient was calculated from the slope of the curvature versus volt-
age. Finally the analysis of the flexocoupling ratio f = µ/ϵ was made showing
good agreement with the estimated values for ionic solids and comparable to
the value found for other perovskites such as lead magnesium niobate–lead
titanate (PMN-PT).

The coefficients were measured by inverse and direct methods leading to sim-
ilar values validating that flexoelectric devices display the same coupling con-
stant for operation as a sensor and actuator.

FIGURE 2.15: (a) Schematic comparing flexoelectric actuation and
piezoelectric bimorph actuation in nanoscale actuators and (b) curva-
ture/voltage ratio as a function of frequency for the SrTiO3 nanocan-
tilever at 1 V excitation, showing the resonant peak at 310 kHz con-
firmed by the 180° phase change, with quality factor Q of 25. Ex-

tracted from (Bhaskar et al., 2016)

(Guillet et al., 2019) have developed the process of using LSMO thin films
into sensors in order to obtain very low electrical noise. This was used in two high
signal-to-noise ratio sensors based on LSMO thin films: uncooled bolometers on STO
buffered silicon substrates (in order to allow the use of standard micromachining
techniques of silicon) and uncooled low-field magnetic sensors (anisotropic magne-
toresistances) on STO substrates. To minimize parasitic effects on the electrical con-
tacts due to non-homogeneity in the current density distribution the mask designs
were made to avoid any deviation of the current lines. Such designs were used as a
base for the masks with integrated piezoelectric actuation for suspended beams de-
signed in this thesis. The importance in the geometry design is to avoid an increase
of up to 3 orders of magnitude difference in the noise spectral density (V2Hz−1) that
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FIGURE 2.16: (a) Examples of LSMO bolometers, first a non-
suspended meander of 18 µm width and second a 50 µm long free-
standing beam with 4 µm width, and the (b) NEP of 50-150 µm long,
2 µm width, suspended 75 nm thick LSMO thin films bolometers. Ex-

tracted from (Guillet et al., 2019)

were measured in the same sample by (Guillet et al., 2019) when the design was not
well chosen.

The effect of the LSMO films thickness was evaluated and it was verified
that in the 20-80 nm range the films are generally relaxed and therefore exhibit low
noise values, whereas beyond this range (close to the critical thickness value for epi-
taxial films on STO) an increase of the noise levels is observed and it can be related
to the presence of inhomogeneous strain or even cracks for these higher thickness
values. When the structures are released from the substrate the thermal conduc-
tance was shown to be reduced by 3 orders of magnitude (down to 10−7W · K−1),
increasing the sensitivity by a factor of 1000.

Thanks to the very low 1/ f noise and the use of adequate geometries ul-
tra low Noise Equivalent Power (NEP) values, expressing the minimum detectable
power per square root bandwidth of a given detector, in the order of pW · Hz−1/2

could be obtained at 300 K. The large Temperature Coefficient of Resistance (TCR)
(around 2-3 % K-1) has showed that LSMO is a promising candidate for fabricating
uncooled bolometers in addition to the low-noise level compared with other resis-
tive materials such as semiconductors (a-Si, aSi:H, a-Ge, poly SiGe) and other oxide
materials (semiconducting YBCO, VOx, etc.). This also enables the use of LSMO in
applications in magnetoresistive sensors.
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The observed magnetoresistance is due to anisotropic effect in ferromag-
netic LSMO films on STO (001) film showing uniaxial anisotropy. The Anisotropic
MagnetoResistive effect (AMR) led to a measurement of sensitivity of about 400% ·
T−1 and the magnetic noise was estimated to be in the order of 200pT · Hz−1/2 at 310
K.

In the sense of La0.7Sr0.3MnO3 (LSMO) thin film based bolometers, (Nasci-
mento et al., 2021) have shown the electro-thermal and optical properties of such
devices with a detection area of 100 × 100 µm2. The thermal conductance was eval-
uated through the voltage-current (V-I) characteristics measured in vacuum from
240 to 415 K and the electrical responsivity was determined and compared to the
optical responsivity measured with a laser diode at 635 nm. A NEP value, obtained
without any absorbing layer or antenna, as low as 2.3×10−11 W · Hz−1/2 was ob-
tained at 300 K and a bias current of 80 µA, in the 20-200 Hz modulation frequency
range and the response time was 1.3 ms. This have shown a promising path into
fabricating LSMO-based bolometers for IR or THz detection.

(Bourdais et al., 2015) have proved the interest of using epitaxial LSMO
films in sensors field, more specifically, integrated in a Pirani gauge configuration, as
a low-power oxide-based pressure sensor, due to their high stability under extreme
conditions (temperature and oxidation), an advantage over p-doped silicon, despite
having the same order of magnitude of Temperature Coefficient of Resistance (TCR)
in the linear approximation (an important parameter directly correlated to the pres-
sure sensitivity) in room temperature. LSMO provides to the device endurance un-
der high temperature or oxidizing conditions and very low electrical noise level,
making them suitable for high sensitivity sensors. The chemical stability of this ma-
terial as hot filament allows its operability in various environments, increasing the
possible applications in comparison to traditional materials.

The structures were patterned with two different clamping configurations:
circular and at 90° to prove that the strain is more spatially distributed in the case of
circular clamping configuration leading to a reduced value of the maximum strain
level and a higher yield of fabrication (95% vs 35%).

Characterization of LSMO-based Pirani pressure sensors has shown the
typical Pirani S-shaped curve (while sweeping the pressure, resistance remains con-
stant at low pressure, then drops due to the modification of wire temperature to be-
come constant again at high pressure), however, exhibiting a more-than-twice higher
sensitivity with respect to a standard metal-based one with the same geometry with
a power consumption reduced by a factor of 10000 (Bourdais et al., 2015).
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FIGURE 2.17: (a) Schematic view of the LSMO/STO bilayer bridge
where the LSMO is the active conductive film and Pd pads are used
to minimize its contact resistance, (b) secondary electron microscopy
image of the free standing bridges with optimized circular geometry
and (c) resistivity variation versus pressure of a LSMO (50 × 20) µm2

freestanding bridge for several heating currents normalized to the re-
sistivity at low pressure. Extracted from (Bourdais et al., 2015)
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2.4 My thesis objectives: resonant LSMO MEMS clamped-
clamped beams

My thesis project consisted in developing the fabrication process of piezoelectri-
cally actuated LSMO doubly clamped bridges. This was done by incorporating
active piezoelectric layers to offer actuation and sensing capabilities to the LSMO
suspended bridge structures that were object of study of a previous PhD student,
Vanuza Nascimento, to achieve a fully integrated resonant device based on LSMO
clamped-clamped beams. The implementation of such integrated MEMS requires
the ability to integrate thin-films of high-quality materials with good electromechan-
ical coupling while guaranteeing the maintenance of the LSMO’s electrical charac-
teristics’ quality during all fabrication steps.

The growth of epitaxial LSMO in Si-based substrates is possible when a
perovskite such as SrTiO3 (STO) with compatible crystal structures is primarily epi-
taxially grown on the substrate. The use of such epitaxial heterostructures composed
of a Au/(PZT or AlN)/LSMO/STO/Si-based substrates in the fabrication of Micro-
Electro-Mechanical Systems (MEMS) impose some technological difficulties linked
to finding the ideal etching processes for each layer without damaging or inadver-
tently etching the others and also concerning the release of such layers subjected to
epitaxial strain.

LSMO’s rich phase diagram, as will be shown in chapter 3 is determined
by coupling of spin, charge, and lattice degrees of freedom, whose interplay can be
modified by doping, external fields and lattice strain. The latter consists of one of
the most powerful parameters to achieve control of Transition-Metal Oxides (TMO)
functionalities (Pellegrino et al., 2009).

Resonant MEMS bolometers are thermal radiation detectors, disposing an
active area sensible to electromagnetic radiation, capable of displaying a measurable
temperature rise when absorbing such radiation. Such innovative devices have been
proposed by few groups, but not with oxides (Laurent et al., 2018) (Piller et al., 2021)
(Zhang et al., 2019) (Zhang et al., 2016) .

Since LSMO is an absorbent material (up to 80%) in the infrared radiation
range and qualifies as a promising material to be used as a light sensitive material,
its usage for resonant MEMS is envisaged since it also exhibits excellent sensitivity
to strain, hence, to mechanical effects and under optimized current conditions it can
reach the phonon noise limit. It presents a ferromagnetic-to-paramagnetic at 360 K
accompanied by a metal-to-insulator transition above room temperature, being ideal
for uncooled sensors such as anisotropic magnetoresistances and infrared bolome-
ters. Therefore, its use has been shown and well established as resistive bolometers,
where the temperature rise in the thermally insulated material (G ≈ 10−7W.K−1/2)
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is measured as an increment in its electrical resistance.

Its use on vibrating structures proposes to measure a variation on the res-
onant frequency via a change in voltage on the detector side as a result of the in-
creased temperature, as displayed in Figure 2.18 through the active modulation by
epitaxial locking with piezoelectric thin films in the resonant beam structure, allow-
ing such strain manipulation of oxides as well as the mechanical coupling between
them and the piezoelectric material by the bending of the suspended bridges. The
surface strain caused by the application of voltage in the the piezoelectric layer is
mechanically transferred through epitaxial lock to the LSMO thin film. The mechan-
ical clamping induced by the non-piezoelectric layer (LSMO/STO) creates a strain
gradient across the structure, converting the piezoelectric strain into a flexural mo-
tion that is to be sensed in the other extremity of the beam by a change of voltage
measured in the same type of piezoelectric material. A modulation of its electrical
conductivity should also be verified. Such devices can find applications in resonant
MEMS bolometers as terahertz imaging devices for military or health sensors, in
spectroscopy sensing but also in magnetoelectric magnetic sensors.

FIGURE 2.18: Integrated resonant clamped-clamped LSMO sus-
pended bridge

The process was optimized for three different types of substrates, namely
silicon (Si), silicon-on-insulator (SOI) and silicon-on-sapphire (SOS). The choice of
SOI substrates were motivated by the possibility of keeping the topmost silicon of
the wafer as a part of the vibrating micro-bridge, in order to retain the epitaxial
strain between LSMO/STO films and Si. This is important to keep the structures as
flat as possible once released and allow a lower resonant frequency, within the range
of measurement of typical equipments. The choice of the SOS ones was mainly in-
duced by the possibility of achieving deposited LSMO/STO thin films with smaller
residual strain onto these substrates. Significant mosaic broadening of the top Si
peak on such substrates, attributed to a higher density of defects, is replicated in the
epitaxial layers grown onto SOS, resulting in a slightly smaller epitaxial strain.
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Therefore this thesis is focused on the development of the complete pro-
cess fabrication of the aforementioned devices by using AlN/LSMO/STO/SOI and
PZT/LSMO/STO/Si heterostructures aiming a trade-off between the material’s qual-
ity and optimal yield. The choice of materials and their deposition methods and
characterization techniques are detailed in 3. The complete fabrication process steps,
lithography mask designs, UV lithography dose tests and etching procedures are
discussed in chapter 4, as well as the dynamic measurements for the fabricated sus-
pended structures. Finally, chapter 5 discusses the obtained results and proposes a
path for continuation of this work.
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Chapter 3

Materials

High performance microelectromechanical systems brought the interest in the con-
ception of devices employing new and multifunctional materials.

This chapter presents the fundamental properties and applicabilities on the
main materials used in the final device, i.e. LSMO, PZT and AlN, necessary for the
understanding of its general functioning. It also includes the fabrication technolo-
gies involved such as the deposition techniques used for each thin film as well as the
respective characterization techniques and our results achieved in this sense for the
choice of materials.

3.1 La0.7Sr0.3MnO3

Oxides are very interesting materials because they provide the possibility of play-
ing with their structural richness since they can arrange in many structures in the
crystallographic sense because of the oxygen atom. We work with perovskites be-
cause not only they are very good for epitaxy but they also show a wide range of
functional properties. Such properties originate from metal-oxygen bonds and very
strong electronic correlations (colossal magnetoresistance, superconductivity, mag-
netism, piezoelectric and ferroelectricity, multiferroics) leading to interactions like
Coulomb repulsion, constraint, orbital bandwidth, structural change and Hund ex-
change coupling which appear in a sense of competing energies leading, therefore,
to the ordering of spins, charge and degrees of orbital freedom. Perovskite-type
magnetic oxides are also known for their sensitivity to many external parameters,
including distortions of the mesh structure.

The doped lanthanum manganites, exhibiting a general formula expressed
by R1−x Ax MnO3 (R = La, Pr... A = Sr, Ca...), present a rare-earth ion substituted by
an alkaline earth one creating a mixed valence Mn3+/Mn4+ that is responsible for
structural, magnetic and electric properties finely linked. As the substitution rate x
of the alkaline earth ions leads to great change in the the physicochemical properties
of such materials, they present a large variety of phase diagrams.
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The doping x in La1−xSrx MnO3 (LSMO) manganite controls the nature and
numbers of carriers at its Fermi level: the charge carriers are holes when x < 0.5
and the conduction band is filled beyond half and electrons when x > 0.5, in the
opposite case; at the optimal substitution rate, i. e., x = 1/3, LSMO is a ferromag-
net and present an electric transition at TP (insulating/metal) combined with a mag-
netic transition at Curie temperature, TC (paramagnetic/ferromagnetic) at its highest
value. The maximum Curie temperature in accordance with this model can be con-
firmed by the LSMO phase diagram to be well above room temperature, enabling its
use for uncooled sensors.

FIGURE 3.1: LSMO phase diagram with Sr doping concentration x.
Extracted from (Hemberger et al., 2002)

The changeable x influences directly in the electric transitions that are visi-
ble in temperature:

1. for x = 0 the compound LaMnO3 is insulating and anti-ferromagnetic;

2. for x ⩾ 0.17 a transition metal-insulator is observed around the temperature
of magnetic order, Tc, at which a pic of resistivity is verified.

At the Fermi level, mostly all charge carriers in the conduction band for
these materials have the same spin, which makes LSMO an almost perfect half metal:
an approximately 100% polarization neighbour spin that makes these oxides inter-
esting also for spin electronics applications.
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3.1.1 LSMO properties

Electronic structure

An isolated 3d manganese ion possesses five degenerated orbital states splitted by
the cubic crystal field into three t2g orbitals and two eg orbitals. The MnO6 octa-
hedrons exhibit a 1.5 eV separation between the lowest t2g level and the highest eg

one,a crystal field splitting smaller than the exchange energy of about 2.5 eV ensur-
ing the parallel alignment of the electron spins of the Mn3+ and Mn4+ ions, i. e., the
first Hund’s rule.

FIGURE 3.2: Electronic structure of an isolated 3d Mg ion degener-
ance

The La1−xSrx MnO3 manganites have a mixed valence state with both Mn3+

and Mn4+. The latter, with three electrons d occupying the levels t2g (that do not
participate in the transport process because the level is strongly localized) and the
eg orbitals left empty; whereas the former, corresponding to the configuration 3d4,
have the t2g occupied by the three electrons with parallel spins and the eg orbital,
doubly degenerated, with a single electron.

Deformations of the MnO6 octahedron can be verified by the Jahn-Teller
effect for the Mn3+ ions, as a result of either orbitals occupation: z2 or x2 − y2. In the
case of the configuration d1

z2 d0
x2−y2 , the occupation of the z2 orbital leads to the greater

separation of the anions on the z-axis while the ones in the x-y plane are pulled
closer: a quadratic distortion. When the configuration is the inverse, d0

z2 d1
x2−y2 , the

anions in the plane x-y are the ones pushed away whereas the ones in the z-axes
reproach the center of the structure. Since the Mn4+ ions do not have electrons in the
eg orbitals, they’re not submitted to the Jahn-Teller effect (Coey, Viret, and Molnár,
1999).

Transport properties

The perovskite structure manifests its manganese ions quite far from each other
such that the interactions are almost devoid of direct exchanges. In this sense, the
magnetic coupling among the aforementioned ions is intermediated by oxygen non-
magnetic ones, that lay in between the manganese ions.
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FIGURE 3.3: Field splitting of the atomic 3d levels of a Mn3+ ion and
its five types of d orbitals degeneracy (Shirato, 2010)

The mixed valence composites with x=1/3 display negligible Mn3+− Mn3+

interactions compared to the Mn4+ − Mn4+ (super-exchange of the antiferromag-
netic type) and Mn3+ − O − Mn4+ ones (double-exchange ferromagnetic).

The double-exchange (DE) mechanism produces a strong ferromagnetic in-
teration through the simultaneous hopping of an electron eg of the Mn3+ into the
orbital O2p and from the orbital O2p into the empty level eg of the Mn4+ ion. The

hopping integral between two sites i and j of an electron is tijcos
(

θij
2

)
, where θij is

the angle between the spins Si and Sj, in such a way that the itinerant electron spin
must always be parallel to the local spin on each site, thus a conduction electron can
only hop onto a site with its spin parallel to the local moment at that site.

We chose the doping of the LSMO equal to x = 1/3 in order to obtain the
highest double exchange for this material, which allows the electrons to jump between
the orbitals leading it in a ferromagnetic state. La0.67Sr0.33MnO3 is, then, FM with
the highest Curie temperature around 350 K and semi-metallic so that it can be used
for room temperature applications.

Crystal structure

La0.67Sr0.33MnO3 has a rhombohedral crystallographic structure with lattice con-
stants equal to ar = br = cr = 0.5471nm and angles αr = βr = γr = 60.43o, its
space group is R3̄c Chaluvadi, 2017b. The crystal structure of LSMO can be seen
in the Fig. 3.4. The rhombohedral unit cell (denoted by solid lines) can be seen as
pseudocubic (dotted lines).
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The pseudocubic (pc) lattice parameters are calculated by the following
equation

apc =

√
2ar

1 + cosαpc
, αpc = acos(

1 − 2cosαr

2cosαr − 3
) (3.1)

Where apc, ar, αpc and αr are lattice constants and angles of pseudocubic
and rhombohedral structures, respectively. This leads to a value of apc = 0.3876 nm
for LSMO (Chaluvadi, 2017a).

FIGURE 3.4: Crystal structure of LSMO. Extracted from Chaluvadi,
2017b

LSMO resistivity × temperature

The substitution rate x in manganites such as La1−xSrx MnO3 determines the nature
of charge carriers that can be either holes if x < 0.5 or electrons if x > 0.5. The
variation in x leads to many electrical transitions with temperature dependence as
seen in figure 3.5. It shows the evolution of the resistivity and magnetic moment as
a function of temperature for the material La0.7Sr0.3MnO3. The reduction in temper-
ature at T < TP coincides, at TC = TP with the increase in magnetic moment of the
ferromagnetic phase (Urushibara et al., 1995).

Mechanical Characteristics

Young’s modulus represents the stiffness of the material that correlates with its atomic
structure. The microstructure of thin films can deviate from the bulk materials and
depend on deposition conditions such as ion energy, angle of incidence of plasma
plume, substrate temperature, and atom:ion ratio (Schneider and Schultrich, 1998).

The effects of epitaxial strain to the elastic parameters of La0.67Ca0.33MnO3

thin films were studied by (So et al., 2003) using resonant ultrasound spectroscopy
where two characteristics of the elastic behaviour common to the strained films
were observed near the resistance peak temperatures: a number of features in the
elastic properties is observed as the temperature is swept monotonically which do
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FIGURE 3.5: Temperature dependence of La1−xSrx MnO3 resistivity
and the resistivity and magnetic moment for La0.7Sr0.3MnO3 versus

temperature. Extracted from Urushibara et al., 1995

not repeat if the sample is thermally cycled (due to thermal-stress induced, irre-
versible changes in the fine-scale structure of the as deposited films) and some fea-
tures which do occur reproducibly at two temperatures, and these are indicated by
jumps and/or, in nearly all cases, by changes in slope.

The elastic (longitudinal, L, shear, G, bulk, K, and Young’s, Y) moduli of
a bulk La0.67Sr0.33MnO3 perovskite sample has been analysed by (Rajendran et al.,
2003), where anomalies were observed both in all the moduli L, G, K and Y at the
Curie temperature, TC, and attributed to the transition from the PM to FMM state.
The four moduli have been computed over wide range of temperatures from 298 to
460 K. A minimum in longitudinal and shear velocities at TC was noticed and peaks
in G and Y were larger in magnitude than the anomaly observed in L and K.

LSMO at room temperature has a Young modulus that can vary from 130
GPa from polycrystal ceramics to 562 GPa for epitaxial thin films (Huang et al., 2006).
The usual Poisson ratio considered for the material is generally taken as 0.43 and
the mass density 6.28 g/cm3. From (Yang, Kim, and Takamura, 2011) the thermal
dilatation coefficient was extracted as 13.4 · 10−6C−1.

Epitaxial LSMO

Epitaxial LSMO presents a ferromagnetic-to-paramagnetic transition at about 360
K that is accompanied by a metal-to-insulator transition above room temperature,
which is very promising for uncooled sensors, such as anisotropic magnetoresis-
tances or infrared bolometers (Nascimento et al., 2020). In addition, its high sen-
sitivity of epitaxial oxides to strain, hence to mechanical effects, can be exploited
for MEMS resonators (Giang et al., 2016) in addition to the lower voltage actua-
tion and higher sensitivity detection, through inverse and direct piezoelectric effects,
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expected from epitaxial growth due to the larger electro-mechanical coupling than
with polycrystalline films (Yin et al., 2012a).

3.1.2 Oxides integration on Si-based substrates

Silicon substrates are not well adapted to the epitaxial growth of oxides due to a
major roadblock to achievement of a sharp and chemically stable Si/oxide interface
which is the formation of an amorphous silica layer as a result of surface reactivity
of silicon. In addition, the interdiffusion of oxide with Si at the high temperature
needed for growing epitaxial oxide films, and finally the large difference in the ther-
mal expansion coefficients between oxides and Si are other problems found. These
problems can be overcome by introducing single or multiple buffer layers.

3.1.3 Choice of substrate

SOI substrates, as seen in figure 3.6 are fabricated as shown in appendix E and for
the achievement of our suspended beams, three different silicon-based substrates
were used, accordingly to their advantages:

• Silicon (Si), which allows the use of Si micromachining in a simpler and more
direct way with reduction in number of steps to be followed, however, less
robust to cope with the residual strain during the release of the suspended
structures. To bypass this issue, other silicon-based substrates were used, still
allowing the use of Si micromachining techniques but with a lower quality
top Si that enables final suspended structures to be subjected to less residual
stresses.

• Silicon-on-Insulator (SOI), composed of an approximately 2µm large silicon
dioxide, SiO2, buried layer onto silicon, such that the topmost silicon layer
can vary in thickness and in our cases were chosen as either 200 nm or 400
nm as it will be a part of the suspended bridge stack in order to retain the
residual epitaxial strain with STO/LSMO and reduce the non-planarity of the
beam while improving the mechanical properties of the suspended structure
that becomes less prone to breakage.

• Silicon-on-Sapphire (SOS), which is a part of the SOI class of CMOS technol-
ogy and composed of a thin layer of silicon (typically up to 0.6 µm) grown on
sapphire, Al2O3, and ideal substrate for our application, as sapphire presents
itself as an excellent electrical insulator that prevents the incident radiation to
lead to stray currents that spread to adjacent circuits. Its transmission window
from 200 nm (ultraviolet) - 5000 nm (infrared) also allows backligthing of the
beams while the actuation/detection and electrical measurements can all be
made from the top. The SOS substrates show significant mosaic broadening of
the top Si peak attributed to a higher density of defects that are replicated in the
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following epitaxial layers because of the large lattice mismatch and differences
in coefficient of thermal expansion (CTE) between Si and Sapphire.

FIGURE 3.6: LSMO/STO thin films grown onto Si, SOI or SOS sub-
strates. Extracted from (L. Méchin, Seminar)

Growth of STO buffer layer

STO is one of the most widely used monocrystalline oxide substrates with a cu-
bic perovskite-like crystal structure at room temperature, with a mesh parameter
equal to 3.905 Å, on which most transition metal oxides can be deposited epitaxi-
ally, including our LSMO. STO is a high bandgap (3.25 eV) dielectric material and its
dielectric properties are affected by strong electric fields and largely determined by
defects such as oxygen vacancies, structural defects or chemical doping. As thin film,
it can also exhibit ferroelectric behaviour at low temperatures if the oxygen atoms
O16 are changed to O18 (heavier) allowing the freezing of phonons at temperatures
higher than zero Kelvin - otherwise it is quantum paraelectric (Nova et al., 2019) - and
it can even be triggered ferroelectric at room temperature by a coherent stress (Bia-
sotti et al., 2013). Regarding the mechanical properties of STO, its Young’s modulus
is 225GPa, while the Poisson ratio is of 0.232. Below 105 K, its Young’s modulus
decreases and at 20 K it remains constant at less than 40% of the value measured
at room temperature, which can also be further reduced by the application of an
applied electric field Biasotti et al., 2013.

Therefore, the mechanical, dielectric and electronic properties of STO are
correlated and influenced by crystal defects creating the need to obtain a good con-
trol of the crystalline quality of the layers and a general knowledge of the mechanical
properties of the suspended structures. In addition, in the case of electrostatically ac-
tuated beams, the efficiency of the electromechanical coupling of the moving parts is
crucial. STO films are very sensitive to biaxial stress and therefore ferroelectric under
a tensile stress of the order of 1%, a reason which led (Bilani-Zeneli et al., 2008) to as-
sess and qualitatively confirm the capability of using STO as buffer layer to transfer
the stress of a piezoelectric substrate into a functional film deposited above.
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During my PhD thesis I could use LSMO films deposited on 3 types of
STO buffered Si-based wafers: (001) Si, SOS (Silicon on Sapphire) and SOI (Silicon
on Insulator). Thanks to a long lasting collaboration with Prof. Darrell Schlom at
Cornell University in the USA, all our 20 nm-thick STO grown on Si-based substrates
were prepared by MBE by D. G. Schlom’s group Department of Materials Science and
Engineering of Cornell’s University, USA. This way, I had the chance to work with
either fully MBE grown LSMO/STO/Si stacks, which came from previous thesis on
LSMO bolometers (Liu, 2013b) or PLD deposited LSMO on MBE grown STO on Si,
SOS or SOI.

The details of the fully MBE grown LSMO/STO/Si can be found in (Méchin
et al., 2012). LSMO films of thicknesses ranging from 10 to 100 nm were epitaxially
grown and showed magnetic and electrical properties close to those deposited on
STO substrates as shown in figure 3.7. The details on the PLD deposited LSMO can
be seen in section 3.3.2 in this thesis.

FIGURE 3.7: (a) Saturated magnetization as a function of temperature
and LSMO thickness measured in LSMO/STO/Si heterostructures at
an in-plane applied magnetic field of 5 kOe and (b) the electrical resis-
tivity versus temperature characteristics for the same films. Extracted

from (Méchin et al., 2012)

Unfortunately I could only use 2 pieces of 100 nm thick LSMO/STO/Si of
this series. The Darrell Schlom’s group did not grow anymore manganite materials
these last years and could provide us only with STO/Si – based wafers. We received
the following wafers deposited by Zhe Wang:

• ZW890: 20 nm thick STO/Si (001) - 3 inch wafer

• ZW602: 20 nm thick STO/SOS – 3 inch wafer

• ZW601: 20 nm thick STO/SOI1 – 2 inch wafer

• ZW600: 20 nm thick STO/SOI2 – 2 inch wafer
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We asked the Murata company in Caen to cut the wafers into 10 mm ×10
mm or 5 mm ×10 mm pieces. V. Pierron, engineer at GREYC could grow 2 nm thick
STO followed by 45 nm thick LSMO films at 750°C in 0.2 mbar of O2. Properties will
be described in 3.5.1.

3.2 Piezoelectric materials for MEMS actuation

The piezoelectric properties of a material can be predicted by its crystalline structure:
opposite electric charges in centrosymmetric structures cannot be separated upon
uniaxial deformation of the lattice, although a similar, but much weaker, effect may
be verified, the electrostriction; it occurs in all dielectrics and produces a reduction
in the dimension along the direction of applied electric field, due to electrostatic at-
traction between electric-field-induced dipoles but differs from piezoelectricity both
in intensity and in lack of a reversal effect: the elastic stress is unable to induce polar-
ization, hence, it presents always a compressive strain. Piezoelectricity is verified in
non-centrosymmetric crystalline structures in which elastic stress can shift positive
and negative charges along the opposite directions, leading to electric dipole forma-
tion in a linear way in both senses, i. e., inverting the direction of applied electric
field also switches the sign of induced strain.

In MEMS application, the intrinsic electromechanical coupling effect of these
materials, a physical quantity related to the materials’ ability to convert electrical
energy into the mechanical form or vice-versa, must be optimal for efficient device
functioning. A direct effect is visualized when electric charges accumulate on the
surfaces of a piezoelectric material that undergoes an elastic stress and it configures
the base for piezoelectric sensors, i. e. direct mechanical transducers, whereas an
inverse effect takes place upon application of an electric field inducing elastic strain
which is the case for actuators such as resonators for which the resonance parame-
ters, frequency and amplitude, are influenced by the input physical quantities.

Common piezoelectric actuators are either based on bimorph or expansion
structure to obtain the elastic displacement; while the former is based in the in-plain
piezoelectric strain which is to be measured as beam deflection, the later has as re-
sponsible for mechanical displacement the longitudinal electric-field-induced strain,
d33. We aim in the use of d31, a simpler design and measurement at the cost of a less
important variation (one third of d33 value) (Yin, 2013a). Evaluation of such piezo-
electric coefficients is intrinsically complicated due to the lack of of standard meth-
ods, and commonly this is done by observing the response of voltage-deflection of a
micro-cantilever made of PZT films (Wong et al., 2004) (Guirardel et al., 2004) (Park



3.2. Piezoelectric materials for MEMS actuation 47

et al., 2002). In addition, the transverse piezoelectric coefficient d31 leads to an im-
portant deformation along the perpendicular direction to the electric field if a longer
lateral dimension in comparison with the piezoelectric thin film is verified. Our in-
terest lies in the application of strain through the use of the piezoelectic material
mainly in one of the clamped edges of the beam, as demonstrated in figure 3.8, tak-
ing advantage in the regions of the suspended beam that are subjected to the greater
amounts of strain.

FIGURE 3.8: Piezoelectric actuation on one side of the clamped beam
by use of transversal piezoelectric coefficient deformation through
drive voltage application between top gold electrode and bottom

LSMO thin film.

The use of piezoelectric materials in MEMS scale allows the exchange of
minimal amount of energy to achieve improved performances in terms of resonance
frequency reach as well as sensitivities, hence high efficiency and quality factor, Q.

It is therefore highly desired the use of a piezoelectric material with elec-
tromechanical properties stable through a wide range of temperature. Unlike Bar-
ium titanate, BaTiO3, which becomes depolarized when heated to approximately
120oC, its Curie temperature, both PZT and AlN exhibit good piezoelectric response
with large piezoelectric coefficients - effective values respectively of 60-130 and 3.9
pm/V (largest among nitrides) (Yin, 2013a) - such that large actuation force and
displacements can be generated and also thin films actuators can be driven by high-
frequency signals with high contact and restoring forces at low voltages while meet-
ing our envisaged fabrication processes requirements. The highest-performing piezo-
electric MEMS heterostructures have been fabricated with PZT piezoelectric layers
(Baek et al., 2011).

3.2.1 Lead Zirconium Titanate (Pb(Zr,Ti)O3)

Lead Zirconium Titanate, PbZrxTi1−xO3 (PZT), is a piezoelectic material with high
electromechanical coupling, large piezoelectric coefficients (d33 and d31) with more
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than one order of magnitude larger than those of commonly used piezoelectric ma-
terials such as ZnO and quartz (Funakubo et al., 2012), reversible remanent polariza-
tion, reliable performances and ferroelectric properties. Such optimal piezoelectric
response allows its use to achieve large-displacement actuators and high sensitivity
sensors.

It is a ferroelectric material, i. e., it maintains a permanent electric dipole
in crystalline lattice even in absence of external electrical field. Its properties can be,
then, tuned by changes and switch of the applied electric field. Figure 3.9 shows a
typical polarization versus electric field curve (P-E), for 500 nm PZT deposited by
sputtering at high temperature. It demonstrates that polarization isn’t exclusively
determined by the electric field applied to the material but also by its own historical
state which is why, before a P-E measurement, sometimes it may be needed to carry
out a poling process, that may be thermal or electric in order to align the ferroelectric
domains in a preferred direction. We performed our polings electrically before such
measurements in order not to submit the metallic contacts to high temperatures.

FIGURE 3.9: Typical hysteresis loop for ferroelectric material from our
measurements of PZT thin films

The unit cell of PZT material is composed of eight Pb atoms forming a
tetragonal structure, with Zr or Ti atom in its center surrounded by an octahedron
of eight oxygen anions, as illustrated in figure 3.10. The size of Pb atoms radius (175
pm) being larger than that of Zr (160 pm) and Ti (147 pm) leads to a Goldschmidt
tolerance factor greater than one. The large free space in oxygen octahedron enables
the generation of permanent dipole by shifting the B cation away from the center of
the lattice (Yin, 2013a).

(Jaffe, Roth, and Marzullo, 1954) have demonstrated, as illustrated in Fig.
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FIGURE 3.10: Schematic of perovskite structure of PZT and the origin
of permanent dipole in tetragonal lattice. Extracted from (Yin, 2013a)

3.11, that for solid solution ceramics of PbZrO3-PbTiO3 combination, the electrome-
chanical response of the rhombohedral specimens (Zr-rich) increases sharply as the
transition composition at 45 mole percent PbTiO3 is approached leading to tetrago-
nal compositions near the boundary exhibiting strong piezoelectric response. Fur-
ther substitution of more PbTiO3, however, is accompanied by a noticeable decrease.

FIGURE 3.11: Dependence of the radial coupling coefficient as well as
the d31 and d33 constants at room temperature on composition of PZT

Jaffe, Roth, and Marzullo, 1954

Such abrupt change in crystalline structure in PZT’s composition phase di-
agram is called the morphotropic phase boundary (MPB) and results in large piezo-
electric response for compositions nearby (Funakubo et al., 2012). The MPB sep-
arates rhombohedral (pseudocubic with slight elongation along a cube diagonal)
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Zr-rich with 0.1 < x < 0.5 from tetragonal Ti-rich perovskite with the ferroelectric
dipole oriented along c-axis with x > 0.5 and it’s nearly vertical along the temper-
ature scale as displayed in Fig. 3.12. The boundary is associate with a phase coex-
istence region whose width depends on the compositional homogeneity and on the
sample processing conditions and for polycrystalline samples this width has been
modelled based on free energy differences between tetragonal and rhombohedral
phases by (Cao and Cross, 1993).

(Noheda et al., 1999) have identified tetragonal symmetry with space group
P4mm and polar axis along [001] in room temperature and at low temperature a
monoclinic phase with space group Cm in the PZT system at the composition with
x = 0.52 presenting polar axis between [001] and [111], since it is a lower symmetry
one that acts as a structural bridge between tetragonal and rhombohedral phases.
Compared to single-phase tetragonal or rhombohedral films, the mixed phase films
show larger orientation dependence of the various properties such as polarization,
dielectric constant and piezoelectric coefficient (Funakubo et al., 2012). It is exten-
sively used not only due to very large electro-mechanical coupling but also to its
stable polarization response on external perturbations (Cross, 2004).

FIGURE 3.12: PZT phase diagram (Noheda et al., 1999)

Due to such enhanced piezoelectric response result of intrinsic PZT’s char-
acteristics, we have chosen, in this work, to employ PbZr0.52Ti0.48O3 in our struc-
tures.

The growth of single crystalline PZT films on silicon, displaying excellent
electrical properties(large d33, low leakage current and large coercive electrical field),
requires a buffer layer such as strontium titanate (SrTiO3) to reduce the lattice mis-
match and avoid Pb and Si interdiffusion (Yin et al., 2012b).
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Epitaxial PZT

The growth of high quality PZT films to enhance its performance faces several prob-
lems when realised on polycrystalline metallic electrodes due to possible generation
of high-density defects which prevent ferroelectric domain walls motion effectively
suppressing the electrically switchable nature of polarization resulting in a dead-
layer; In addition, oxygen vacancies trapped near the metal/oxide interface lead to
fatigue of the PZT film as well as an increase of leakage current. Such problems may
be reduced through the use of a conductive oxide electrode which acts as an oxygen
sink filling the oxygen vacancies during switching cycles dramatically decreasing
the fatigue problem (Ramesh et al., 1992) (Eom et al., 1993) (Sama et al., 2008), that
can still be improved by the use of symmetrical oxide/ferroelectric/oxide electrodes
compared to a single one (Lee et al., 1993) (Chen, Wu, and Wu, 1996).

In addition to conductive and superconductive oxides such as IrO2, ZnO
and YBa2Cu3O7−x as electrode materials, conductive perovskites have gained im-
portance as they enable heteroepitaxial growth with PZT, like LaNiO3, SrRuO3,
(La, Sr)CoO3, Sr(Ti, Sb)O3 (SSTO), (La, Sr)SnO3 (LSSO) and finally (La, Sr)MnO3

(LSMO) (Eom et al., 1993) (Chen, Wu, and Wu, 1996) (Ramesh et al., 1993) (Chen
et al., 2007) (Wu et al., 2000).

The integration of these various perovskite-structure functional oxides and
lead-based ferroelectric on silicon is only possible, however, due to the possibil-
ity to epitaxially grow high-quality single-crystalline STO onto Si(001) that acts as
structural template (with matching lattice parameters when rotated by 45 degrees
and close thermal expansion coefficients) as well as a barrier for cation migration
to avoid Pb cation interdiffusion into the Si substrate during growth stage at high
temperatures that could lead to the formation of pyrochlore/fluorite phases which
are not ferroelectric (Funakubo et al., 2012). As demonstrated by (Wang et al., 2002b)
through a successful integration of epitaxial PZT films deposited by sol-gel tech-
nique onto (La0,5Sr0,5)CoO3 (LSCO)/ STO/ Si exhibiting clean and flat interfaces
with minimum inter-diffusion. The aforementioned structure was compared with
two other substrates, i. e., Pt/TiO2/SiO2/Si and LSCO-buffered Pt-Si, revealing
a dramatic influence on the bottom electrode on the orientation of the PZT film:
polycrystalline PZT thin-films were verified in all but the LSCO/ STO/ Si structure,
which displayed (00l)-peaks with much greater intensity due to the highly oriented
nature. Epitaxial PZT also showed larger polarization and better fatigue proper-
ties. The small in-plane mismatch between PZT, electrode and template materials
enables the epitaxial growth of PZT leading also to higher piezoelectric coefficients
and smaller dielectric constants. In this sense, (Du et al., 1998) have evaluated the
role of the same substrates, namely Pt/Si, LSCO/Pt/Si and LSCO/STO/Si, in the
piezoelectric coefficient, d33, verifying the improvement of its value as the crystalline
quality of PZT films is increased: epitaxial PZT grown on LSCO/STO/Si exhibited
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the highest d33, namely 200pm/V for PZT (52:48).

Among the large choices for perovskites bottom electrode, La2/3Sr1/3MnO3

(LSMO) – a ferromagnetic oxide with strong magnetoelastic coupling thus poten-
tially allowing for high magnetoelectric effects via a piezoelectric- magnetoelastic
coupling (Vrejoiu et al., 2008) – is presented as a promising choice not only because
of its good lattice parameters matching with PZT (lattice mismatch of -6.8% given
aLSMO(pc) = 0.3876 nm and aPZT(52/48) = 0.405 nm) but also for its majority of charge
carriers, since a p-type conducting oxide steer clear of surface charge accumulation
at the interface PZT/oxide during the polarization cycle (Leufke et al., 2012), effect
that would be observed if a n-type electrode were employed due to PZT’s character-
istic of a wide bandgap p-type semiconductor (Auciello and Waser, 1995). With no
formation of a forward biased p-n junction, thus no carrier injection leading to accu-
mulation of oxygen vacancies at the interface, the fatigue problems are again min-
imized and the poling process gains effectiveness without being overshadowed by
time dependent dielectric breakdown (TDDB) and subsequent failure of devices to
field-driven redistribution of thermally activated oxygen vacancies in the PZT film
as verified by several groups (Desu and Yoo, 1993) (Wouters et al., 1995). Therefore,
the use of LSMO electrodes reduces some pressure on the poling procedure that can
be made unnecessary if epitaxial PZT films are employed since it has been shown
that epitaxial PZT films can be intrinsically stable without the need for the poling
process (Funakubo et al., 2012). This can also lead to enhanced performances of the
final devices as epitaxial piezoelectric films growth results in greater piezoelectric
coefficients, polarization and dielectric constants, compared to polycrystalline films
due to a well-defined polar axis orientation as well as high density and composi-
tional uniformity (Akai et al., 2005) and lower leakage currents (Kondo, Maruyama,
and Kurihara, 2002), (Kim et al., 1994).

PZT on LSMO thin films

Despite the great characteristics provided by PZT for microfabrication, the integra-
tion of epitaxial PZT on LaxSr1−x MnO3 have been demonstrated, however, by very
few groups:

• (Wu et al., 2000) have grown 500nm-thick Pb(Zr0.52Ti0.48)O3 on 100 nm LSMO
(La0.7Sr0.3MnO3) on LaAlO3 (001) substrates by pulsed laser deposition at 620oC
for demonstration of fatigue performance dependence with interface property
at top electrode upon comparison of Pt deposited either on as-grown or in-situ
annealed PZT, where the latter have exhibited rapid fatigue at about 106 cycles
and high coercive electric field, Ec. This is a result of the lead loss at the surface
layer of the PZT film, since local compositional variations induce point defects
or space-charge layers at the top Pt/PZT interface leading to high Ec and rapid
fatigue of the capacitor.
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• (Chen et al., 2007) have deposited LSMO/PZT/LSMO capacitors epitaxially
on (001) STO substrates to study the effects of highly-conductive p-type LSMO
(La0.7Sr0.3MnO3) electrodes in comparison with n-type perovskites, namely
La0.7Sr0.93MnO3, showing that the latter causes the ferroelectric hysteresis to
broaden and the fatigue endurance to be dramatically reduced.

• (Tsuchiya et al., 2007) have grown epitaxial PZT onto 40 nm-thick La0.7Sr0.3MnO3

on LAO substrate by excimer laser-assisted metal organic deposition (ELAMOD)
in a low-temperature process, whose crystallinity and consequently lack of py-
rochlore phases was found to be dependent on the combination of laser fluency
and shot number; LSMO thickness also presented an influence in the intensity
of the (002) PZT peaks in XRD analysis;

FIGURE 3.13: Relationship between LSMO film thickness and XRD
intensity of PZT(002) peak. Extracted from Tsuchiya et. al, 2007

(Tsuchiya et al., 2007).

• 200 nm PZT was grown by Pulsed Laser Deposition on top of 40 nm LSMO
(La0.67Sr0.33MnO3) films on STO-buffered Si (001) by (Borowiak et al., 2012)
with evidences of good ferroelectric properties.

• (Vrejoiu et al., 2008) have grown multiferroic epitaxial heterostructures based
on 10 nm thick LSMO layers sandwiched by 30 nm PZT ones with Zr con-
tent in PZT increased over the epitaxial heterostructure as Pb(Zr0.1Ti0.9)O3/
La0.7Sr0.3MnO3/Pb(Zr0.2Ti0.8)O3/La0.7Sr0.3MnO3/Pb(Zr0.3Ti0.7)O3/La0.7Sr0.3Mn
O3, and a second hybrid structure (HS) with 20 nm LSMO layers and 100 nm
PZT of Pb(Zr0.1Ti0.9)O3 / La0.7Sr0.3MnO3 / Pb(Zr0.3Ti0.7)O3 / La0.7Sr0.3MnO3

/ Pb(Zr0.52Ti0.48)O3 / La0.7Sr0.3MnO3 to demonstrate the influence of interfa-
cial biaxial strain exerted by thin PZT layers on the adjacent LSMO thin films
locked by epitaxy. The HSs were deposited by PLD at a temperature of 600°C
in 0.3 mbar oxygen and cooled down in 1 bar O2. PZT was verified to be c-axis
oriented and tetragonal, with its lattice parameters growing with the increase
of Zr/Ti ratio (aPZT(10/90) = 3.93Å, aPZT(20/80) = 3.954Å, aPZT(30/70) = 3.98Å,
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aPZT(52/48) = 4.05Å), leading to a gradually higher in-plane stress on the adja-
cent LSMO layers.

As a result of such strain, magnetization hysteresis in LSMO has shown steps
indicating the values of the magnetic field at which independent magnetiza-
tion switching occurs. This is due to the LSMO undergoes different in-plane
stress values, affecting their structure and leading to slight differences in co-
ercive field. For the HSs with thicker layers, Hc values are larger and better
separated with a remnant and saturation magnetization values subtly smaller.
This is a result of the LSMO layers in such HSs being subjected to larger tensile
interfacial strain than the ones in the first HSs, leading to a higher magnetic
disorder at the interfaces.

3.2.2 Aluminium Nitride (AlN)

Aluminium Nitride (AlN) is a III-V semiconductor, wide band gap (about 6.2 eV),
with an hexagonal close packed non-centrosymmetric wurtzite structure possess-
ing high piezoelectric coefficient that leads to the polarization of ions in a crystal.
Its crystal structure space group is P63mc with polar in nature and it shows spon-
taneous polarization (Sivadasan et al., 2016) as high as 130 µCcm−2 that cannot be
switched reversibly by the electric field once its coercive field is higher than the
typical breakdown field (Ye et al., 2021). Moreover, it is a lead-free piezoelectric ma-
terial, and since lead toxicity poses serious problems for the integration of devices
in biomedical applications, AlN is highly promising for integration in such applica-
tions.

FIGURE 3.14: AlN wurtzite structure. Extracted from (AlN mp-661
n.d.)
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For any wurtzite structured material and its alloys the induced piezoelec-
tric polarization field can be written as

PPE = (d15ϵ31)x + (d15ϵ23)y + (d31ϵ11 + d31ϵ22 + d33ϵ33)z (3.2)

where z is taken along the c-axis and ϵ11, ϵ22 and ϵ33 are the strain along the x, y and
z axis, respectively, and ϵ23 and ϵ31 are shear strains. d31, d33 and d15, illustrated in
Fig. 3.15, are the piezoelectric coefficients for the wurtzite crystal structure.

The relation between strain-electric field for this kind of piezoelectric ma-
terial with 6mm point group symmetry (ϵij = dijkEk) is expressed as ϵ11 = ϵ22 =

d31 · E3, ϵ33 = d33 · E3, 2ϵ23 = d15 · E2, 2ϵ13 = d15 · E1 and ϵ12 = 0.

FIGURE 3.15: Three independent piezoelectric coefficients d31(=
d32), d15(= d24), d33 for AlN

The coefficient d33 is commonly used to characterize the piezoelectric prop-
erty based on its feasibility and simplicity. It can be evaluated by Piezoresponse
Force Microscopy (PFM) measurements which are based on the converse piezoelec-
tric effect as a direct and effective measurement method, i. e., an excitation voltage
is applied onto the surface of the film by the conducting probe of the PFM; the de-
formation of the film induced by the electric field when an AC modulation signal is
applied can be detected by the a photodetector and the lock-in amplifier. Then, the
piezoelectric coefficient can be obtained.

The intrinsic value d33 is, nevertheless, larger than the effective measure-
ment once the clamping effect of the substrate is present as well as a non-ideal elec-
tric field distribution applied by PFM cantilever during characterization of the piezo-
electric properties (Zhang et al., 2015). Although, the inhomogeneity of the applied
electric field by the PFM probe doesn’t affect greatly measurements for the range of
thickness we aim on using, 60nm - 240nm, as the electric field in AlN film increases
very slowly with z < 1µm allowing electrostriction to be neglected for such weak
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electric fields according to (Bi et al., 2014a). Additionally, for structures with top elec-
trode larger deformation is verified in the electric region under the same excitation
voltage, i. e., the deformation of the top surface increases as the size of the top elec-
trode is increased because the increase in size of top electrode leads to contribution
of more dipoles involved to the deformation of the top surface in the piezoelectric
films.

The displacements also increase with the increase in thickness under the
same external voltage due to the increasing self-heating effect which caused lower
defects in films (Hernando et al., 2008), (Dubois and Muralt, 2001), (Martin et al.,
2004), (Ababneh et al., 2010). (Zhang et al., 2015) showed that the impacts of sub-
strate constraints to the displacements become smaller as the thickness increases,
achieving piezoelectric coefficient d33 close to the value for the bulk material when
the AlN was deposited as thick as 2.4 µm.

All parameters such as electric field, thickness and substrate constraints
influence the final displacements and piezoelectric coefficient estimation since the
substrate confines the motion of AlN thin films whereas the electric field distribution
may confine its deformation range.

In comparison with PZT, the lower piezoelectric coefficient verified in AlN
films can be mitigated by a significantly reduced dielectric constant that leads to
lower parallel plate capacitance of AlN and an improvement in the signal-to-noise
ratio (Reza Ali and Prasad, 2019). However, the interest in using AlN lies not only
on the high piezoelectric coefficients achieved, the largest among the nitrides (Am-
bacher, 1998) in the range 3.4-6.4 pC/N (Reza Ali and Prasad, 2019), but also due to
its full compatibility with the complementary metal oxide semiconductor (CMOS)
processing due to characteristics such as high melting point (3273K), high Curie
Temperature of over 2000°C and the maintainance of its piezoelectric properties up
to 1150°C in Ar, in addition to an excellent physical and chemical stability in atmo-
sphere at temperatures exceeding 700°C with anti-corrosive properties, which makes
it a suitable candidate for MEMS technology.

AlN exhibits several other useful properties such as high electrical resis-
tivity (in the order of 104Ω · m), low leakage current hence low dielectric loss, high
acoustic velocity (≈ 5500m/s for transversal bulk waves, ≈ 11354m/s for longitu-
dinal ones and ≈ 5607m/s for surface waves, high thermal conductivity (2.85W ·
cm−1K−1 at room temperature), high knoop hardness (1300kg/mm2), transparency
and high degree of clarity in the visual (transmission is about 80% between 300-
550nm Jacquot et al., 2002) and infrared regions and low thermal expansion coeffi-
cient (5.3 × 10−6K−1 perpendicular to c-axis), some of utmost importance for reduc-
ing signal degradation and cross talk effects in high frequency integrated circuits
(Pawar et al., 2018).
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Such excellent properties present potential applications in active and pas-
sive device fields, thermal management, high-speed circuitry and protective wear re-
sistant hard coatings. As thin film, AlN can be used in metal-insulator-semiconductor
(MIS) devices, heat sink in electronic packaging, component for high frequency
electro-acoustic devices on Si (surface acoustic wave, SAW, devices) (Lin et al., 2013),
(Benetti et al., 2006), (Bénédic et al., 2004), thin film bulk acoustic resonators (FBAR)
(Weber et al., 2006), Lamb wave devices (Yantchev and Katardjiev, 2013), optical
coatings for spacecraft components due to transparency in visible spectrum and elec-
troluminescence device in the range of 215-490 nm (Jacquot et al., 2002). Also, the
engineering of AlN band gap allows for applications in the semiconducting industry
for various optoelectronic properties such as photovoltaic, hydrogen storage, light
and field emission (Sivadasan et al., 2016) as for ultraviolet light-emitting diodes and
photo detectors (Chen et al., 2009).

AlN growth has been shown by metal-organic chemical vapour deposition
(MOCVD) (Tsubouchi and Mikoshiba, 1985), (Chubachi, Sato, and Kojima, 1984),
(Shuskus, Reeder, and Paradis, 1974), laser chemical vapour deposition (LCVD)
(Radhakrishnan, 1995), electron cyclotron resonance plasma assisted chemical vapour
deposition (ECR-PACVD) (Zhang et al., 1993) an molecular beam epitaxy (Karmann
et al., 1997), Auner and Jin, 1999, (Wu, Jia, and Zhang, 2012). However disadvan-
tages of some of these techniques are the high substrate temperature in the range
600-1200°C, and the use of expensive and corrosive gas mixtures. (Song, Fu, and
He, 2009) have shown improved dielectric properties for AlN thin films deposited
by sputtering technique in comparison with Metal-Organic Chemical Vapour De-
position and Plasma-Enhanced Chemical Vapour Deposition. In addition, reactive
sputter deposition (Okano et al., 1994), (Wang and Lakin, 1982), (Benetti et al., 2006),
(Xu et al., 2001), and PLD (Wang et al., 2011), (He et al., 2013), (Jacquot et al., 2002)
though, can produce highly textured c-axis-oriented AlN thin films achievable at
a relatively low temperature compatible with the integration in CMOS or other
technologies sensitive to heat for the micro-electromechanical systems technology
(Tonisch et al., 2006b) even if epitaxial growth of AlN only occurs at high tempera-
tures.

The lower degree of texture, however, does not impact the inverse piezo-
electric effect since it is mainly affected by the dipole orientation but hardly by grain
boundaries. This is verified by the piezoelectric coefficient d33, in comparison with
high temperature deposition processes, as shown by (Tonisch et al., 2006a) to slightly
reduce from 5.5 pm/V down to 5.1 pm/V if the FWHM of the rocking curve – a pa-
rameter that quantifies the degree of film texture and for a (002)-oriented AlN film is
generally taken as less than 4° as precondition of good piezoelectric property (Zhang
et al., 2015) – reached 10° or higher. This evaluated highly textured polycrystalline
AlN thin films with a (002) preferential orientation deposited at low temperature by
reactive sputtering (350 - 500°C), exhibiting grain size of 20 - 30 nm, RMS roughness
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of 2 - 5 nm and FWHM ranging from 0.3 - 10.7°. The crystal quality may, never-
theless, affect with higher intensity the coupling factor k2 because structural defects
which may cause scattering in case of surface or bulk acoustic devices, for example.

Both piezoelectric coefficient and dielectric constant in AlN films are re-
ported to be strongly dependant on its crystal structure, preferential orientation of
c-axis, defects and polar distributions of the grains (Kamohara et al., 2007) and, con-
sequently, on the texture and smoothness of the substrate material as reported by
(Pawar et al., 2018), who have also remarked that the roughness of the bottom elec-
trode is directly proportional to the leakage current in the AlN thin film, since its
spike-like surface would act injecting charge carries more efficiently.

Hence, to improve the performance of the AlN in final devices as both ac-
tuator and detector, high quality (002) oriented AlN thin films are required for their
strong piezoelectricity in the (002) orientation, along the c-axis direction (Bi et al.,
2014b).

Such crystal quality is also envisaged for optimization of a room-temperature
fabrication process since AlN provides excellent chemical stability, which, actuate as
a protection layer for the bottom layers during SiO2 etching by HF acid. Only KOH
or NaOH containing solutions or Ar/Cl2/BCl3 plasmas (where the addition of F to
the discharges considerably reduces the rate of discharge etching) (Pearton et al.,
1993) can etch epitaxial and single crystal AlN at the temperature below 80°C (Chen
et al., 2009), and allow lift-off process even if AZ400K photoresist developer must be
used (Mileham et al., 1995) as it was reported to etch polycrystalline AlN with con-
trasting etch rates for different planes, due to strong anisotropy of the AlN wurtzite
structure, in such a way that (100) planes are etched preferentially compared to the
(002) plane, reducing the etch rate significantly for wet processes. (Saravanan et al.,
2004) evidenced AlN etch by HF solution with a very low etching rate of the order
of < 0.3nm/min allowing the possibility of successfully release of AlN structures on
sacrificial layers of SiO2, by BHF / HF solutions.

Its electrochemical properties are also influenced by the stoichiometry of
deposited AlN as tested by (Vacandio et al., 1997): they showed that for tests per-
formed with H2SO4 and HCl the AlN stoichiometric presented the lowest anodic
corrosion currents, whereas the films with mixed phases were subjected to localized
attacks and then dissolved. However, if AlN is lightly under stoichiometry it is al-
ready considered good enough for the aimed chemical stability, since not only this
coating do not dissolve completely, but the corrosion current is 1000 times lower than
before. For the stoichiometric sample the currents were so low that they reached the
detection limit of the apparatus showing that stoichiometry is an important param-
eter to improve corrosion resistance.

The aforementioned decrease of substrate temperature during deposition
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is a desirable requirement for applications compatible with silicon technology and,
in our case, to allow the full room temperature process proposed in chapter 2 on the
LSMO / STO / Si-based substrates.

The integration of semiconductor with perovskite oxides opens the pos-
sibility for development of new types of devices combining the properties of di-
electrics, ferroelectrics, superconductors and semiconductors, justifying the interest
in analysing AlN films on such materials, as it shows promising science and tech-
nology significances (Zhu et al., 2008). Nevertheless, deposition of AlN onto oxides
was performed by very few groups so far, where epitaxial AlN films were evidenced
when deposited onto SrTiO3 substrates without the existence of an oxide phase in
AlN films (Fujioka et al., 2001) (Wang et al., 2002a) (Zhu et al., 2008).

3.3 Methods

The growth of different layers in our samples has led to the need of several deposi-
tion techniques: Molecular Beam Epitaxy (MBE) for the oxide buffer on Si, Pulsed
Laser Deposition (PLD) for the conductive oxide layer, namely, LSMO, and piezo-
electric film when AlN was used, and finally either sol-gel or sputtering for PZT
integration, as described in Table 3.1. Each of these growth techniques are briefly
discussed below.

Material Deposition Technique Where By whom
LSMO/STO /Si Cornell

STO /Si MBE University C. A. Adamo
STO /SOS DG Schlom Z. Wang
STO /SOI group

STO PLD (770°C) GREYC V. Pierron
LSMO PLD (750°C) GREYC V. Pierron
AlN PLD (RT) GREYC V. Pierron
Au PLD (RT) GREYC V. Pierron
Au GATAN PECS (RT) GREYC V. Pierron / L. Araújo

CRISMAT G. Poullain
PZT Sputtering (600°C) Caen C. Cibert

600°C J. Manguele
PZT Sputtering RT + INL B. Vilquin

RTA (650°C) Lyon
PZT Sol-gel RT + INL B. Vilquin

RTA (650°C) Lyon

TABLE 3.1: Deposition techniques for the used materials
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3.3.1 Molecular Beam Epitaxy (MBE)

Molecular Beam Epitaxy is a precisely controlled deposition process at monolayer
scale, ensured by a very low deposition rate of typically a few angstrons per seconds
that induces a layer-by-layer growth, carried on a Ultra-High Vacuum (UHV) en-
vironment widely used for high-quality epitaxial film growth of several materials,
amongst which, functional oxides and III-V semiconductors. It uses the sublimation
of extremely pure solid elements heated in separate effusion cells so the source mate-
rial is transformed in its gaseous state. These particles then expand and condensate
onto the substrate, reacting with it until the epitaxial arrangement occurs.

The vacuum in the range of 10−10 − 10−9 Torr delivers an environment free
of contamination in such a way that the atoms and/or elements sublimated from
target materials may impinge the sample surface without colliding with residual
atoms in the deposition chamber, generating the so-called molecular beam between
the cell aperture and the substrate, resulting in a high-quality epitaxial growth.

The switch of mechanical shutters placed in front of evaporators sources
on the molecular beams path allows for simple controlling of the process allowing
development of structures with abrupt and sharp interfaces. Furthermore, the chem-
ical composition of the film can be cautiously controlled and tuned by changing the
temperature of each effusion cell and impurities can be evaporated onto the growing
film through separated sources resulting in a doping profile with a spacial resolution
not easily achieved by more conventional methods, all this enabling provision of a
precise reproducibility of all parameters involved in the deposition (Morresi, 2013)
(Yin, 2013b).

A molecular beam epitaxy system consists of a stainless-steel growth cham-
ber, as shown in figure 3.16, connected to other chambers by gate valves that avoid
contamination when transferring the sample and maintain pressure inside the growth
chamber as low as possible. Besides the main ion pump, the pumping system in-
cludes a combination of a titanium sublimation pump that can reduce the residual
gas pressure down to minimum values and liquid nitrogen cryopanels, since cryo-
genic temperatures act as an entangled for impurities.

Three effusion cells are displayed in figure 3.16 where the crucible is easily
identified as the container for the final compounds to be deposited, their compo-
nents or yet different elements to serve as doping impurities. During deposition,
there is a direct exposition of the atomic beams to the sample surface, and both tem-
peratures (of substrate and effusion cell) are stabilized by a Proportional-Integral-
Derivative (PID) controller. Moreover, for the deposition of oxide or nitrite films, the
desired atmosphere can be introduced using an external gas source.

Thanks to the UHV environment the in-situ growth can be monitored through
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FIGURE 3.16: Schematic of a typical MBE system Morresi, 2013

a scanning high-energy electron diffraction apparatus, namely the Reflective High-
Energy Electron Diffraction (RHEED) that employs a small glancing angle reflection
mode of operation enabling sensitivity to the uppermost layers, as indicated in fig-
ure A.1. This feature reveals without interference the real time changes in the grow-
ing surface as is better explained in Appendix A.

3.3.2 Pulsed Laser Deposition (PLD)

Pulsed Laser Deposition (PLD) is a versatile deposition technology with relatively
simple configuration as shown in figure 3.17 used for a variety of materials such as
functional oxides, nitrides, carbides, metals, high-temperature superconductors and
even polymers (Yin, 2013b). Its ability to stoichiometrically transfer material from a
multicomponent target to a growing film is based on evaporation of the target mate-
rial through ionization by means of heating due to a succession of laser pulses form-
ing a transient plasma plume that expands reaching the substrate surface, within the
duration of a a laser pulse, where the atomic species ablated from the target material
finally nucleate with a very high density to form the thin film.

The stoichiometry of the film deposited by PLD, favored by the high-power
laser pulses, is very close to the target material’s one and the deposition is performed
in UHV in the order of 10−9 mbar. A KrF excimer laser with wavelength of 248
nm and pulse duration of 30 seconds is generated by an external laser system and
focused onto the target material’s surface through a series of optical lens. The optical
index of the target material is the mainly determinant of the ablation depth of the
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FIGURE 3.17: PLD system at GREYC laboratory

laser beam.

The generated plasma plume is influenced by a variety of user-controlled
parameters such as laser energy, pulse duration, background pressure and target-
substrate distance. The substrate temperature must be cautiously increased in order
to ensure thermal diffusion of the ablated species decreasing nucleation density for
more homogeneous thin films and enhancing the crystallization process (Ferguson
et al., 2009) but without menacing an overheat that would lead to a deviation in
stoichiometry from the target material’s one and hence undesired phases in the de-
posited layers (Yin, 2013b). The target-substrate distance also plays an essential role
as it determines the activation energy and flux of deposited atoms arriving at sub-
strate surface, it typically varies from 2 to 10 cm (Yin, 2013b) since a smaller distance
could cause a re-sputtering process and a bigger one would lack kinetic energy of
the deposited atoms.

During deposition of certain materials, such as oxides and nitrites, a re-
active gas in the growth chamber may be necessary to compensate for losses dur-
ing ablation process, avoiding, for example, oxygen vacancies that would result in
degradation of electrical properties.

The configuration of the used PLD system from TSST company used in this
thesis for the deposition of STO, LSMO, AlN and Au is represented in Figure 3.18.

The samples of 10× 5mm2 are cleaned and inserted in PLD chamber equipped
with in-situ reflection high-energy electron diffraction (RHEED) at the GREYC labo-
ratory located in Caen, France. A KrF excimer laser of λ = 248 nm and laser repeti-
tion rate of 1 Hz - 5 Hz is used.
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FIGURE 3.18: Configuration of our PLD system at GREYC

FIGURE 3.19: Schematic representation of the LSMO thin film de-
posited on STO/Si-based substrates

Before deposition, the substrates were heated to the desired temperature
in vacuum environment. STO and LSMO films are deposited at 0.1 mbar and 0.17
mbar O2 partial pressure respectively, to compensate for oxygen loss in the process,
with the substrate temperature maintained at 750°C or 770°C. After deposition, the
films are cooled down to room temperature at 10°C per minute rate in 700 mbar
O2 pressure. The schematic representation of the LSMO/STO/Si-based heterostruc-
tures is shown in Figure 3.19 with the respective thicknesses of each layer and the
techniques used for their growth.

The parameters used in deposition by PLD are shown in Table 3.2. The
results in terms of crystallography and surface roughness will be evaluated and dis-
cussed in section Results in the end of this chapter.

Material Thickness Rate Temperature Pression (O2)
STO 2 nm 1 Hz 770°C 0.2 mbar

LSMO 45 nm 3 Hz 750°C 0.2 mbar
AlN 120 nm (20k shots) 5 Hz RT Vacuum
Au 8 nm 5 Hz RT Vacuum

TABLE 3.2: Deposition parameters by pulsed layer deposition
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3.3.3 Sputtering

Both sol-gel and sputtering have been widely used methods for developing c-axis
oriented PZT layers due to its simplicity, good reproducibility and compatibility
with standard Si-fabrication technology. Although sputtering at room-temperature
is preferred due to the advantage of low temperature operation possibility, high tem-
perature depositions are also considered for comparison of process parameters in-
fluence on the growth, texture and orientation of the films. In general, as-deposited
films at room temperature are amorphous and post-deposition annealing is essential
to transform the amorphous structure of the film into the envisaged ferroelectric-
perovskite phase, for our films this is achieved through a rapid thermal annealing
(RTA) at 650oC as it marks the temperature at which the pyrochlore to perovskite
phase transformation is completed (Kwok and Desu, 1992).

Sputtering consists of a physical vapour deposition method for producing
coatings in a vacuum environment and it involves the striking of high-energy ions
onto a solid which knocks off atoms from the surface. Ionic sputtering techniques
include diode sputtering, ion-beam sputtering and magnetron sputtering. The latter
is a high-rate vacuum coating technique commonly used for depositing metals, al-
loys and compounds onto a wide range of materials with thicknesses up to about 5
µm with high purity and high adhesion (Swann, 1988).

The process principle is based on the ejection of atoms or molecules of a
material from a target by the bombardment of high-energy particles to directly coat
substrates. When the bombardment is done by positive ions derived from an elec-
trical discharge in a gas, it is called cathodic sputtering.

Fabrication of highly sensitive infrared detector devices require the depo-
sition of epitaxial PZT thin films on a suitable bottom electrode as LSMO. For such
PZT with tetragonal perovskite structure, the epitaxy must be guaranteed along the
c-axis since it is the polarization axis. The growth of epitaxial PZT thin films was
achieved by other groups on oxide substrates such as MgO (Takayama and Tomita,
1989) or SrTiO (Triscone et al., 1996), and on epitaxial oxide electrodes such as SrRuO
and SrRuO3 on Si(100) (Shimizu et al., 2000) and with a yttria stabilized zirconia
buffer layer (Eom et al., 1993), however, all these processes required high tempera-
tures and attempts to prepare PZT on bare Pt/MgO for substrate temperature below
550-600 °C have given rise to nonferroelectric pyrochlore phases or a mixture of fer-
roelectric perovskite and nonferroelectric pyrochlore phases (Bouregba et al., 2001).

We have successfully deposited, then, epitaxial c-axis oriented 400 and 500
nm PZT thin films with a tetragonal perovskite structure by magnetron sputtering
technique while heating the substrate at only 600°C. Such samples were used as
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our reference for performing and characterizing PZT sputtering deposition at room-
temperature followed by a rapid thermal annealing at 650°C during 30 seconds un-
der oxygen.

The PZT deposition at 600°C was performed using a multi-target RF mag-
netron sputtering, at CRISMAT by G. Poullain and C. Cibert, from 3 metallic tar-
gets with an Ar/O2 mixture with ratio 90%/10% and in-situ deposition at 600°C.
The exact conditions for the samples are total pressure during sputtering of 0.7 Pa,
substrate temperature of 600°C with a ramp up of 15°/min and a ramp down of
30°/min; Power for each target equal to Pb = 0.7 W/cm2, Zr= 2.7 W/cm2 and Ti= 3.3
W/cm2, and the deposition speed was estimated at about 100 nm/h.

3.3.4 Sol-gel

The wet chemical deposition by sol-gel method concerns the two chemical states
after which the technique is named and is fully illustrated in figure 3.20. The sol
consists of a colloidal solution of several starting materials in sub-micron solid par-
ticles form that are dispersed in the solvent as the precursor (Davies and Rideal,
1961). Such particles are usually from organometallic compounds for most ferro-
electric oxides deposition, later submitted to hydrolysis and poly-condensation near
room-temperature to prepare the precursor solution.

FIGURE 3.20: Sol-gel deposition process

The sol is spread onto the substrate by either spin-coating, spraying or dip-
coating and it is solidified by a series of thermal treatments to form a crystalline
oxide film, during which it is first dried in order to remove the solvent and the
discrete colloidal particles precipitate to form gel, in general an irreversible process
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due to its covalent nature interaction; The gel is a cross-linked polymeter network
with abundance of pores that shrink during a calcination at elevated temperatures,
in the range of 350oC − 400oC forcing the gel network to collapse and leading to
smaller contact angle of the grains and higher density (Yin, 2013b).

The organometallic compounds are decomposed by removing -OH and
other functional groups so that only oxide material remains in the film after calci-
nation, resulting an amorphous layer of the desired film that is subjected to a final
post-thermal treatment at higher temperatures (500oC − 800oC) to crystallize and
enhance the crystalline phase of the deposited layer.

The thermodynamically stable perovskite phase of PZT crystallizes, via
a lead-deficient transient non-ferroelectric pyrochlore-type phase (stable between
450°C and 550°C), between 500°C - 700°C (Carim et al., 1991). A Rapid Thermal
Annealing is then necessary over the temperature region of the pyrochlore phase
stability, to enhance the perovskite one (Griswold et al., 2011). The perovskite crys-
tallization temperature can be reduced by extra lead organic compound in the sol-gel
solution (which can also compensate the lead loss during the thermal treatments) or
increased by using a Zr-rich PZT.

3.4 Characterization techniques

As described in table 3.3, several characterization techniques have been used to eval-
uate the deposited materials.

Characterization Model Where By whom
Technique

XRD PANalytical LCS L. Araujo
XRD RIGAKU (Smartlab) INL B. Vilquin
AFM NanoObserver CSI GREYC L. Araujo
PFM NanoObserver CSI GREYC L. Araujo
R(T) Homemade GREYC V. Pierron

L. Araujo
G. Poullain

P(E) Homemade CRISMAT C. Cibert
J. Manguele

P(E) Homemade INL B. Vilquin
P. Romeo

TABLE 3.3: Characterization techniques of our deposited materials

3.4.1 X-Ray Diffraction (XRD)

X-ray diffraction measurements allow the full analysis of the crystalline structure of
epitaxial thin films based on the dual wave/particle nature of X-rays. The diffraction
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pattern of each material is a signature that enables the identification and character-
ization of the compounds even for chemically identical materials, such as quartz
and cristobalite, for example, two different arrangements of SiO2, or still Anatase,
Brookite and Rutile exhibiting drastically different diffraction patterns for TiO2 ma-
terials. Besides crystal structure and phase composition of a sample, XRD allows the
determination of several parameters such as lattice parameters, alloying, doping,
solid solutions, macrostrain such as residual strain, epitaxy, texture and orientation,
crystallite size and microstrain. One may also have in-situ capabilities as evaluation
of all these properties as a function of time, temperature, and gas environment.

A monochromatic beam of x-rays interacting with a target material suffers
an elastic scattering of the x-ray photons, i. e., the wavelength is kept constant while
the wave vector is changed. The x-ray beams diffracted by the atoms in a periodic
crystalline structure interfere with each other, producing a structure-dependent in-
tensity that is a composition of constructive and destructive interferences, such that
the kind and arrangement of the atoms in the crystal structure determines the inten-
sities of the diffracted waves and the size and shape of unit cells define the possible
diffractions’ directions. For certain angles between the incident and the diffracted
beams, 2θ, the electrons in each atom - arranged in a periodic array with long-range
order able to produce diffraction - coherently scatter light, i. e., the diffraction of
x-rays by crystals occurs producing constructive interference and it is described by
Bragg’s Law (equation 3.3), illustrated in Fig. 3.21:

2dsinθ = nλ (3.3)

where d is the space between the parallel diffracting planes, λ symbolizes the wave-
length of the x-ray and n stands for the diffraction order. The wavelength of X-rays
are similar to the distance between atoms in a crystal, which is why X-ray scattering
is used to study atomic structures.

FIGURE 3.21: Bragg’s law illustration for diffraction in crystalline
structure

Such measurements are performed with an x-ray diffractometer, a system
composed of a microfocus rotating anode x-ray tube, a twin-crystal monochroma-
tor, a series of aperture slits, an X-ray detector and a mechanical rotation system as
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illustrated in Fig. 3.22.

FIGURE 3.22: Configuration of an x-ray diffractometer

Inside the x-ray tube, the collision of high-velocity electron beam onto a
cathode target material, typically cooper, leads to a conversion of about 1% of the
kinetic energy of the electron beam into X-ray radiation whereas the remaining is
dissipated as heat (Yin, 2013a). The material’s choice determines the wavelength
produced, reasonably long, 1.54056 Å, for Cu conducting to good resolution in reg-
istration of the pattern.

Once the splitting of the 2p orbitals in cooper (energy levels LII and LIII) is
very small (0.020 keV), the two wavelengths Kα1 = 1.54056Å and Kα2 = 1.54439Å are
very similar, although the peaks are distinctly asymmetric: Kα1 peak exhibits almost
twice the intensity of the Kα2 peak.

Since Kβ has much lower intensity than Kα (approximately five times smaller),
its use as main line is not considered since it would lead to very poor signal to noise
ratio, the reason why a monochromator is required to optimize instrumental setups
by removing this component, commonly a Ni filter, keeping the desired emission
line, kα1 , as incident x-ray beam.

Finally, the angular resolution is determined by a series of aperture slits
on the path of diffracted x-ray beams that serve to define the divergence angle and
width of the incident beam. An x-ray detector is responsible for measuring the in-
tensity of the diffracted beams while changing the angles in the rotational system.

Diffraction patterns are collected as absolute intensity vs 2θ, however this
peak position depends on instrumental characteristics such as wavelength, so to
make the measurements instrument-independent they are best reported as relative
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FIGURE 3.23: Typical X-ray spectrum generated by Mo and Cu tar-
gets.

intensity (the absolute intensity of every peak by the absolute intensity of the most
intense peak, as percentage) vs dhkl which is an intrinsic material property.

Through the change of several crystallographic angles in the rotational sys-
tem, structural characterization can be realized in diverse XRD modes: θ − 2θ scan,
ω scan, ϕ scan, pole figure, X-ray reflectivity and reciprocal space mapping, as dis-
played in figure 3.24.

FIGURE 3.24: XRD modes of analysis in the reciprocal space for a
cubic crystalline structure. Extracted from (Yin, 2013a)

θ − 2θ scan: For the scans realised in this mode, both angles 2θ and ω are
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rotated simultaneously while keeping This mode simultaneously rotates 2 and an-
gles while keeping θ = ω to keep the scattering vector δk always along the normal
direction of the film surface during the complete scan resulting in the analysis of the
reciprocal vector and the lattice constant in the out-of-plane direction.

ω scan: This mode is also known as rocking curve and it differentiates from
the previous one due to the maintenance of the 2θ angle constant while changing ω

(simultaneous rotation in the same direction of the incident and diffracted beams).
This mode enables the analysis of the crystalline quality of the film in terms of mo-
saicity, curvature, misorientation and inhomogeneity.

ϕ scan: The scan in this mode is performed fixing the corresponding χ angle
of the detected crystalline plane while φ angle rotates from 0° to 360°. It allows the
analysis of the orientation of the film crystalline structure and the symmetry of the
crystalline plane around the normal to the surface being studied.

Pole figure: Pole figures are obtained by the change in χ angle for a series
of ϕ scans, covering a semi-spherical surface analysed region in the reciprocal space,
with a fixed 2θ angle (fixed length of scattering vector). It provides more detailed in-
formation than the ϕ scan about the symmetry of the analysed crystalline structure.

Reciprocal Space Mapping: This mode consists in a series of ϕ scans with
varying 2θ angle for each scan to provide a more complete amount of information
about the texture, the crystalline quality, the internal strain, and the fine structure of
the film crystal.

X-ray reflectivity (XRR): This mode provides information on films density,
thickness, roughness and interface quality of the different layers of a heterostructure
through the evaluation of the many characteristics of the resultant pattern such as
the plateau that provides information on sample size, roughness, absorption and the
instrument used for measurement itself (confirmed by the background). The critical
angle provides information on the film’s density and the distance between peaks, on
the layer thickness. From the amplitude, one may obtain the roughness, interface
quality, density variations and resolution. The rotational system in XRR measure-
ment has a very small incident angle usually less than 10 when rotating θφ and φ

angles simultaneously. This results in the X-ray beam being partially reflected at the
surface and different interfaces of a heterostructure. The outcoming X-Ray beam in
then the interference of all the reflected X-ray beams and the reflectivity of the het-
erostructure is determined by the thickness, the electron density, and the roughness
of each layer. The related parameters of each layer can be derived by using Fourier
transform or a transfer-matrix method. The calculation of individual layers of films
in a multilayer structure requires Parratt method to extract the parameters for each
film.
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3.4.2 Resistivity versus temperature

The electrical characteristics of the LSMO thin films on each substrate were evalu-
ated by a four point resistance measurement for a temperature range between 300 K
and 400 K. The resistivity of the samples were obtained straightforwardly by a mea-
surement set-up with 4-probes with finite tip radius placed collinear and equidis-
tant, supported by a spring that helps minimizing the damage on the samples when
contact is established.

A current source supplies current to flow between the external probes while
a voltmeter measures the voltage across both probes of inside (such probes do not
draw any current since they are connected to the voltmeter with high impedance).
The advantage of such method in comparison with two probes technique is that it
eliminates the contact resistance between film and probes, improving accuracy of
the results. The resistivity is directly calculated as

ρ =
V
I
· π

ln2
d (3.4)

where ρ stands for the resistivity calculated in Ω · m and d for the distance
between two probes. I is the applied current by the current source and V the mea-
sured voltage by the voltmeter.

3.4.3 Polarization versus electric field

The polarization of ferroelectric films is normally performed through the use of a
Sawyer-Tower circuit, where the ferroelectric film is connected in series with a refer-
ence capacitor driven by an AC signal generator and measured by an oscilloscope.
The channel X of the oscilloscope displays the voltage of the applied AC signal and
the channel Y, the voltage drop across the reference capacitor. The later is propor-
tional to the accumulated charge on the film’s surface and we can derive both the
polarization and applied electric field by (Yin, 2013a):

P =
Q
S

=
Cre f Vy

S
(3.5)

E =
Vx − Vy

d
(3.6)

where S is the area and d is the thickness of the ferroelectric capacitor.

The macroscopic polarization hysteresis loops, P(E), of the PZT films were
performed on samples with 250× 250µm2 top Pt electrodes patterned by lift-off pro-
cess. The Sawyer-Tower (ST) circuit was driven by a sine wave of amplitude 20 V
and frequency 500 Hz. The capacitors were contacted on a Suss MicroTec PM5 probe
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station. A standard capacitor Cst of 22 pF serving as a charge holder, was used dur-
ing the hysteresis measurements.

FIGURE 3.25: Measurement setup for P-E measurement at CRISMAT

The polarization and the electric field were calculated using the following
equations:

P =
CmV0

APZT
(3.7)

E f =
Vi

tPZT
(3.8)

where P represents the polarization in µC/cm2, the measuring capacitor
has its capacitance defined by Cm in µF, V0 is the measured voltage in V, APZT is
the area of the PZT film given in cm2, E f stands for the electric field in kV/cm, Vi

the applied voltage in kV, and tPZT is the PZT film thickness in cm (Deshpande and
Saggere, 2007).

3.4.4 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is used to investigate the morphology and growth
structure of the thin films, through the operating principle illustrated in figure 3.26.
The instrument consists of a cantilever with a sharp tip mounted on its one end that
is usually formed from silicon, silicon oxide or silicon nitride and is typically 100 µm
long, 20 µm wide, and 0.1 µm thick. The cantilever motion causes the reflected light
to impinge on different segments of the photodiode.

The three common modes of operation of AFM scans are (Shah, 2010):

1. Contact mode: the probe tip is dragged across the surface and the resulting
image is a topographical map of the sample surface. The dragging motion of
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FIGURE 3.26: Schematic representation of atomic force microscope.
Extracted from (Shah, 2010).

the probe tip, combined with adhesive forces between the tip and the surface
can distort measurement data and damage the sample.

2. Non-contact mode: the instrument senses Van-der-Waal attractive forces be-
tween the surface and the probe tip held above the sample surface. Unfor-
tunately, these forces are substantially weaker than the contact mode forces,
so weak in fact that the tip must be given a small oscillation and ac detection
methods are used to detect the small forces between tip and sample.

3. Tapping mode: it overcomes the limitations of the conventional scanning modes
by alternately placing the tip in contact with the surface to provide high reso-
lution and then lifting the tip off the surface to avoid dragging the tip across
the surface. During scanning, the vertically oscillating tip alternately contacts
the surface and lifts off, generally at a frequency of 50 to 500 kHz. Tapping
mode imaging works well for soft, adhesive, or fragile samples, allowing high
resolution topographic imaging of sample surfaces that are easily damaged or
otherwise difficult to image by other AFM techniques.

3.4.5 Piezoresponse Force Microscopy

Piezoresponse Force Microscopy (PFM) is a versatile characterization technique that
has been extensively used for exploring nanoscale ferroelectric and piezoelectric
phenomena in thin films due to its remarkably high resolution and ease of use (Li
et al., 2015), (Peter et al., 2006). Its use has been also intensively demonstrated with
ferroelectric oxide systems (Kalinin, Shao, and Bonnell, 2005), but its use extends
over a large range of materials such as biological (Kholkin et al., 2010) (Halperin et
al., 2004), polymeric (Gysel et al., 2008), (Park et al., 2014), hybrid organic-inorganic
(Coll et al., 2015), (Kutes et al., 2014) and two-dimensional materials (Cunha Ro-
drigues et al., 2015), (Kim et al., 2016).
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It is based upon a modification on the AFM setup where a conductive can-
tilever is used in addition to a contact mode, to allow the local direct application
of an electric field at the film surface. The imaging mechanism is then based on
the detection of the electromechanical response induced by the film’s displacement
resulted by the inverse piezoelectric effect and detected by the conductive tip dy-
namics and a four quadrant photodiode setup.

FIGURE 3.27: Principle of a typical PFM setup

A sinusoidal ac voltage with amplitude smaller than the coercive voltage
of the electric film is applied in this setup to avoid the destruction of ferroelectric
domains structures and to overcome the difficulty in detecting a static displacement
induced by electric field that is generally too weak to be easily detected because of
the relatively large surface roughness (Yin, 2013a). The local surface of the ferro-
electric/piezoelectric film vibrates at the same frequency as the one applied and a
lock-in amplifier uses the applied ac voltage as reference to extract the electrical sig-
nal associated with vibration from a highly noisy background. While scanning the
surface line by line, the PFM image displays for each pixel the amplitude and phase
of vibration.

FIGURE 3.28: Principle of displacement measurement of a piezoelec-
tric material by PFM

The orientation and strength of the permanent polarization under the PFM
tip determines the mechanical vibration provided by the ac voltage application, such
that, if it is along the normal of the film, z axis, the local surface will extend or con-
tract, as exhibited in figure 3.28, which characterizes also the measurements we per-
formed in this thesis. The amplitude of the longitudinal vibration is related to d33
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value. The other case would be when the permanent polarization is parallel to the
film surface which under aplication of the ac voltage, responds to it with a surface
film shear and an amplitude of transverse vibration related to d14 and d25 values.
However, to quantify the piezoelectric coefficient, a reference material with a known
piezoelectric coefficient, like quartz film for example, is commonly used to perform
the calibration between the output amplitude in voltage and the piezoelectric con-
stant.

PFM Imaging

The ferroelectric properties of our studied PZT films were characterized by PFM
measurements through the creation of artificial domains by poling normally a 5×5
µm2 surface through a scanning with +10V dc voltage applied on the cantilever tip
(domain down), followed by -10V dc voltage to reverse the piezoelectric dipoles in a
2×2 µm2 surface central area (domain up). The out-of-plane piezoelectric response
was then collected with a 4 V ac drive voltage at about 330 kHz in a 15×15 µm2 scan
to verify that the poling was uniformly and completely achieved without leaving
traces in the topography. The two stable states of polarization were maintained and
re-read after several hours to evaluate the ferroelectric properties of the deposited
PZT films.

3.5 Results

3.5.1 LSMO/STO PLD growth on Si-based substrates

The electrical characteristics of the LSMO thin films on Si, SOS and SOI substrates
were evaluated by a four point resistance measurement for a temperature range be-
tween 300 K and 400 K, from which the resistivity of the samples were calculated.
The results are exhibited in figure 3.29 for the samples described in table 3.4.

Nomenclature Substrate LSMO thichness
BA164 Si ZW890 45 nm
BA166 Si ZW890 45 nm
BA162 SOI2 ZW600 45 nm
BA165 SOI2 ZW600 45 nm
BA102 SOS ZW602 45 nm
BA081 SOS ZW602 45 nm

TABLE 3.4: Nomenclature and details on samples presented for the
evaluation of LSMO deposited by PLD onto Si-based substrates
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FIGURE 3.29: Resistivity vs temperature measured for 45-nm thick
LSMO thin films deposited onto STO buffered (a) Si, (b) SOI and (c)

SOI substrates by PLD at GREYC
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The films grown on STO buffered Si and SOS exhibit excellent electrical
characteristics with the resistivity in the order of 10−5Ω · m validating the PLD pa-
rameters deposition of LSMO/STO thin films. The ones grown on SOI substrates,
however, show an important drop on resistivity values with further increase of tem-
perature which may be due to a poor quality STO. The parameters and deposition
conditions used for the deposition onto SOI substrates were the same as for the other
two cases. Extra 2 nm of fresh STO were grown by PLD before LSMO deposition
however, as seen in the measurements, the resistivity is still degraded in compari-
son with the Si and SOS substrates.

The crystalline quality and epitaxial relationship between film and sub-
strate grown by PLD were evaluated by X-ray Diffractometer (XRD). A long-range
(20°-80°) θ − 2θ scan was performed for each sample, with a step size of 0.0084° and
50 seconds per step, revealing exclusively (00l) orientation, which indicates the c-
axis epitaxial growth of LSMO and STO layers. Such diffraction patterns can be seen
in figure 3.30 for Si substrate.

FIGURE 3.30: Full range θ − 2θ scan from 20°-80° on epitaxial
LSMO/STO PLD deposited on Si substrate

Figure 3.31 exhibit the full scan XRD for LSMO/STO grown on SOI sub-
strate between 20°-80° with a step size of 0.0084° and 30 seconds per step. For this
kind of samples, the angle correction was performed using the topmost silicon of
reference by an omega scan around 34.5°, once it defines the orientation that the epi-
taxial growth of subsequent layers will follow (diffraction peak at about 2θ = 35.1°).
The peak of the topmost silicon, with width equal to 440 nm, on the SOI wafer is
found very close to the diffraction peak of the bottom Si, as observed in Figure 3.32,
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along with the omega scan was also performed at the LSMO(002) peak to evaluate its
quality which shows satisfactory full-width half maximum (FWHM) value of 0.495.
These measurements were made by using a step size of 0.02 and two seconds per
step.

FIGURE 3.31: Full range θ − 2θ scan on epitaxial LSMO/STO PLD
deposited on SOI substrate with 440 nm of top silicon

FIGURE 3.32: (a) Omega scan around 34.5° for definition of both
Si surfaces diffraction peaks in SOI substrate and (b) omega scan at

LSMO(002) peak

XRD measurements of the last substrate case, Silicon-on-Sapphire (SOS),
is shown in figure 3.33 and they are presented in paper under revision at the time
of writing in Applied Surface Science. Figure 3.33(a) shows the full range θ − 2θ
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XRD scan revealing only (00l) orientation. The LSMO/STO have preferential c-axis
epitaxial growth onto SOS substrate. The silicon (004) peak is seen at about 2θ ≈ 69o

and the series of (10-12) diffraction peaks from the sapphire substrate indicate that
the sapphire crystal is cut along r-plane.

FIGURE 3.33: XRD measurements for 30 nm of epitaxial LSMO/STO
PLD deposited on SOS substrate: (a) Full range θ − 2θ scan with inset
in log scale intensity showing the data zoomed around (002) peaks
of STO and LSMO layers, (b) omega scan rocking curves around (20-
24) sapphire, (004) silicon, (002) STO and (002) LSMO with FWHM
about 0.011o, 0.2o, 0.9o and 0.88o respectively. (c) Asymmetric phi-
scans around (013) plane of LSMO and (113) of Si, and (d) reciprocal
space maps around (013) reflections of LSMO film and STO buffer

layer and (113) reflection of Silicon.

The rocking curves (omega scan) around the (002) peaks of LSMO and STO,
(004) peak of silicon and (20-24) of Sapphire are exhibited in figure 3.33(b), from
which the full-width half maximum (FWHM) values were calculated for LSMO and
STO layers resulting in approximately 0.88 and 0.9 respectively. This value is slightly
higher than the values reported by our group for LSMO/STO/Si films fully de-
posited by MBE (Méchin et al., 2012) and comparable to other values reported in
literature on Si substrate (Vila-Fungueiriño et al., 2018).

To understand how the in-plane epitaxial relationship between film and
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substrate is established, asymmetric -scans around the (013) and (113) peaks of LSMO
and Silicon were performed as shows figure 3.33(c). A four-fold symmetry with 90°
peak separation confirms that the LSMO/STO layers grow in diagonal-on-cube ge-
ometry with 45° in-plane rotation on Silicon substrate, to bypass the large lattice
mismatch between STO (0.3905 nm) and Si (0.534 nm) unit cell parameters. There-
fore, the in-plane hetero-epitaxial relationship between film and substrate can be
viewed as LSMO[100]//STO[100]//Si[110]// Sapphire whereas the out-of-plane is
LSMO(001)//STO(001)//Si(001)// Sapphire(10-12).

Reciprocal space maps around (013) reflections of LSMO film and STO
buffer layer and (113) reflection of Silicon in figure 3.33(c) show that the peaks of
LSMO and STO are aligned vertically.

The SOS substrate, despite the slight difference in FWHM values in com-
parison with the aforementioned references, still reports a strong crystalline quality
of our thin films. This has led us to investigate its use in our suspended structures in
order to obtain flatter beams since the smaller epitaxial strain in the structure release
causes less deformation.

FIGURE 3.34: AFM images of 2×2 µm2 scan of the 45 nm thick LSMO
layer on STO/Si for samples (a) BA166 (Z scale 3.4 nm) and (b) BA164

(Z scale 1.8 nm)

Atomic Force Microscopy (AFM) measurements using a Nano-Observer
system from Concept Scientific Instruments were performed to characterize the sur-
face morphology of the films in resonant mode with standard Al-coated Si probes
showing nominal resonant frequency of 300 kHz. The 2×2 µm2 AFM images of
LSMO layers are presented in figure 3.34 for two different samples, both exhibit-
ing smooth surfaces with the rms roughness evaluated with Gwyddion software
and found to be equal to 0.3±0.04 nm and 0.38±0.03 nm, in accordance with good
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LSMO found in literature (Pellegrino et al., 2009).

The detailed structural and electrical characterizations of the LSMO/STO/
SOS and LSMO/STO/Si heterostructures show that the LSMO film properties are
competitive with those directly grown on oxide substrates. Specially for the SOS
case, since so far no attempts have been made on the integration of manganite films
on SOS substrate, providing the possibility to use industrially compatible SOS sub-
strates for the development of applicative MEMS devices.

3.5.2 PZT growth by sputtering and sol-gel

The PZT/LSMO/STO/Si heterostructures were obtained thanks to the successive
use of 3 different deposition methods, namely sputtering at 600°C, sputtering at
room temperature and sol-gel technique. We selected the chemical composition
Zr:Ti=52:48 of PZT, since it exhibits the material’s largest piezoelectric coefficient,
near the so called morphotropic phase boundary.

High temperature process: Sputtering at 600°C

A first series of PZT was deposited, in a colaboration with CRISMAT, in
a muti-target RF magnetron sputtering system from 3 metallic targets using power
during deposition of Pb: 0.7 W.cm−2 / Zr : 2.7 W.cm−2 / Ti : 3.3 W.cm−2), in a
pressure of 0.7 Pa of 90% Ar / 10% O2 atmosphere at 600°C (ramp up of 15°/min
and down of 30°/min). PZT was deposited on top of LSMO/Si and LSMO/STO
both with orientation (100) and 400 nm thick, the former at 1,800 shots while the
later at 1,600 shots exhibiting deposition rate of about 100 nm/h.

The crystallinity of the samples was characterized by performing X-ray
diffraction (XRD) measurements in θ − 2θ configuration as well as rocking curves
around the 002 peak of PZT, where the full-width at half-maximum (FWHM) of the
peak could be estimated. The data was collected using a PANalytical X’Pert PRO
diffractometer with Cu-Kα radiation.

Such PZT films with thickness 400 nm have shown orientation preferential
(001) orientation, however with some visible (110) patterns.

A fast fatigue problem due to a plumb deficiency was observed and cor-
rected for the next deposition of 500 nm PZT films on LSMO/STO/Si.

The second series of high temperature sputtered PZT was deposited on
LSMO/STO/Si substrates with a thickness of 500 nm, showing exclusively (00l) ori-
ented PZT peaks.



82 Chapter 3. Materials

FIGURE 3.35: θ − 2θ scan for 400 nm of PZT (series MPZT1191) de-
posited by sputtering at 600C on Si substrate

FIGURE 3.36: θ − 2θ scan for 500nm of PZT (series MPZT1201) de-
posited by sputtering at 600°C on Si substrate

The FWHM of the rocking curve around the 002 peak of PZT presented in
Fig. 3.37 was equal to 0.35°, confirming the high structural quality of the deposited
layers. Good crystalinity was evidenced also for STO and LSMO with FWHM ob-
tained from rocking curves equal to 0.30° and 0.24°.
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FIGURE 3.37: Omega scan for 500 nm of PZT(002) deposited by sput-
tering at 600°C used as reference

Test samples have been prepared, where Pt layers were deposited on the
PZT films by sputtering at room temperature and patterned using a lift-off process
in order to design top electrodes of 250 × 250µm2 size and to perform polarization
hysteresis (P – E) loop measurements using a Sawyer-Tower (ST) circuit, driven by a
sine wave of amplitude 15 V and frequency 200 Hz. The capacitors were contacted
on a Suss MicroTec PM5 probe station. A standard capacitor Cst of 22 pF serving as a
charge holder, was used during the hysteresis measurements. Even though the 400
nm PZT had shown fairly square ferroelectric cycles, this second series of PZT have
displayed good remnant polarization around 25 µC/cm2 with a high coercive field
of 100 kV/cm at 200 Hz, as shown in figure 3.38.

Atomic Force Microscopy (AFM) measurements using a Nano-Observer
system from Concept Scientific Instruments were performed to characterize the sur-
face morphology of the films in resonant mode with standard Al-coated Si probes
showing nominal resonant frequency of 300 kHz. The roughness of each sample was
evaluated as 0.9 nm, 0.65 nm, 1.4 nm and 1 nm, for the surfaces shown in figure 3.39
(a), (b), (c) and (d), respectively.

Scans in a larger surface of 20 × 20µm2 were also performed to verify the
homogeneity of the films, as shown in figure 3.40. The film smoothness is seen in
the whole surface, where the rms roughness was kept in low range of values, as for
this sample it was 0.91 nm for the larger evaluated surface.
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FIGURE 3.38: P(E) measurement for 500 nm of PZT deposited by
sputtering at 600°C

FIGURE 3.39: AFM 5 × 5µm2 scan of (a,b) 400 nm PZT on
LSMO/STO/Si (z scale 9 nm and 7 nm respectively) and (c,d) 500

nm PZT LSMO/STO/Si (z scale 5.6 nm and 0.02 µm)
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FIGURE 3.40: AFM 20 × 20µm2 scan of 400 nm PZT on
LSMO/STO/Si

Since the 500 nm PZT with stoichiometric correction has been successfully
integrated epitaxially with our LSMO/STO/Si heterostructures as confirmed by the
(00l) peaks of the PZT layer as well as those of LSMO and STO with FWHM of the
rocking curve around the 002 peak of PZT equal to 0.35°, and it has also exhibited
good fatigue properties along with a smooth surface, it has been taken as reference
for comparison with the room temperature PZT depositions towards a room tem-
perature integration process.

Room temperature process: Sputtering at RT and sol-gel

As for the previous case, PZT was deposited on LSMO/STO/Si samples in
a sputtering system, however, kept in room temperature with only a rapid thermal
annealing (RTA) carried out at 650°C during 1 minute under oxygen. Although high
temperatures are still required during this step, the utilization of the technique keeps
inside the proposed scope of our integration process since the RTA can be performed
after PZT is patterned by lift-off, excluding the need for etching it.

For the sol-gel deposition, however, a step of calcination at 350°C under
air is needed once the spin coated layers are deposited, until achievement of the
desired thickness. It renders the lift-off of PZT impossible and an etching must then
be performed to pattern this material. Either 100 nm or 240 nm PZT thin films were
deposited by these techniques.

The crystallinity of the samples was characterized again by performing
XRD measurements in θ − 2θ configuration, collected using a PANalytical X’Pert



86 Chapter 3. Materials

FIGURE 3.41: θ − 2θ XRD scan of (a) 100 nm of PZT deposited by
RT sputtering on NbSTO with RTA of 650°C, (b) 260 nm of PZT de-
posited by sputtering followed by 650°C RTA on SRO-STO substrate
and (c, d) 100 nm and 240 nm thick respectively of PZT deposited by

RT sputtering on NbSTO conductive substrate

PRO diffractometer with Cu-Kα radiation. Figure 3.41 shows the respective XRD
θ − 2θ scans for the two deposition methods realized at INL by Bertrand Vilquin for
different thickness, namely, 100 and 260 or 240 nm; These methods had the epitaxial
growth of PZT onto LSMO/STO/Si confirmed where the 00l peaks of the aforemen-
tioned layers were observed. No parasitic phases of the PZT were observed.

Atomic Force Microscopy (AFM) measurements, shown in figure 3.43, were
performed using the same equipment (Nano-Observer system from Concept Scien-
tific Instruments) with standard Al-coated Si probes in resonant mode (300 kHz)
to evaluate the surface roughness of 100 nm room temperature deposited PZT thin
films. The PZT deposited by RT sputtering method has exhibited rms roughness of
1.02 nm and the sol-gel one of 0.53 nm.

Other test samples, deposited on Nb-STO substrates, have been prepared
to compare the evolution of the properties as the thickness is increased. Aiming a
low PZT thickness however, to integrate the bridge structure, we have limited this
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FIGURE 3.42: θ − 2θ XRD scan of (a) 100 nm of PZT on NbSTO and
(b) 233 nm of PZT deposited by deposited on LSMO/STO/Si by sol-

gel method sputtering followed by 650°C RTA with RTA of 650°C
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FIGURE 3.43: AFM 5 × 5µm2 scan of 100nm (a) RT sputtered PZT (z
scale 10.2 nm shown in lateral bar) and (b) sol-gel deposited (z scale

3.2 nm)

comparison for 100 nm and 240 nm (233 nm for sol-gel). The AFM results are shown
in figure 3.44 for the RT sputtered PZT and in figure 3.45 for the sol-gel. The (a) of
both figures exhibits the surface scan for the 100 nm thick PZTs with rms surface of
0.74 nm and 0.33 nm, for RT sputtering and sol-gel, respectively. Whereas the (b)
of each figure stands for the 240 nm RT sputtered PZT with rms roughness 0.38 nm
and sol-gel with 0.81 nm.

FIGURE 3.44: AFM 5 × 5µm2 scan of RT sputtered (z scale 7.6 nm) (a)
100 nm and (b) 240 nm PZT (z scale 11.1 nm)

The outstandingly low roughness of the SG PZT has lead an investigation
through a wider area, verifying that it is homogeneous all over the deposited surface,
leading to a rms roughness evaluated as 0.24 nm for a 20× 20µm2 AFM scan for PZT
grown on Nb-STO, as displayed in figure 3.46.
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FIGURE 3.45: AFM 5× 5µm2 scan of sol-gel (SG) (z scale 2.5 mum) (a)
100 nm and (b) 233 nm PZT (z scale 0.01 mum)

FIGURE 3.46: AFM 20× 20 µm2 scan of 233 nm PZT deposited by sol-
gel technique (z scale 1.6 nm)

In addition Piezoresponse Force Microscopy (PFM) employing doped dia-
mond probes with an elastic constant of about 2.8 N.m−1 was used to investigated
the piezoelectric properties of the as-grown PZT films on LSMO/STO/Si (001). The
ferroelectricity of the materials was tested by PFM technique through the creation of
artificial domains by the application of an electric field. As shown in figure 3.47 the
writing process with either 10V or -10V between a diamond probe and the LSMO
bottom contact has led to two stable states of polarization on PZT films. The writing
did not degrade the topography and has lasted for hours. The butterfly-like ampli-
tude hysteresis loop curves evidences the asymmetry on electrodes by a shift around
the zero bias voltage axis.
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The artificial domains are created by applying +10 V (dc) to a 6x6 µm2 area,
-10 V (dc) to a smaller, typically 2x2 µm2 area and scanning the larger 15x15 µm2

surface with 4V ac voltage.

The same conditions of PZT growth by SG method and RT sputtering were
used on conducting Nb-STO substrates for thickness effect evaluation. The PFM
images are shown in figure 3.48. All the samples exhibit high contrast of stable
artificially poled ferroelectric surfaces and excellent ferroelectricity.

PZT by sol-gel had normally exhibited better results with higher achievable
amplitudes vs bias voltages values and better contrasts in the PFM images, this was
expected since PZT by sputtering can present some distortion in crystallography due
to energetic bombardment which does not take place with sol-gel deposited films.
However, PZT by RT sputtering had shown very close performance that could be
enhanced by choosing to work with a 240 nm PZT thickness for our devices.

Pt layers were finally deposited on the PZT films by sputtering at room
temperature and patterned using a lift-off process in order to design top electrodes of
250× 250µm2 size and to perform polarization hysteresis (P – E) loop measurements,
shown in figure 3.49, using a Sawyer-Tower (ST) circuit, driven by a sine wave of
amplitude 20 V and frequency 500 Hz. The capacitors were contacted on a Suss
MicroTec PM5 probe station. A standard capacitor Cst of 22 pF serving as a charge
holder, was used during the hysteresis measurements.

The PZT deposited by sputtering at high temperature exhibits a great hys-
teresis loop, as seen in blue, with low coercive field, Ec, Pr = 22µC/cm2 comparable
to a good 180 nm PZT by sputtering 500°C found in literature on Pt/Ti/SiO2/Si
as shown in the insert (Bouregba et al., 2003). The room temperature processes
have shown smaller but similar remnant polarization and inflated loops indicating
a slightly lower quality of the dielectric, where the PZT deposited by sol-gel has
exhibited a more important value of Ec.

For the CA656 samples (SG 100 nm and RT 100 nm) the bottom electrode
was verified to be somewhat of lesser quality, leading to artificially inflated cycles,
this was also a result of the very low thickness of the films resulting in a minor
conductance, that required a higher frequency for measurement of the cycles to limit
the cycle swelling. For the SG, measured at 5 kHz, it led to Pr = 21µC/cm2 and Ec =
100 kV/cm, and Pr = 10µC/cm2 and Ec =100 kV/cm for the RT sputtering, although
the 100 nm thick PZT film has led to a very distorted cycle almost unexploitable. It
is better to extract such values from the thicker 200 nm PZT films.
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FIGURE 3.47: PFM phase images and amplitude vs. tip bias spec-
troscopy of (a) 500nm of PZT deposited by sputtering at 600°C, (b)
100 nm of PZT deposited by sol-gel process and (c) 100nm of PZT de-

posited by RT sputtering on 45 nm-thick LSMO bottom electrode
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FIGURE 3.48: PFM images for (a) 100 nm SG, (b) 233 nm SG, (c) 100
nm RT sputtering and (d) 240 nm sputtering depositions of PZT on

Nb-STO substrates
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FIGURE 3.49: Polarization hysteresis loop comparison for PZT de-
posited by sputtering at high temperature, room temperature + RTA

and sol-gel + RTA

FIGURE 3.50: Polarization hysteresis loop comparison for different
thickness of PZT by sputtering RT

For this reason, given the good results for the 230 nm - 240 nm PZT, 233 nm



94 Chapter 3. Materials

thick PZT was deposited onto LSMO/STO thin films to explore such heterostructure
to be integrated in our devices. Depositions by RT sputtering and SG were again
performed in two samples respectively named CA508 and CA660.

The in-plane epitaxial relationship between films and substrate is deter-
mined by φ-scans around the (202) peaks of PZT, LSMO and Silicon, shown in Figure
3.51 for sample CA508. A clear four-fold symmetry with 90° peak separation con-
firms that the PZT/LSMO layers grow in diagonal-on-cube geometry with 45° in-
plane rotation on Silicon substrate as do the buffer STO in such substrates, owing to
its large lattice mismatch with Si (aSTO =0.3905 nm and aSi =0.534 nm) unit cell pa-
rameters. The in-plane and out-of-plane hetero-epitaxial relationship between film
and substrate can be viewed as PZT[100]//LSMO[100]//STO[100]//Si[110] with
the 45° rotation and PZT (001)//LSMO(001)//STO(001)//Si(001) as all epitaxy lay-
ers are c-oriented.

FIGURE 3.51: XRD φ-scan of 240 nm thick PZT deposited by RT sput-
tering onto NbSTO and (b) 233 nm of PZT deposited by deposited on
LSMO/STO/Si by sol-gel method sputtering followed by 650°C RTA

with RTA of 650°C
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FIGURE 3.52: AFM scan of 6x6 µm2 area of sample CA660 exhibiting
a rms roughness of only 0.37 nm

PFM measurements were performed for both samples and are exhibited in
figures 3.54 and 3.53.

FIGURE 3.53: PFM spectroscopy for sample CA508 exhibiting a typi-
cal hysteresis amplitude vs voltage bias loop
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FIGURE 3.54: PFM 15 × 15µm2 imaging of sample CA508 after arti-
ficial domains creation with +10V dc applied to a 2 × 2µm2 area and
-10V dc applied to a 6× 6µm2 area exhibiting great contrast for all the

defined regions

Both samples were then measured using a ST circuit with a sinusoidal sig-
nal at 500 Hz and Emax = 860kV/cm (20V). For the sample CA660 values of Pr = 10
µC/cm2 and Ec = 66 kV/cm were obtained with little fatigue up to 109 cycles (Pr =
8.9 µC/cm2 and Ec = 87 kV/cm). For the CA508, Pr = 16.4 µC/cm2 et Ec = 87 kV/cm
also with little fatigue at 108 cycles Pr = 16.1 µC/cm2 Ec = 106 kV/cm and Pr = 15.9
µC/cm2, Ec = 103 kV/cm for 109 cycles.

The fatigue was performed with a sinusoidal signal of 10 V (430 kV/cm)
at 100 kHz, which is considered fast but necessary to be able to measure up to 109

cycles.
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FIGURE 3.55: Polarization hysteresis loop comparison for samples
CA508 and CA660

All the PZT films had their dielectric properties compared by patterning
Pt circular contacts on top of the films with 100 µm diameter, leading to a 7.85398 ·
10−9m2 surface, using a ST-circuit with 1 kHz frequency and 50 mV applied between
two electrodes. The voltage value was fixed and the respective values for capaci-
tance, loss tangent, real applied voltage and current passing through the capacitor
are read at a capacitance meter. From the values of voltage and current, we have cal-
culated the impedance Z, whereas the resistance (and subsequently the resistivity)
is evaluated from the loss tangent, as shown in figure 3.56. They have all exhibited
good values for ϵ and resistivity. However, as confirmed by the AFM and PFM char-
acterizations, the thicker films with either 233 or 240 nm show better performances
than the thinner ones resulting in higher resistivity of the PZT films with equally
low tangent losses (reduced dielectric losses within the capacitor).
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FIGURE 3.56: Schematics of basic equivalent series resistance for PZT
capacitor measurements and the definition of a capacitor loss tangent,
where Xc represents the reactance of the capacitor in ohms and R its

resistance. Extracted from ( c⃝, n.d.).

Sample
Thickness
PZT (nm)

Cp (pF) ϵ(F/m) ϵr tanδ Z (Ω)
Resistivity
(Ω · cm)

CA656_ SG 100 193 4.91 · 10−9 555 0.04 .13 · 105 7.73 · 107

CA656_RT 100 283 7.21 · 10−9 814 0.01 2.80 · 105 2.11 · 108

NbSTO_SG_1 100 77 1.96 · 10−9 222 0.01 1.01 · 106 7.75 · 108

NbSTO_SG_2 233 38 2.25 · 10−9 255 0.01 2.10 · 106 1.57 · 109

NbSTO_RT_1 100 91 2.32 · 10−9 262 0.01 8.69 · 106 6.56 · 108

NbSTO_RT_2 240 50 3.06 · 10−9 345 0.01 1.58 · 106 1.19 · 109

CA660_SG 233 96 5.70 · 10−9 644 0.02 8.41 · 105 3.11 · 108

CA508_RT 240 99 6.05 · 10−9 684 0.01 8.13 · 105 6.03 · 108

TABLE 3.5: Dielectric properties comparison for the thin films of PZT
deposited by sputtering in room temperature and sol-gel techniques

3.5.3 Growth of AlN by PLD

60 nm of AlN thin films were deposited by pulsed laser deposition at the conditions
described in table 3.2 on either gold or LSMO bottom electrode. XRD measurements
were performed showing highly textured AlN with c-axis preferential orientation
when deposited on LSMO/STO films, as shown in figure 3.57. However, the AlN
under same conditions deposited on top of a gold surface has shown a diffraction
pattern exhibiting many phases, displayed in figure 3.58.

Atomic force microscopy scans were realized as shown in figures 3.59 - 3.60
for surface evaluation.
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FIGURE 3.57: XRD of 60nm of AlN deposited by PLD at room tem-
perature on 45 nm-thick LSMO bottom electrode

The root-mean-square (RMS) surface roughness of the 60 nm thick AlN thin
film grown on top of a gold electrode was Rq ≈ 10.44 ± 2.6nm, and Rq ≈ 0.4 ±
0.07nm for the same thickness of AlN grown onto LSMO/STO, as low as the ones
found in literature Zhu et al., 2008, both parameters were calculated in Gwyddion
under a scanning range of 5x5 µm2 determined by atomic force microscopy (AFM)
in tapping mode.

The atomically flat LSMO/STO surfaces onto which AlN was deposited in
the latter case and the high kinectic energies of the ablated growth precursors in the
PLD plume have favoured a highly textured c-axis preferential oriented AlN growth
with a rather smooth surface even if the presence of oxygen in the bottom electrode
may have cause some disorders at the interface level Fujioka et al., 2001. Whereas for
the AlN deposited on top of a gold electrode, hexagonal microrods in the wurtzite
phase showing planar and morphologically smooth surfaces were identified with
an average size of about 5µm, indicating that the base layer of AlN grows as very
thin AlN islands, as reported by Sivadasan et al., 2016, that accommodates Al and N
atoms in the form of hexagonal microrod structures along < 0001 > direction due
to slow growth velocity at low temperatures that leads such atoms to have enough
time to move to the lower energy sites (Hua-Jie et al., 2017). The polycrystalline
nature observed in XRD pattern indicates the presence of all possible orientation in
ensemble of such microrods.
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FIGURE 3.58: XRD of 60nm of AlN deposited by PLD at room tem-
perature on 100 nm-thick gold bottom electrode

A crystallographic structural study showing (hkl) planes of (200) and (220)
at 2θ values of 45.76 and 67.08 degree, respectively, correspond to the cubic phase of
AlN base layers on intrinsic gold.

PFM measurements were performed for both samples either on gold or on
LSMO and are exhibited in figure 3.61.

Both loops exhibit similar amplitude values, which allows us to validate the
use of LSMO as a bottom electrode for AlN growth, since no such heterostructures
were performed by other groups.

3.6 Conclusion

The films deposited by PLD at GREYC laboratory LSMO / STO / Si and mainly
LSMO / STO / SOS object of study in this thesis for the further use in devices fab-
rication were carefully studied structurally and electrically. They exhibit very good
quality and the results for SOS substrate are gathered in an article under revision at
Applied Surface Science (Chaluvadi et al., 2022).

The integration of the selected piezoelectric materials, namely PZT and
AlN, have also led to thin films of great characteristics. The (00l) orientation of the
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FIGURE 3.59: AFM scan over (a), (b) 5x5 µm2 and (c), (d) 15x15 µm2 of
60nm of AlN deposited by PLD at room temperature on gold bottom

electrode
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FIGURE 3.60: AFM scan over (a), (b) 2x2 µm2 and (c), (d) 5x5 µm2 of
60nm of AlN deposited by PLD at room temperature on 45 nm-thick

LSMO bottom electrode
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FIGURE 3.61: Spectroscopy amplitude vs bias voltage measurement
in PFM for PLD RT deposited AlN on Au and on LSMO

PZT and AlN layers were evaluated by X-ray diffraction showing that we obtained
epitaxial films even at room temperature depositions for PZT with RTA for 1 minute
in 650°C, which still allows the PZT to be patterned by lift-off process as desired.
The films have shown excellent fatigue properties as expected and we were able to
measure up to 109 cycles. AlN have also shown highly oriented c-axis peaks diffrac-
tion patterns and an analysis in AFM have shown that it grows completely different
from the microrod formation found when deposited onto gold, which is probably
due to a growth in the cubic phase, to match with the LSMO pseudo-cubic structure.
In terms of actuation, by using PFM the amplitude vs bias voltage measurements
have shown comparable signals either with gold or LSMO bottom electrode, how-
ever, smoother surfaces were obtained when grown onto LSMO which may reduce
the leakage current due to smaller verified granularities.

I presented the results for both integrations of piezoelectric materials PZT
and AlN onto LSMO/STO/Si heterostructure on three virtual conferences as oral
presentations in 2021: European Materials Research Society (E-MRS) - 20th to 23rd
September, Journées de la Matière Condensée (JMC 2021) - 24th to 27th August- and
Symposium on Design, Test, Integration and Packaging of MEMS/MOEMS (DTIP
2021) - 25th - 27th August. For the latter, one article was published at IEEE Explore
containing the results for PZT deposited at 600°C (De Araújo et al., 2021). The re-
maining results are in use for preparation of a second article on room temperature
deposition of epitaxial PZT onto LSMO to be submitted in a peer reviewed journal.
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Chapter 4

Suspended double clamped LSMO
bridges

The advancements in fabrication of high-quality epitaxial oxide thin films by MBE,
PLD and sputtering techniques, as described in the previous chapter, allows not only
the growth of stoichiometric epitaxial oxide thin films with precise composition but
also of artificial heterostructures.

The continuous trend towards low-thermal-budget and low-temperature
processing has boosted our interest in developing a full room-temperature integra-
tion process of piezoelectric materials into simple bridge suspended structures, apart
from the necessary annealing treatments, as described in the next sections.

Three different kind of fabrication are detailed and the corresponding re-
sults exhibited in the form of electrical and thermal characterizations as well as static
Digital Holographic Microscopy measurements. The influence of processing condi-
tions on the control of the resulting materials and etching rates are discussed.

4.1 Fabrication Process

The fabrication of successful clamped-clamped suspended beams requires at the
start point the definition of the very basic parameters such as the substrate choice
and the width of the structures to be fabricated. Both parameter of great importance
when evaluating the strain effects of epitaxial strain in the LSMO/STO and the Si-
based substrates.

In (Liu, 2019) and (Guillet et al., 2019), simple LSMO/STO beam structures
were fabricated on Si substrate. Such fabrication requires at first the deposition and
definition of gold contacts by lithography to enable the future contacts for the LSMO
layer. To enhance the fabrication yield, a protection film may be deposited on top
of the LSMO beam, to increase its hardness, this is generally done by a layer of
amorphous STO deposited by PLD at room temperature in order not to degrade the
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LSMO electrode - which has been verified when a layer of Al2O3 is directly deposited
by ion beam deposition (a high energetic deposition method). The bridges’ patterns
on LSMO/STO are then defined and etched vertically using an ion beam etching
process followed by their release from the silicon substrate, using the same mask, in
SF6 plasma using reactive ion etching technique. The parameters are set to favour
the lateral etching of silicon in comparison with the depth.

The length of the bridges are typically defined as 50, 100, 150 and 200 µm in
order to have a more global understanding of our results also as a function of bridge
length.

Simple 4 µm-large 45 nm-thick LSMO on STO simple bridges were fabri-
cated by (Liu, 2019) using a silicon substrate as shown in the schematics in figure
4.1. However, the release of the epitaxial strain has led to an observed curvature
on the bridge’s transverse profile, observed in Figure 4.2, that highly increases its
resonant frequency detection.

FIGURE 4.1: Complete fabrication process for simple bridge struc-
tures on LSMO / STO / Si. Extracted from (Liu, 2013a)

FIGURE 4.2: Confocal image of simple LSMO/STO suspended
bridge. Extracted from (Liu, 2019)

The difficulty linked to work with suspended structures of such materials
subjected to high residual strains is, first of all, related to the intrinsic difficulty of
fabrication itself: the release of the materials from substrate can lead to the breakage
of the bridges if the residual strain is too high. However, even in the case where
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fabrication is successful, a second problem may take place: if any cracks are present
in stress concentrated points, they may propagate along crystal directions since the
materials are epitaxially grown and the device can break during operation. Hence,
to ensure a better performance of the device as well as to guarantee that its resonant
frequency detectability lays in typical vibration meter equipment, it is of high inter-
est the flatness of the suspended beam. Since it’s a resultant effect of the epitaxial
strain release, the use of Silicon On Insulator (SOI) substrates was seen as a promis-
ing idea due to the possibility of keeping, as a part of the suspended structure, a thin
layer of Si as well, retaining the epitaxial strain of the top films and rendering the
structure flat with a lower resonant frequency. The other approach is to use Silicon-
on-Sapphire (SOS) substrates to keep the residual strain in slightly lower levels.

The choice of substrates, as described in chapter 3, thus gives rise to three
techniques adapted to each of them for the manufacturing process. First of all, a 20
nm epitaxial buffer layer of SrTiO3 (STO) is deposited by MBE (Molecular Beam Epi-
taxy) at Cornell University (USA) in all Si-based commercially available substrates,
as discussed in the previous chapter.

The wafers were then diced into several 10×10 mm2 substrates for the sub-
sequent deposition of an extra 6 u.c. STO layer to obtain a clean surface and 30 or
45 nm thick La2/3Sr1/3MnO3 (LSMO) films by PLD equipped with in-situ reflection
high-energy electron diffraction (RHEED) at the GREYC laboratory located in Caen,
France. A KrF excimer laser of λ = 248 nm and laser repetition rate of 1 Hz was
used.

Such heterostructures are the depart point for the three different fabrication
technology branches we developed. Each one will be further explained separately
in the following sections.

4.2 Methods and calibration

4.2.1 Gold contacts

GATAN model 682 PECS (precision etching and coating system), shown in figure
4.3, is a sample preparation technique for SEM and TEM specimens that provides
the possibilities of uniform coating of films, etching and cleaning contaminated sur-
faces of the samples. In this thesis, I used GATAN exclusively for the Au contact
depositions for the top pads on the devices for electrical measurements.
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Target Voltage (keV) Current (µA) Pressure (Pa) rpm Time (s)
Au 10 614 4×10−3 40 600

TABLE 4.1: GATAN PECS gold deposition parameters. The same pa-
rameters are also used for Cr and Al2O3, resting only a function of

the time to achieve the desired thickness

FIGURE 4.3: Front view of the precision etching and coating system
used at the clean room at GREYC laboratory

After sample insertion into the chamber and vacuum achieved in the order
of 10−6 Torr, the ion canons, pointed towards the target with a 45° angle, are fed
with a high voltage and currents and the pressure inside the chamber is adjusted
to 5 × 10−3 Pa. Once the current is stable in both the right and left canons, Argon
(Ar) is introduced into the chamber to be ionized in Ar+ due to the presence of high
currents. The Ar+ ions are then directed towards the target for bombardment, a
physical action that removes the material and deposes it onto the substrate located
at 45° below.

Both the deposition rate and the thickness of the film are controllable by
adjusting the power of the ion canons which can vary from 1 keV to 10 keV and the
current that passes into canon guns focused onto the target, since this determines the
strength of the physical action between the target and the Ar+ ions. The parameters
used in deposition is displayed at Table 4.1. The deposition rate for the gold coating
under such conditions is about 8 nm/min.

4.2.2 UV photolithography

The patterning of structures in microfabrication context consists of the transfer of a
motif to a photosensitive material, typically photoresist, by selective exposure to a
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radiation source to change its physical properties at the exposed areas, namely, its
chemical resistance to developer solution.

The photoresist we use for our lithography processes is the Shipley S 1813
a positive resist, i.e., the exposed material is etched away by the developer whereas
the unexposed area is resilient. Its use goes far beyond a temporary mask for etch-
ing an underlying layer as we often also employ the photoresist as a template for
patterning deposited materials after photolithography, as is the case for our piezo-
electric actuators/detectors, to subsequently etch the resist away in a process called
lift-off.

The first lithographies were performed using the MJB3 Suss Microtech Mask
aligner for UV photolithography with a physical mask, as shown in Figure 4.4. This
equipment allows the alignment between mask (constituted by a glass plaque with
the patterns on chromium) that is hold under vacuum and the sample cautiously
placed as aligned as possible to require in a second moment just the fine offsets and
rotations alignment with the screw axis. The resolution is defined by the kind of con-
tact selected. Once mask and sample are on contact, they are exposed using a UV
lamp (400 nm) of high intensity (350 W) for around 6 seconds for the LSMO patterns.

Aiming better resolution and process simplicity, the same patterns for the
complete structure were then realized by laser photolitography MicroWriter ML®3
Pro from DMO acquired in july 2020 at GREYC, as shown in Figure 4.5, which of-
fers the possibility to modify the mask (designed in either KLayout or CleWin) ac-
cordingly to the adaptations for each fabrication process, since it is hold in soft-
ware: instead of illuminating the sample through a physical mask, such direct-write
lithography project the exposure pattern directly onto the photoresist by computer-
controlled optics. This provides to the process greater flexibility as it can be rapidly
modified at no cost and better reliability of performance.

Layers of resins up to several hundreds of microns can be written with a
single laser sweep, thanks to several optical treatments that guarantee a very large
depth of focus. The track surface slope and a focus lock is performed by automatic
system selection of a number of locations across the exposed area to locally mea-
sure the surface height interpolating all other exposure locations from these previous
measures to which small corrections may be added in real-time during the exposure
to prevent distortions by loss of focus in varying topography (one of the limiting
factors of MEMS lithography, due to presence of high aspect features).

The alignment structures consist of 20 × 20 µm2 squares distributed around
the 10 × 5 µm2 sample transferred to the sample along with the first pattern to be
used as reference for positioning and correcting fine offsets in rotation for the sub-
sequent layers design. A Virtual Mask Aligner mode is at disposal and it displays
the pattern to be exposed on top of the real-time microscope image, as a traditional
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FIGURE 4.4: MJB3 Suss Microtech Mask aligner for UV photolithog-
raphy system



4.2. Methods and calibration 111

FIGURE 4.5: MicroWriter ML®3 Pro

Material Dose Exposition (mJ/cm2)
LSMO 0.7 150

Au/LSMO 1.2 100
Au/AlN/LSMO 0.9 100

PZT 0.8 150

TABLE 4.2: Tested doses for each material lithography illumination

mask aligner.

The accuracy of the pattern transfer from the mask to the resist, however,
depends on the wavelength of the radiation source and the dose required to achieve
the desired change of properties in the photoresist. Once the physics of the exposure
process plays a major role in affecting the dose actually received (a highly reflective
bottom layer may result in the photosensitive material experiencing a more impor-
tant dose from the addition of incident and reflected radiations in comparison to
an absorbing underlying film, resumed to one path) prior to lithography we have
performed test doses for all the used materials in this thesis as exhibited in Table 4.2.

The complete lithography is characterized, nevertheless, as a sequence of
process steps as listed below:

1. Dehydration bake: to improve adhesion by achieving complete evaporation
of solvents through annealing process for 5 minutes at 90°C;
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2. Resist spin coating: the sample is centralized and safely positioned for rota-
tion held under vacuum, for droplet application of a positive photosensitive
resin (S1813), such that the UV-exposed parts are soluble in a soda-based solu-
tion. The rotation is carried out with a spinner with predefined speed of 4000
rpm during 40s to evenly spread the PR by centrifugal force.

3. Soft bake: the sample is again put in the hotplate at 90°C for 5 minutes in order
to drive off some of the resist’s solvent to make it more viscous, resulting in its
significant loss of mass and consequently thickness.

4. Alignment and exposure: patterns on mask are aligned to specific features
on samples, proceeding to the exposure to cause selective chemical property
change in the resist.

5. Develop: after the pattern transfer through exposure, the sample is immersed
in developer solution during 40 seconds while stirring to make sure all the
edges are well defined. This process removes the exposed resist keeping only
the designed structures that will be ready for the subsequent steps, namely,
material deposition or etching. The sample is then rinsed in deionized water
for at least one minute to stop the development process.

4.2.3 Etching techniques

Etching, defined as the removal of unwanted material from substrates, is an essen-
tial step in fabrication of any micro-(nano-)devices and can be classified in two types:
dry and wet etching. The former, as suggested by its name, is performed in a dry
environment and the etching process can vary as one can use plasma etching, reac-
tive gaseous species, physical bombardment, etc. For my fabrication process, I used
mainly Ion Beam Etching (IBE) and Reactive Ion Etching (RIE), further described in
the next topics, but also chemical etching with KI and HF.

The etching process can be isotropic or anisotropic. It is said to be anisotropic
when a preferential direction is observed, such as by IBE. The isotropic etching is ob-
tained when all crystallographic directions are attacked with equal speed. We used
a change in parameters in RIE to obtain both types for Si substrates.

As for the wet chemical etching, it is a process done in a bath of liquid phase
etchant. The basic principle lies in the dissolution of the material to be removed
by immersion into appropriate chemical bath, however, the process simplicity com-
pared to dry etching is generally accompanied by a lost in precision and control.
Hence, this process was kept exclusively for the gold pads etching for the LSMO
contacts.
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KI solution

The bigger contact pads on gold necessary to connect the bottom electrode, LSMO,
to a PCB for electrical characterization don’t require an exceptional resolution and
can be etched by a wet method. Gold etchants are solutions based on potassium
iodide and iodine (KI/I2) chemistry and compatible with both positive and negative
photoresist materials.

A KI solution was prepared using 1.2 g of iodine (I2), 4 g of potassium io-
dide (KI) and 20 ml de water mixed with magnetic rotation for about 10 minutes.
The gold and iodine form gold iodine which solubility can be improved by adding
KI to the solution and, if necessary, the etch rate can be reduced approximately 50%
by adding 1 part deionized water to 2 parts etchant. Other halogenides can substi-
tute the iodine/iodide with exception of fluorine which does not form soluble gold
compounds, but we kept the same recipe for all the fabricated structures. The chem-
ical reaction that takes place is the following:

2Au + I2 → 2AuI (4.1)

The sample with the patterned contact pads was then put into the KI solu-
tion for 30 seconds. It is important to move the sample for the whole time because if
the etchant at the surface becomes saturated while a fresh etchant cannot reach the
sample surface the etching will slow down. Therefore, stirring the sample will cause
the etchant to be brought to the surface promoting the maintenance of etching.

The etchant with our selected mixture ratio etchs gold in room temperature
with an etch rate greater than 200 nm/min.

Once the etching is completed, the sample was carefully transferred to
deionised water to rinse the etchant away for about 1 minute. The sample was again
transferred to another beaker with DI water for another 1 minute rinse. Once this
was done, the sample was placed on a flat surface and dried by blowing with nitro-
gen gun.

A microscopy inspection with red filter was performed to make sure that
it doesn’t show any traces of unetched gold and the sample was then ready for the
next lithography step.

Buffered Hydrofluoric Acid (HF) wet etching

Hydrofluoric Acid (HF) solution is a well-known etching mechanism for silicon
dioxide, SiO2, either as a pre-treatment for native oxide cleaning or for its common
use as sacrificial layer in surface micro-machining.
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FIGURE 4.6: 6µm LSMO/STO/Si cantilevers before and after a 10
minute bath in buffered HF solution

The chemical reactions that occur are

SiO2(s) + 6HF(l) → 2H2O(l) + H2SiF6(aq) (4.2)

SiO2(s) + 4HF(l) → 2H2O(l) + SiF4(aq) (4.3)

Etch rate, however, is known to increase with HF concentration and the
reactivity of SiO2 is reduced with annealing or densification of the grown oxide, as
is the case of quartz that is soluble in HF while coesite (the densest form of SiO2 at
3.01 g ml−1) is insoluble in the same solution (Monk, Soane, and Howe, 1993). It
has been shown that increasing boron dopant concentration in HF acid can increase
the etch rate, in such a way that, it has been used as a calibration factor to measure
the boron concentration in an oxide film (Schwettmann, Dexter, and Cole, 1973),
(Pliskin, 1968).

Since the plasma etching of SiO2 in RIE is extremely time consuming, we
decided to proceed with the silicon dioxide removal by buffered HF bath. Never-
theless, for our HF solution, we estimated an approximated etch rate of 0.3 nm/min
for the buffer STO that was completely etched away after a 10 min HF immersion as
exhibited in Figure 4.6, whereas the it took about 30 min for the 2 µm SiO2, an etch
rate greater than in RIE with CHF3 plasma with a roughly estimated ratio of 4.

To protect the bottom STO from being etched causing the release of the top
LSMO layer, Aluminum Nitride (AlN) was chosen as protection layer due to its ex-
cellent chemical stability and possibility to actuate as both protection layer during
HF bath in fabrication process and as actuator/detector of final device. After the
wet etching, the samples were placed in ethanol to facilitate the liquid evaporation
after the process. However, due to strong Van der Waal forces, stiction was gener-
ally verified by the pull down of the center of the freestanding beams by capillary
forces during drying and characterizes the main problem in such process, risking
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FIGURE 4.7: 4 µm bridges suspended by HF wet etching of the sac-
rificial layer SiO2 showing successful release for 50 and 100 µm long

bridges and stiction for 150 and 200 µm long ones

the collapse of the suspended structures.

This is shown in Figure 4.7 for 4 µm bridges suspended by the removal
of the sacrificial layer SiO2 and characterizes one of the main problems in MEMS
fabrication when wet etching is used to release the structure from substrate.

Stiction in surface micromachining takes place when adhesion forces be-
tween fabricated structures and substrate are stronger than the restoring elastic forces.
It is observed when contacting surfaces roughness approach the nanometer scale
and whereas sometimes desired in semiconductor industry for bonding purposes, it
is a notorious source of MEMS malfunctioning.

When the internal pressure of the liquid is lower than outside then the
solids are pushed together by pressure forces, bridged by the liquid.

The silicon treatment with HF leaves the silicon surfaces hydrophobic with
either H or F termination, which favours the hydrogen bonding (dipole-dipole at-
traction in which the hydrogen atom in a polar molecule interacts with an elec-
tronegative atom of an adjacent molecule) and the dispersion van der Waals attrac-
tion forces between two hydrophobic surfaces.

When silicon passes through an HF treatment without a subsequent DI wa-
ter rinse, its surface dangling bonds are mainly terminated by hydrogen, however,
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a significant amount of fluorine (about 0.12 of a monolayer) can be detected in the
surface as reported in (Tong et al., 1993). The DI water rise allows a drastically de-
crease in the number of Si-F bonds degrading the bondability of the hydrophobic Si
surfaces due to the smoothness of an buffered HF silicon substrate: Si-F bonds are
located mainly at chemical reactive sites such as atomic steps and surface defects
in such a way that a small roughness surface leads to depletion of Si-F bonds and
smaller probability of bonds.

Such stiction problems could also be avoided by using HF vapours to isotrop-
ically remove the unwanted portions of SiO2. However this approach results in low
etching rate (even lower than the one achieved by RIE if the same concentration of
HF is used) as exhibited in Table 4.3 and the best results are only achieved in a very
narrow temperature window.

HF Material Etching rate Temperature
10% SiO2 lateral ≈100 nm/min 20°C
10% SiO2 depth ≈50 nm/min 20°C
10% STO lateral ≈300 nm/min 20°C

TABLE 4.3: Etch rates for buffered HF etching of SiO2

At last, the release of structures could be guaranteed if a critical point dryer
were used. A process that not only releases, but also cleans and dries flexible struc-
tures based on avoidance of tangencial forces caused by surface tension during evap-
oration by working, as the name says itself, in the critical point where physical char-
acteristics of liquid and gases are indistinguishable and the compounds can be con-
verted in either one without ever crossing the interfaces between liquid and gas.

An important point to keep in mind is that HF acid nevertheless extremely
dangerous if ever in contact with the skin and a formation was necessary before any
manipulations and all the personal protective equipment were used in maximum
security as listed in Figure D.1 in appendix D. The workstation handling, waste dis-
posal and actions in the event of an accident were some of the topics covered. The
handling of vapour HF would require additional safety precautions, another reason
why it wasn’t a desired option.

If needed, HF can be neutralized with potassium hydroxide (a base) and
water. A reaction that produces potassium fluoride salt and water.

For the etching performed at room-temperature, a difference between lat-
eral and thickness etch rate was evidenced being normally of 2:1. Lateral etching was
measured by successive etching steps of 8 µm large bridges, where the unetched part
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FIGURE 4.8: SiO2 lateral etching evaluation after 30 minutes in HF
bath at 20°C

was measured as shown in figure 4.8 by optical microscopy.

The thickness etching was measured by mechanical profilometer, but also
by DHM as shown in figure 4.9 to have a better understanding on the different etch
rates by evaluation of the patterns on surface of partially etched SiO2, as seen in
figure 4.10.

Such difference in preferential etching planes is seen in figure 4.10 where
the reaction by-products exhibit low diffusivity in the native oxide, resulting in
mainly lateral diffusion leading to the observed patterns on the SiO2 surface. The
evaluated thickness etch rate was of about 50 nm/min while of 100 nm/min for
lateral etching.

Material Etch Technique Etch Rate

SiO2 RIE 17 nm/min

SiO2 HF 50 nm/min

TABLE 4.4: Comparison for SiO2 etching in HF acid bath and RIE dry
etching technique, shown to be almost 3 times faster.

Ion Beam Etching

Ion Beam Etching (IBE) is a widely used technique capable of etching a large range of
materials during fabrication process. The reason due to its purely physical sputter-
ing principle of operation that allows the removal of any material not protected by
the resist by collision of a mono-energetic beam of Argon accelerated and directed
ions from an ion source. This technique enables excellent profile control thanks to a
variable etch beam angle relative to sample surface features. It is used for my pro-
cess to etch LSMO and STO when fabricating simple bridges. This has shown an
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FIGURE 4.9: SiO2 etching rate (depth) after 10 minutes in HF bath at
20°C

FIGURE 4.10: SiO2 surface etching patterns after 10 minutes in HF
bath at 20°C
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FIGURE 4.11: Schematics principle of ionic beam etching

important option and sometimes even gold due to its better lateral definition not
achievable with KI solution.

The principle of IBE is presented in Figure 4.11. The introduced gas into
the discharge room is ionized by collision with the electrons emitted by a tungsten
filament that constitutes the cathode. The ion beam is channelled by a grid that also
prevent the electrons from entering the etching zone. The ions are accelerated by
a series of three grids and they are then neutralised by a tungsten filament before
arriving at the sample in the low pressure chamber.

The etching conditions used for our IBE system are shown in Table 4.5
whereas the etching rates are displayed in Table 4.6.

Discharge Beam Neutralization Current/Voltage
current (A) voltage (V) current (A) cathode

0.4 600 1.6 6-9V/4.75-6V 1

TABLE 4.5: Etching parameters for IBE etching technique

LSMO Au Si PZT Photoresist
Etching rate (nm/min) 5 35 8 10 30

TABLE 4.6: Etching rates for the different materials using IBE etching
technique

To test the effect of a sample which undergoes 30 minutes of etching time in
IBE chamber, R(T) for LSMO was measured before and after an etching with usual
conditions, completely covered with resin. Figure 4.12 shows that the two measure-
ments are identical which proves that LSMO is not degraded by this fabrication step.
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FIGURE 4.12: LSMO thin film resistivity comparison before and after
30 minutes in IBE etching, covered in photoresist

Reactive Ion Etching

Reactive Ion Etching (RIE) is a well-known technique for highly anisotropic etch-
ing, ideal for producing vertical profiles, in which chemically reactive gases and
ion bombardment are used for removal of material achieving very high aspect ra-
tio structures. It has been a key development that allows devices to reduced in size
enabling faster electronics to be placed on the same chip. It is a directional etching
technique that uses a combination of both physical action and chemical reaction. I
will use it at low power and high pressure when aiming to favour isotropic etching
to release the LSMO/STO bridges from the Si substrate, or with higher power and
lower pressure to etch Si in depth and keep it as a part of the structure to be released
from the SiO2 in an HF bath.

The sample is placed on a table in the etching chamber and vacuum is es-
tablished. The gases introduced in the chamber are wisely chosen depending on the
material to be removed, as reported in Table 4.7, as well as the gas flux and power
applied to the system. Our RIE system disposes of four gases arrival: SF6, CHF3, O2

and Ar. The etching rates are also reported in Table 4.7.

The application of RF power at 13.56 MHz to the powered electrode (cath-
ode) by keeping the other electrode (anode) grounded causes plasma to be initiated,
as represented in Figure 4.13, as a result of gas molecules ionized by the electric field.
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Etching Etchant Gas flux Power Pressure Etching rate
material (sccm) (W) (Torr) (µm/min)

Si (depth) SF6 30 40 0.03 0.47

Si (lateral) SF6 30 30 0.05 0.2

Si on Sapphire SF6 30 40 0.03 0.4
(depth)

Si on Sapphire SF6 30 30 0.05 0.1
(lateral)

SiO2 CHF3 30+0.6 75 0.04 17
+2% O2

Photoresist O2 20 15 0.03 70

Cleaning Ar + O2 20+20 30 0.03 −

TABLE 4.7: RIE plasma generation parameters and etching rates

FIGURE 4.13: Schematic representation of Reactive Ion Etching vac-
uum chamber with plasma formation

The RF applied power plays an important role in both generation of reac-
tive gaseous species in the bulk plasma, such as excited molecules and radicals, and
at the density of the charged species, i. e., electrons and ions. The extraction of these
ions from the plasma and subsequent energization towards the sample is performed
due to an additional DC bias voltage that contributes to the directionality of etching
and desorption of reaction by-products from the surface of the sample.

The parameters of etching for silicon depending on the step of fabrication
are due to the interest in either a anisotropic or isotropic process, as to achieve the
removal of Si preferentially in depth to arrive at the SiO2 layer or laterally to release
the suspended structures.

The effect of prolonged exposition of the sample to the plasma in the LSMO’s
quality was tested by measurement of it’s resistance in the range 300 - 420 K of tem-
perature, R(T), before and after exposition to the SF6 plasma.
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FIGURE 4.14: Etch rate of Si for (a) lateral etching in Reactive Ion
Etching in SF6 as a function of pressure for different gas fluxes and the
(b) ratio of etching between lateral and depth etching for two different

pressures. Extracted from (Liu, 2013a)
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FIGURE 4.15: Reactive Ion Etching controller and its vacuum cham-
ber (model PLASSYS MG 200) at the clean room at GREYC laboratory
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FIGURE 4.17: LSMO R(T) before and after 20 min exposure to SF6
plasma in Reactive Ion Etching vacuum chamber

The sample had its curve R(T) measured before starting the tests, and then
was coated with photoresist in spin coating with a rotation of 4000 rpm for 40 sec-
onds and centrally placed in RIE under a SF6 plasma with a gas flow rate of 30 sccm
for 20 minutes with a pressure of 0.05 Torr and power of 30 W. The photoresist was
withdrawal in acetone and ethanol bath, and the curve R(T) were once again mea-
sured.

For the release of the bridges, as in figure 4.16, we have used reactive etch-
ing of silicon as to achieve an isotropic etching to completely remove the bottom
silicon under the beam with the shown parameters for the Si lateral etching.

FIGURE 4.16: Scanning electron microscope (SEM) photographs of
free standing 50 nm thick LSMO/CTO suspended micro-bridges ex-

tracted from (Liu et al., 2019)

The Figure 4.17 showns that RIE did not degrade the LSMO thin film when
protected by photoresist.
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Material SF6 plasma CHF3 plasma HF acid HCl acid KI solution
LSMO X X X ! X

STO X X ! X X

PZT X X ! ! X

AlN X X X ! X

Si ! X X X X

SiO2 X ! ! X X

Au X X X X !

TABLE 4.8: Compatibility table between etchants and etched mate-
rials present in the heterostructures of interest for resonant MEMS
fabrication. X represents that the material isn’t etched by the associ-

ated etchant, whereas!signs that etching takes place.

4.3 Static Characterization

The static characterization can be realized by several microscopy techniques. Here,
I had used three different kinds namely Confocal Microscopy, Digital Holographic
Microscopy (DHM) and the Keyence Digital Microscope. Each one has its advan-
tages as shown in the next subsections for evaluation of the same sample of simple
4µm large LSMO/STO bridges fabricated onto Si substrate.

4.3.1 Confocal Microscopy

Confocal technology allows the measurement of surfaces height trough the conver-
sion of conventional images into optical sections by preserving the signal for the
areas within the depth of focus of the objective, improving the image contrast, the
lateral resolution and system noise. The imaging technique utilizes an aperture at
the confocal plane of the chosen objective and this way out-of-focus light is pre-
vented from entering the imaging system resulting in exclusively in-focus plane on
the sample captured (Keyence, n.d.[b]).

Its performance is improved by the use of a LED over a laser, since it avoids
interference patterns and scattering typical of laser light sources and they offer great
versatility once it enables different wavelengths to be used depending on sample
characteristics.

Vertical resolution is limited by the instrument noise and it is dependent of
the numerical aperture (NA), a measure of the microscope’s ability to gather light
and resolve fine specimen detail at a fixed object distance, for confocal microscopy
measurements. We used a Sensofar S-neox confocal laser microscope equipped with
a blue light-emitting diode (LED, λ =405 nm) to inspect the surface of our samples.
Sensofar deliver nanometer level system noise for any measurements technique at
the highest possible lateral resolution for an optical instrument (Keyence, n.d.[b]).
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FIGURE 4.18: S-neox confocal microscope schematics. Extracted from
(Keyence, n.d.[b])

LEDs with shorter wavelengths, as the used one, are used on those applications
where the highest lateral resolution is required. Rayleigh criterion can be used to
determine the smallest resolvable dimension by an optical system and shows its
relation with the chosen wavelength:

r =
1.22λ

2NA
(4.4)

Confocal profiling provides the highest lateral resolution, up to 0.15 µm line
& space. The spatial sampling, using such microscopy, can be reduced to 0.01 µm,
ideal for critical dimension measurements. Such great resolution have allowed us to
investigate the transversal curvature of the suspended bridges due to the release of
residual strain as several points were measurable over a profile crossing the bridges.

2D images were acquired with 1220× 1024 pixels for the aforementioned
4µm large LSMO/STO bridges as exhibited in figure 4.19. The etched area is clearly
seen with a brighter contrast, displaying the fact that the structure is indeed com-
pletely suspended. The different lengths of the bridges are shown in Figure 4.20.
From the 2D images and the acquired z-axis information, a 3D reconstruction of the
whole structure is possible as shown in figure 4.21. However, since this is simply a
3D reconstruction no actual data is available for the region under the bridge and one
can only verify the etching depth from such image (around 7.6 µm).

4.3.2 VHX Series Digital Microscope

The VHX series digital microscope from Keyence, as exhibited in figure 4.22 pro-
vides a large depth of field and high resolution, which is ideal for observation of 3D
structures together with its possibility of observation at a free angle for 360° control.
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FIGURE 4.19: 2D confocal image for 4µm large 100 nm-thick LSMO
on STO suspended suspended bridge fabricated on Si substrate evi-
dencing the release of the beams from substrate by a contrasted area

for (a) 50 µm and (b) 100 µm long structures.

FIGURE 4.20: 2D confocal image for four 4µm large 100 nm-thick
LSMO on STO suspended suspended bridge fabricated on Si sub-
stratefor (a) 50 µm and (b) 100 µm, (c) 150 µm and (d) 200 µmlong

structures.
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FIGURE 4.21: 3D reconstruction of confocal image for 4µm large 100
nm-thick LSMO on STO suspended suspended bridge fabricated on

Si substrate.

Our interest in using such microscopy for the fabricated suspended bridges was the
possibility of an angular visualization of the samples, enabling the investigation of
the etch under the bridges, as it was impossible by the 3D observation with confocal
microscopy since no moving parts compose the microscope structure.

Here, the deep composition helps capture a perfectly focused image, even
at high magnification (in a range that goes from 0.1× to 6000×) and with the lens
tilted. The VHX scans the different focal points of a sample, then combines them
into a single image, dramatically reducing analysis time. In addition, it enables some
extra features for better detail analysis of highly reflective or low contrast samples
such as bright and dark field, transmission illumination and polarized illumination.

FIGURE 4.22: Features of the VHX Series Digital Microscope,
Keyence, (a) microscope view and free-angle variation for controlled
observation, (b) multi-light function, (c) optical shadow effect and (d)
in-depth composition to capture a perfectly focused image. Extracted

from (Keyence, n.d.[a]).

The functionalities provided by the equipment are numerically treated to
provide better visualization of the samples under study, the multi-light function, for
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example, uses omnidirectional light data captured automatically to adjust the light-
ing settings to get a clear picture, as well as the optical shadow effect mode, which
captures multiple images of a view under different lighting angles. This allows one
to observe surface details that are normally too difficult to be seen by the enhance-
ment of the recorded accurate shadow differences.

In this sense, Differential Interference Contrast Illumination (DIC) allows
users to observe even minimal differences in height on samples, enabling the visu-
alisation of patterns without any preprocessing.

Observation of highly reflective surfaces is equipped with a diffuse lighting
adapter to allow the sample to be seen from all directions under uniform reflections
since the problem of such samples when observed with conventional microscopes is
the a reflection of the unidirectional light that makes inspection difficult.

Such microscope was used for the characterization of the same sample as
exhibited on figure 4.23. A magnification of ×2000 was used to observe the sample
in good details as well as a composition of focus for the bottom substrate and the
suspended single bridge, which is the reason why the whole image is net.

FIGURE 4.23: Imaging of LSMO/STO/Si 4µm bridges using Keyence
Microscopy

Figure 4.24 shows the depth measurements along a line for the captured
image, exhibiting around 7.5 µm of etched silicon, which is coherent with Si etch
rate in RIE given 15 minutes under SF6 leads to an expected depth of 7050 nm for
the sample.
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FIGURE 4.24: Imaging of LSMO/STO/Si 4µm bridges using Keyence
Microscopy with the profilometer measurement

However, we could not take advantage of the tilt of the objectives to ac-
quire information on the 3D structure of the sample, since the high magnification
greatly limits the possible angles being impossible to see under the bridge and I
could only use it within an intervention from the society at our laboratory. Finally,
the advantage that this microscope would have in comparison with the confocal
one, previously used, has shown to be incompatible with our sample dimensions
therefore adding no extra analysis features. To better judge the features in common,
another uses of the equipment would be necessary to test for different samples and
conditions.

4.3.3 Digital Holographic Microscopy (DHM)

The Digital Holographic Microscopy (DHM) is a microscope objective (MO) that
produces a magnified image of the sample used as an object for the hologram2 cre-
ation, enabling the measurement of precise quantitative information about 3D struc-
tures with a single hologram acquisition, with high acquisition rate, i. e., in the
video frequency. Both amplitude and phase-contrast images can be numerically re-
constructed from hologram as well with a high reconstruction rate (around 1 Hz)
from the calculation of scalar diffraction in the Fresnel approximation and the phase
aberration associated with the use of a MO is corrected by a digital method. The

2Optical element presenting information about an optical wave.
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obtained phase contrast is quantitative and can be used directly for applications in
optical metrology.

The detectors capable of receiving an image function by a sensitivity to the
intensity of light, losing phase information in this process. Dennis Garbor was able
to encode phase modifications as variations in intensity for the first time enabling the
possibility to represent the observed objects as phase images and obtain quantitative
3D information, which entitled him as inventor of holography.

The DHM captures the holograms formed by two coherent beams with
slightly different propagation directions interfering, namely the reference beam and
the object beam. This is done in such a short acquisition time (from 1 - 100 µs de-
pending on the object and configuration of the microscope) that the measurements
are insensitive to environmental vibrations and ambient light. It’s use limitation
would be for materials that diffuse to strongly by their nature due to the impossibil-
ity of forming holograms through a fog phase information, the typical local slopes
of the surface structure must be smaller than the maximum acceptance angle of the
objective used for measurement. Samples showing surface roughness smaller than
200 nm in reflection configuration are normally in the acceptable range.

Simplified optical principle: The beam source, consisting of a laser diode,
is separated into two different beams: an object beam, O, and a reference one, R. The
objective collects the retro diffused wavefront which is then recombined with the
reference beam to form a hologram in the camera.

Two beams recombined are coherent and form a hologram if the differ-
ence between their optical paths is less than the source coherence distance (0.5 mm),
hence, the length of R must be adjusted to be the same as that of the object beam.
This is performed by the DHM R2200 by electronically modulating the source to
ensure a coherence length of 0.5 mm in air.

The wavelengths for each laser as well as their combinations is shown in
the Table 4.9.

λ3 λ1 λ2 Λ1−2 Λ1−3

Wavelength 668 nm 684.8 nm 793.8 nm 5.0 µm 27.25 µm
δh 334nm 342.4nm 396.9nm 2.5µm 13.6µm

TABLE 4.9: Wavelength characteristics for DHM measurements and
the measurable heights

The use of each set of lasers must be chosen accordingly with the sample’s
requirements as shown in table 4.9.
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FIGURE 4.25: DHM R2200 from Lyncée Tec and its optical principle

In my first tests with such microscope, the z-axis measurements wouldn’t
match the ones previously measured by confocal microscope or even mechanical
profilometer. By performing tests with each laser at its saturation values by chang-
ing the shutter parameter, it was observed that a minor dislocation of lasers 2 and 3
had taken place when the microscope was delivered at the GREYC laboratory site.
Whereas the main laser exhibited is focus in the middle of the screen during mea-
surements, the other two were mainly located in the bottom right, in such a way that
the compositions of lasers allowing the vertical measurements in the micrometer re-
gion were not possible.

I could then participate in the intervention for the laser alignment and from
this point all the measurements for our different samples were enabled.

As shown in table 4.10 the lateral resolution of the DHM is comparable
with confocal microscope if we chose an objective of 50× magnification or higher.
For vertical measurements however, we achieved comparable measurements.

Objective/Properties NA α(°) WD (mm) FOV max (µm) Resolution in x-y (µm)
× 10 0.3 17.4 11 475 0.732

× 20 0.4 23.6 1.15 234 0.361

× 50 0.75 48.6 0.37 94.2 0.145

× 100 0.85 58.2 0.33 47.1 0.073

TABLE 4.10: DHM properties for correspondent objectives used for
sample analysis. WD stands for Working Distance and FOV for Field

of View.

DHM presents a less user friendly interface and some inherent difficulties
for measurements, such as optimization for acquiring a high quality hologram. This
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is done by the optimization of the fringes in holograms.

The hologram fringe contrast is given by the ratio (Max − Min)/(Max +

Min) with an ideal value equal to 1 where the minima is an acquisition image value
as dark as possible and the maxima, as bright as possible. The contrast is quantified
reliably by the standard deviation of the histogram of the hologram. If a single
wavelength is used the fringes are in a single diagonal direction, however, if a mode
with simultaneous wavelengths is chosen then the fringes in holograms are observed
in two perpendicular diagonal directions.

One must work in video mode for rapid refresh rate adjustment of settings.
The camera settings must be adjusted through the use of an histogram tool for fine
adjustment of camera shutter (exposure time) and gain (this must not be high to
avoid electronic noise) in such a way as to ensure that the measured intensities lie
between 0 and 255. If blue pixels are seen, the image is exhibiting underexposed
pixels, if red, overexposed ones. One must take care to word in absence of saturation
for reliable measurements.

The optimization of coherence is the optimal position of focus and deter-
mines the position of the sample at an optimal distance from the objective. The ad-
justment of height for working distance until interferences fringes on hologram plus
contrast maximization by standard deviation of the hologram histogram window
must be obtained as high as possible.

The interest in using DHM, despite the more complex measurements, lies
mainly in the possibility to measure the vertical displacement of samples in a dy-
namic mode: the stroboscopic one. In this mode, periodic (or any reproducible
movements) can be tracked. Special electronics allow the synchronization between
the movement of the sample and the image acquisition and illumination leading to a
high performance stroboscopic measurement. The measurement time can be made
short enough to ensure that the sample does not move vertically more than a few
nanometer, this was particularly important in my measurements when working in
a hundred of kilo Hertz range. Enough light must be collected for the sample to
ensure a low noise high quality measurement, hence, the pulsed stroboscopic mode
works with a pulsed laser down to 7.5 ns where the shutter of the camera is set to
integrate the intensity of several pulses to add enough signal for producing a good
quality hologram. The video stroboscopic mode must be on so that the laser is con-
tinuously on and the camera is trigged to cover all the sample positions during its
cycle.

Figure 4.26 shows the DHM images for static characterization of the same
sample studied with the two previously presented microscope, exhibiting an etched
height of 7.3 µm in accordance with previously measured values.
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FIGURE 4.26: DHM measurements of 4 µm large LSMO/STO bridges
using 10 × magnification for 100 nm long beams visualization and
(a) etched profile for non-suspended parts, (b) z measurement for a
transverse profile over the suspended structure showing the structure
is slightly bended downwards and (c) a 3D numerical reconstruction

of the beam.
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4.4 Simple LSMO / STO / SOS or Si suspended bridges

Once in possession of the complete LSMO/STO/SOS stack of materials, the first step
was to deposit gold on top of the LSMO to guarantee its contact plots to be used in
the final suspended devices for the electrical and thermal characterization.

This was performed first by a thin film coating by PLD with 9000 shots and
5 Hz rate at room temperature in order not to degrade LSMO, but due to the low
deposition rate, about 80 nm deposited bu GATAN complemented the whole gold
layer, in a total of approximately 100 nm.

The fabrication of LSMO/STO/Si and LSMO/STO/SOS suspended bridges
is done in two lithographies stages: a first mask that defines the LSMO contacts and
another for the LSMO patterns themselves.

For that purpose, a mask, designed in CleWin for a 10× 5mm2 sample, com-
posed of two overlapped layers, was developed. The alignment patterns consisting
of 20 × 20µm2 squares were disposed in 8 different points defined as (-4,0), (-2,2),
(0,2), (2,2), (4,0), (2,-2), (0,-2) and (-2,-2) relative to the center (0,0), together with the
first layer of the mask for the definition of the LSMO contacts. The superposition of
both masks is displayed in Figure 4.27.

FIGURE 4.27: Mask design for simple bridges on SOS and Si sub-
strates showing the patterns for defining LSMO layer in purple su-

perposed by green ones representing the gold contact pads

After the gold was patterned with the specific dose and exposure, it was
developed for 40 seconds and etched in a KI solution for 30 seconds. The photoresist
was kept for the PLD deposition at ambient temperature of a protection layer of
about 30 nm thick amorphous STO (a-STO) layer. The resist was then rinsed away in
acetone for lift-off and and a new photoresist layer deposition was performed in the
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complete sample that was again placed in the MicroWriter ML3 Pro for the LSMO
patterning. The resolution for exposure was set to 1 µm, since the smaller patterns
are the bridges’ width within a range of 3-10 µm. This process was followed by the
subsequent develop bath for 40 seconds and the sample was placed in Ion Beam
Etching for the removal of unwanted LSMO outside the delimited patterns. The
bridges were then released in a SF6 plasma using Reactive Ion Etching.

With the whole structure suspended, I perform the electrical characteriza-
tion in order to have a comparison with the depart values to validate that the whole
process, despite its many etching steps, do not degrade the LSMO layer by the re-
sults in Table 4.11 for the structures on SOS substrate.

Bridge reference R (Ω) L(m) W(m) t(m) ρ (Ω.m)
P50 10429 5E-5 2.6E-6 4.5E-8 1.9E-5

P100_1 17598.7 1E-4 2.5E-6 4.5E-8 2.0E-5

P100_2 17145.4 1E-4 2.9E-6 4.5E-8 2.2E-5

P150_1 27550.3 1.5E-4 2.5E-6 4.5E-8 2.1E-5

P150_2 14432.5 1.5E-4 5.5E-6 4.5E-8 2.4E-5

P200_1 34696.9 2E-4 2.5E-6 4.5E-8 1.9E-5

P200_2 35590.9 2E-4 2.7E-6 4.5E-8 2.1E-5

TABLE 4.11: Measured resistivity values for the suspended bridges
on sample BA081

Static measurements for structural study of the prepared LSMO/STO/SOS
sample shown in figures 4.28 - 4.30 were performed using confocal microscopy, at
CIMAP laboratory.

FIGURE 4.28: Confocal overview image for LSMO/STO/SOS sample
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FIGURE 4.29: Confocal image for 50µm long 4µm thick
LSMO/STO/SOS sample

FIGURE 4.30: Topography of a 100 µm long bridges fabricated on SOS
substrate exhibiting a much smaller distortion than the one obtained

on Si substrates due to smaller epitaxial strain
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Further structural studies of such sample were performed using digital
holographic microscopy (DHM-R2200). Figure 4.31(a) shows a 3D-reconstruction
image of a 3 µm large × 100 µm long suspended beam. The thickness shown in the
phase image and optical microscopy (seen as a white color corresponding to lateral
etching underneath the a-STO/LSMO/STO/Si) of figure 4.31(b) confirmed by the
thickness profile in figure 4.31(c), verifies that the full a-STO/LSMO/STO/Si stack
was etched since the measured step was 800 nm and the typical width of Si on the
SOS substrates is of 700 nm.

FIGURE 4.31: (a) 3D-reconstruction image in DHM R2200, (b) phase
numerical reconstructions image in DHM with topographic informa-
tion on the sample and optical microscope image of a 3 µm wide 100
µm long suspended bridge and the (c) thickness profile at the center

position obtained from phase information
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The silicon etching rate was about 0.4 µm/min in depth and µm/min in
lateral direction, which is lower than the verified for the same structures on bare Si
substrates due to the limited gap for the reactions to occur. Several LSMO suspended
bridges with different bridge length dimensions (50 µm – 200 µm) were fabricated
and the bridges’ profiles were precisely determined for later resistivity calculation.

Figures C.1 to C.4 in appendix C show the exact measurement of each
bridge’s final width, after Gwyddion treatment of the phase data, in 10 different
selected cross-section positions. The measured widths were calculated as 2.6±0.13,
2.9±0.1, 2.5 or 5.5 (due to contact problem in lithography) and 2.7±0.13 (in µm)for
the 50, 100, 150 and 200 µm bridges, respectively. These values were used in the
determination of the resistivity for each bridge, as shown in table 4.11. The electrical
measurements were performed under vacuum by a four-point measurement tech-
nique. Such low electrical resistivity values in the range of 1.9 - 2.4 mΩ · cm obtained
for the freestanding micro-bridge structures further stress that the quality of LSMO
thin layer is not degraded even after several lithographic process steps.

FIGURE 4.32: Optical microscope images for 50, 100, 150 and 200 µm
long Al2O3 / LSMO / STO bridges on SOS substrate

Another protection layer was used during this process, Al2O3, integrated
to the structure by ion beam deposition (GATAN) on the sample’s surface instead of
a-STO also leading to a successful fabrication (Figure 4.32), despite a slight increase
in the resistivity of the LSMO film as shown in figure 4.33.
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FIGURE 4.33: Al2O3/LSMO/STO bridges on SOS substrate resistivity
measurements

Similar process is done for the samples on Si substrate, leading to equally
good results, as seen in figure 4.34, for 6 µm bridges in the same length range with
100 nm of LSMO measured under vacuum.

FIGURE 4.34: Suspended 6µm large 100 µm long suspended LSMO
resistivity on Si substrate
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4.5 Towards integrated piezo-LSMO MEMS

4.5.1 PZT actuated suspended LSMO/STO beams on Si substrates

The epitaxial LSMO/STO/Si heterostructures were used for the room temperature
growth of epitaxial PZT by sputtering technique. PZT is the piezoelectric material
responsible for the actuation and detection of the resonant structure, hence, kept in
both extremities of the beam as well as all over the bridge itself. It is the first pattern
transferred to the sample in this kind of process fabrication.

Figures 4.35, 4.36 and 4.37 detail the complete fabrication process for this
kind of structure. Starting with the STO and LSMO depositions by MBE and PLD
(steps 1-3), the photolithography for the PZT is performed in step 4 exhibiting the
areas where PZT will be patterned by lift-off after develop in step 5.

Due to the need of superposition of bridges given the presence of a piezo-
electric material covering the beam, the alignment using the MJB3 Suss Microtech
mask aligner equipment has showed to be problematic since the smallest sample
derivation during contact would lead to misplaced structures leaving the LSMO/STO
bridge uncovered in some point. Therefore, all the lithographies for this kind of fab-
rication were performed by direct-write using the MicroWriter ML3 Pro.

The piezoelectric material was deposited by room temperature sputtering
in collaboration with INL at step 6 and lift off was performed by simple acetone bath
during 5 minutes, displaying the pattern of PZT that covers the whole bridge and
both extremities where contacts will be patterned, as shown in step 7.

In the sequence, gold is deposited all over the sample, contacting both
LSMO bottom electrode and PZT at step 8. Onto this structure, resist is deposited
by spin coating (step 9) and a second lithography is performed to pattern the LSMO
bridge as well as the regions where the contacts will be defined. Step 10 shows this
lithography process where the bridge being patterned must be finely aligned with
the existing PZT structure in the sample. The bath on develop solution defines the
structure to be achieved after etching (step 11).

The sample is put in the IBE chamber and etched for 15 minutes (step 12),
to achieve the LSMO/STO profiles shown in step 13. Once again, the sample is
covered in photoresist in step 14 before the third lithography, as specified in step
15. This lithography redefines the contact pads since the gold was still contacting all
the surface of PZT and LSMO as seen in step 13. The definition of the contacts then
patterns big pads on top of the LSMO (shown in the extremities of the structures) as
well as two big rectangles on top of the PZT. This design for the mask to determine
the PZT top contacts is due the fact that the gold is already well defined on top of
the bridge by the ion beam etching, needing only to be separated from both sides to
allow both actuation and detection, one in each extremity. The mask that separates
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the contacts for PZT is made larger than the bridge to avoid KI lateral etching of the
well defined contacts on top of the 6 µm bridges.

Once the sample is patterned by the lithography exposure and developed,
it is immersed in KI solution for 30 seconds for etching the unwanted gold (step
16). The sample is almost complete (step 17), the only remaining process being the
release of the bridge from substrate, which is achieved in two steps: lithography of
the bridge pattern (the same one used for patterning the LSMO structure), seen in
step 18, and finally the reactive ion etching in SF6 plasma that will etch the bottom
silicon laterally under the bridge, releasing it from the substrate (step 19). The final
structure is exhibited in step 20, consisting of the LSMO/STO suspended bridge
with the PZT structure patterned from one clamped edge to another of the beam and
its respective top gold contacts, as well as the gold contacts for the bottom LSMO,
all this supported by the Si substrate.
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FIGURE 4.35: Schematics of fabrication steps 1-7
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FIGURE 4.36: Schematics of fabrication steps 8-15
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FIGURE 4.37: Schematics of fabrication steps 16-20
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Top electrodes for PZT

Three different electrode deposition methods were tested to find the best fit for use
as PZT top contact. A Pt film was deposited on 1/3 of the PZT layer by sputtering
at room temperature, whereas the other 2/3 was divided for two kinds of Au depo-
sition, either by PLD followed by GATAN, or exclusively direct GATAN deposition,
all the contact pads were patterned using a lift-off process in order to design top
electrodes of 250 × 250 µm2 size.

The polarization hysteresis (P - E) loop measurements, shown in figure 4.38,
performed via a Sawyer-Tower (ST) circuit with the PZT capacitors contacted on a
Suss MicroTec PM5 probe station in series with a standard capacitor Cstof 22 pF
serving as a charge holder, are displayed in figure 4.38.

FIGURE 4.38: Hysteresis loop for sputtered PZT at 600°C with top
electrodes test: sputtered Pt, Au by PLD followed by GATAN and Au

by Gatan directly

Both metals have shown similar curves for the P(E) study, Pt on PZT ex-
hibiting about 160 kV/cm coercive field and a slightly higher value for gold elec-
trodes, around 170 kV/cm. However, a difference was seen in terms of the film’s
capacitance as shown in table 4.12.

The interest in having a lower capacitance in the piezoelectric film is the
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Platinum Gold GATAN Gold PLD + GATAN
Capacitance 490 pF 460 pF 420 pF
Loss tangent 0.02 0.02 0.02

TABLE 4.12: Capacitance and loss tangent measurements for deter-
mination of top electrode for PZT

possibility of a better signal-to-noise ratio. Since the deposition of gold by PLD fol-
lowed by GATAN to increase the deposition rate showed the best capacitance results
on PZT and it allows in the fabrication process a single mask for patterning both the
LSMO and PZT contacts, this has been the choice for the piezoelectric top electrodes.

Etching of PZT

An alternative to the PZT pattern by lift-off, excluding the IBE option which
has shown an etching rate smaller than 15 nm/min, is the wet etching in buffered
HF and HCl solution. Since PZT is etched by HF and the HCl helps removing the
metal-fluoride residues in the reaction. This solution leads to high etching and high
selectivity with respect to photoresist, and was tested on test samples deposited on
Nb-STO.

Our SG epitaxial PZT, patterned with 10 µm large briges has shown an etch
rate of about 100 nm/min with great selectivity. Tests were performed to check
on the resist usage under such chemical attacks as well as to evaluate the lateral
etching of PZT under such conditions. The PZT was patterned and then etched in a
solution of buffered HF and HCl at 55°C. Leaving the sample up to 15 min under the
etchant bath, the PZT undercutting was mainly evidenced in the corners by a round
effect and measurable by the white borders in optical microscopy as demonstrated
in figure 4.39. It has resulted in an etching rate of around 215 nm/min in accordance
with values found in literature (Wang et al., 2002a). The lost of lateral resolution is
due the use of PR for such prolonged time, a mask of silicon nitride or gold is better
suited if PZT is to be etched longer than 30 seconds. Since there must be a gold
contact for the PZT actuation, the mask gold may be kept for this objective, in the
end. However, a lateral protection for the bottom LSMO should be envisaged since
the etchant HCl would also etch LSMO as well as further studies on the effects of
such process on LSMO’s electrical characteristics.

The main difficulties in arriving to the end of the fabrication for such het-
erostructures, however, was in defining the gold contacts. First attempts were per-
formed by KI etch of the patterned contacts, but the resolution of the patterns onto
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FIGURE 4.39: 100 nm SG PZT wet eching in buffered HF+HCl solu-
tion at 55°C

the beam was easily lost with a wet etching process. A few tests were also done by
trying to pattern gold by lift-off, however, even after several hours in acetone bath,
the lift-off wouldn’t take place. Hot acetone and SVC14, a photoresist stripper, were
also tested. Finally, in ultrasound, we managed to release the gold remaining to the
ajacent borders of PZT patterns, however, again, the gold patterned structure lost
resolution once ultrasound had to be performed several times to achieve the com-
plete removal of unwanted areas of gold. The proposed solution hence lies in using
IBE a directional etching technique that will well define these structures, avoiding
lost of resolution or short-contact between LSMO and PZT contacts.

4.5.2 AlN actuated suspended LSMO beams on SOI substrates

The epitaxial LSMO/STO/SOI stack enables the possibility of highly textured c-axis
AlN room-temperature deposition by PLD as shown in the previous chapter. Since
AlN is to be used initially as a protection layer during the fabrication process against
chemical etching of STO by HF acid during bridges release, the LSMO/STO must be
first patterned and etched in order to ensure the covering of the complete bridge
structure with AlN. AlN deposited by PLD under the same conditions to be de-
posited onto LSMO, was grown onto a Au/Cr/Si heterostructure and it was tested
into HF acid at 20°C during 20 minutes resulting in no measurable etching.

A mask, designed in CleWin for a 10 × 5mm2 sample, composed of four
overlapped layers, was developed for this process. The alignment patterns consist-
ing of 20 × 20µm2 squares were disposed in 8 different points as defined previously,
together with the first layer of the mask for the definition of the LSMO patterns as
displayed in Figure B.1 in Appendix A.

Figures 4.40 - 4.42 show all the steps for this proposed process.
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FIGURE 4.40: Schematics of fabrication steps 1-8
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FIGURE 4.41: Schematics of fabrication steps 9-16
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FIGURE 4.42: Schematics of fabrication steps 17-23

The laser photolithography in MicroWriter ML3 Pro was performed with
the positive photosensitive resin (S1813). The sample was cleaned in acetone and
ethanol baths and then annealed for 5 minutes in 90°C for evaporation of water.
The deposition was carried out with a spinner for 40s with 4000 rpm which resulted
in approximately 1700 nm of photoresist thickness which was then annealed for an-
other period of five minutes again at 90°C. Testing doses were previously performed
for each material to determine the necessary illumination dose and can be found in
Table 4.2 and the resolution for exposure was set to 1 µm, since the smaller patterns
are the bridges’ width of 6 µm. The direct-write photolithography of the desired
patterns requires the inversion of the mask to uniquely expose the exterior of the
designed structures, a configuration that can be easily set by software, but shown
inverted in Figure B.2 directly in the mask design itself for a more graphical un-
derstanding. This is represented by step 4 in the Figure 4.40 describing the whole
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FIGURE 4.43: Lithography alignment between LSMO patterns of 6
µm large bridges and 10µm large AlN superposed ones to protect lat-

erally the full beams

fabrication process. Steps 1-3 are the respective deposition of 20 nm of STO by MBE,
6 u.c. of STO by PLD and 45 nm of LSMO by PLD.

The patterned LSMO/STO in step 5 is etched by IBE in the sequence (step
6). Steps 7 and 8 show the etched bridge patterns with the LSMO contact pads for
later gold deposition and the resist deposition in the sample, which is then submitted
to new photolithography with the mask B.3 in step 9 and the development freeing
the bridge area and its extremities in step 10 for larger AlN coverage of the whole
beam and at the points of greater strain in final structure for actuation and detection
(clamped edges). This coverage is better understood with the zoomed visualisation
of LSMO and AlN masks superposition, Figure 4.43.

To avoid the time consuming ionic beam etching of aluminium nitride (see
Table 4.4), AlN is then deposited by room temperature PLD technique with 9000
shots at a 5 Hz rate (step 11) followed by a lift-off process (step 12). At this point, both
the LSMO and mainly the STO are protected by Aluminum Nitride (AlN) against fu-
ture HF attack. A new layer of resist is deposited and patterned as the gold contacts
for LSMO and for the piezoelectric actuation and detection (steps 13 and 14).

The next step was victim of several attempts of lift-off patterning and KI
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etching techniques, being the main drawback in the complete fabrication tests to not
arrive upon the final integrated device:

1. After defining the gold contacts by direct-write lithography for both AlN actu-
ation/detection and LSMO electrical contacts with an inverted mask in order
to keep resist in such regions, a lift off in acetone bath at room temperature was
attempted. The sample was stirred for about 5 minutes intercalated with baths
into hot acetone at 60°C for 10 minutes. This cycle was performed 3 times but
no relevant patterning was verified. Gold was seen not only on the whole pat-
terns regions but also all around it, being removed mainly just in the samples
borders inhomogeneously. Finally, the sample was put into ultrasound to force
the attached gold to be removed from the sample, but AlN deposited at room
temperature onto LSMO has shown to have a very low adhesion and it was
easily removed by this method.

2. The same procedure was attempted with SVC14, a high performance positive
photoresist stripper formulation expected to remove resist easier than acetone
for lift-off purposes. However, even leaving the sample for hours into SVC14
bath has not resulted in the desired patterns. Instead of using ultrasound
again, a more mechanical method was tried by using a soft paper to help gold
to be peel off the sample. This again have removed some parts of the deposited
AlN.

3. The gold has been deposited onto AlN immediately after PLD deposition of
AlN, in such a way that the AlN lift-off pattern has also defined the gold top
contacts. This is shown in figure 4.44. From this point the gold was protected
by both sides with larger squares of resist leaving just the region in the mid-
dle of the bridge at disposal for KI attack. This has separated the actuation
and detection contacts, each side corresponding of 1/3 of the bridge length.
However, the LSMO contacts were still needed, and by trying to use the lift-off
technique for this part of the process, we had again problems in the small gap
between the AlN and LSMO contacts, leading to short circuits in some parts
of the samples. The order here must be inverted if this combination of lift-off
and KI is envisaged to be used: first one must deposit gold onto LSMO and
pattern its contacts followed by KI etching; From this step, the same process
performed here for AlN plus gold deposition and further pattern by lift-off
may be performed. At the end, the gold on top of AlN must be etched in the
middle of the bridge as to form the actuation and detection contacts for AlN,
one of each side of the beam.

If the test number 3 for contacts definition is believed to take too many steps
and since the contacts on top of AlN must continue on top of the bridge, a highly
directional etching will necessary, so, after gold deposition by PLD and gatan, in step
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FIGURE 4.44: Clamped edge microscope image showing gold onto
AlN onto LSMO perfectly aligned forming the full integrated actua-

tion for the patterned bridges

15, it is proposed that the next process will be the IBE etching for about 3 minutes
(step 16). This will require however an extra step into oxygen plasma using RIE for
the removal of residual resist before continuing the determined process. From this
point, the process shall continue with resist deposition, lithography of the complete
pattern with the bridges now presenting the same width as the AlN’s one (larger
than LSMO bridge for lateral protection) in steps 17 and 18 shown in Figure 4.42.
Such steps have been done without the piezoelectric integrated and are feasible with
no great difficulties if the alignment patterns have been well designed. IBE is again
performed to etch away the Si not belonging to the designed pattern, in step 19, and
step 20 shows already the whole bridge structure that is to be released.

The complete fabrication process is finished in step 21 by the release of
the clamped-clamped beam in HF bath that etchs SiO2 underneath the bridge in a
rate close to 100 nm/min. And the step 23 exhibits simply the final device, fully
suspended. A better understanding on HF wet etching is given in the following
topic.

4.6 Actuation using an external piezoelectric disk

4.6.1 Resonators clamped-clamped beam MEMS

Resonators based on MEMS, with different geometry layouts, fabrication techniques
and packaging, find a wide range of typical applications such as chemical substances
detection (Goeders, Colton, and Bottomley, 2008), (Fanget et al., 2011), biological
substances detection (Hunt and Armani, 2010), (Eom et al., 2011), (Braun et al., 2005),
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(Johnson and Mutharasan, 2011) and energy harvesting (Anton and Sodano, 2007),
but also more complex ones such as resonant high-electron-mobility transistor (R-
HEMT) (Faucher et al., 2009), resonant bolometers, among others.

They are all based, nevertheless, on the resonance phenomenon. A change
in the resonant behaviour is detectable due to interactions with the environment
(either light, magnetic field or chemical molecules, to name a few).

Our interest lies, however, into the harmonically forced vibration study of
resonant MEMS, i. e., a system in which the oscillations are driven by an applied
harmonic actuation force of amplitude F0 and frequency ω characterized by the fol-
lowing force balance equation (Brand et al., 2015):

m
d2

dt2 u(t) + c
d
dt

u(t) + ku(t) = F0sinωt (4.5)

which has a steady-state solution of the type

u(t) =
F0

k
D(r, ζ)sin[ωt − θ(r, ζ)] (4.6)

where
D(r, ζ) ≡ 1√

(1 − r2)2 + (2ζr)2
(4.7)

θ(r, ζ) ≡ arctan(
2ζr

1 − r2 ),∈ [0, π] (4.8)

r ≡ ω

ω0
(4.9)

where the coefficient F0/k represents the quasi-static displacement ampli-
tude achievable by the system if very low frequencies are verified, whereas the vari-
able D is defined as the ratio of the dynamic displacement amplitude (umax) to the
quasi-static amplitude (F0/k) and is therefore referred to as dynamic magnification fac-
tor. As for the other parameters, θ represents the lag angle of the displacement with
respect to the applied force, r is the frequency ratio as defined in equation 4.9 and ζ

is the damping ratio.

The exact value of Dmax and the corresponding displacement amplitude at
resonance is given by

Dmax =
1

2ζ
√

1 − ζ2
(4.10)

This leads to a theoretically infinite value for r=1 when the driving fre-
quency coincides with the undamped natural frequency. If damping effects are con-
sidered, however, Dmax occurs at r < 1 but still very close to r = 1 if ζ ≤ 0.2, such
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that
Dmax = D(r = 1) =

1
2ζ

= Q (4.11)

The quality factor, Q, can be experimentally evaluated in MEMS resonators
through the bandwidth method (half-power method, for -3dB). Most well-designed
MEMS resonators have quality factors well in excess of 5 (Brand et al., 2015). Once
the shape of the resonant peak is known, the value of Q may be estimated by the
formula

Q ≈ ω

δω
=

fres

δ f
(4.12)

where ωres is the resonant frequency, δω ≡ ω2 − ω1 is the frequency band-
width determined by ω1 and ω2 that are calculated for the response value of maxi-
mum amplitude divided by

√
2. The equivalent values in Hz take into account the

relation f = ω/2π.

All of the formulas listed are based on the assumptions that the material is
linear elastic and isotropic with Young’s modulus E, shear modulus G, and Poisson’s
ratio ν.

Therefore, when applying the results to an anisotropic material, such as
silicon, care should be taken in specifying the equivalent isotropic elastic constants
corresponding to the appropriate direction(s).

Also, each device is assumed to have a uniform mass density ρ (per unit
volume), all support conditions are considered ideal (perfectly clamped, perfectly
free, etc), effects of any surrounding fluid are neglected, and, unless indicated oth-
erwise, all devices are assumed to have a uniform thickness h.

The simple deformations for beams structures can be described for three
kinds of mechanical vibration, namely, axial, torsional and flexural.

The axial vibrations are the ones occurring along the x-axis for 1D structure
beams and have its resonant frequencies calculated by

ωn = λn

√
E

ρL2 (4.13)

where λn = nπ for the doubly clamped beam, n being the mode number.

The torsional vibrations are the ones leading to twists about the x-axis and
are given by equation 4.14:
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ωn = λn

√
4Gh2

ρb2L2 (4.14)

where b is the "width" dimension for such transverse case vibration.

Finally, the flexural (bending) vibrations out-of-plane (along z-axis) have
the resonant frequencies at

ωn = λn

√
Eh2

12ρL4 (4.15)

Table 4.13 shows the coefficients for doubly-clamped case. If the beam’s
width dimension (b for the transverse case and h for the lateral case) is not small rel-
ative to length L, this wide-beam effect may be taken into account in an approximate
manner by replacing E with an effective Young’s modulus of Ee f f = E/(1 − ν2).

Bridge

λ1 4.730

λ2 7.853

λ3 10.996

λn, n > 3 (2n + 1)π/2

TABLE 4.13: Dimensionless coefficients values for the calculation of
the resonant frequencies for the flexural modes of a clamped-clamped

beam structure

4.6.2 Dynamic Measurements

Attachment to external piezoelectric tests

The dynamic measurements of our samples in the DHM were performed using a
commercial external piezoelectric with resonant frequency at 1.2 kHz or 4.2 kHz
(reference KPSG-100 from KINGSTATE and ABT-441-RC from MULTICOMP PRO
fabricants, respectively) to which the samples were glued for their evaluation under
vibration. To guarantee the energy transfer from the external piezo to the fabricated
structures, some tests were primarily done using an AFM cantilever with known
resonant frequency.

I used a typical AFM Si cantilever double side coated on Pt (SPM probe
model ANSCM-PT) of length 225 µm, width 30 µm and thickness 3µm with a radius
tip smaller than 30 nm and k between 1 − 5N/m. First the resonant frequency was
measured using the Nano-Observer Scanner for the atomic force microscope from
Concept Scientific Instruments (CSI) as demonstrated in figure 4.45.

From this information, I attached the cantilever from its extremity in the
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FIGURE 4.45: Resonance frequency of AFM cantilever measured by
Nano-observer Scanner using CSI AFM

external piezoelectric by using a droplet of silver paste, to test the damping level
this material would add to the system and verify is the vibrations on the cantilever
would be measurable using the Digital Holographic Microscope, as in figure 4.46.

FIGURE 4.46: Setup for dynamic measurements on DHM using exter-
nal piezoelectric disk

In Koala software, using a 50× objective, and taking 100 samples per period
with a sinusoidal wave of 4 Vpp, I set a frequency range from 50 kHz to 60 kHz
to be scanned and measured the displacement of the cantilever tip from the phase
information numerically reconstructed from the holograms in three different points
as shown in figure 4.47 using a synchronized phase monitor. Between 50-55 kHz a
great change in amplitude had already been verified and the measurements could be
stop in this range, which is shown as the axis x, as only half of the defined frequency
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FIGURE 4.47: Measured points location on cantilever

scan range was displayed. The result is exhibited in figure 4.48 in the time domain
where the resonant frequency was seen around 52.6 kHz in accordance with the
previously measured value.

Bridges dynamic evaluation with external piezo forced vibration

Once the use of silver paste was validated as a reliable way to attach the samples to
the external vibration source, simple bridges fabricated consisting of Al2O3/LSMO/
STO/SOS heterostructures were put under vibration through the coupling to an ex-
ternal piezoelectric buzzer using the same silver paste for transmission of the me-
chanical vibrations by using the set-up shown in figure 4.49.

The sample, consisting of 20 nm Al2O3, 45 nm of LSMO and 20 nm of STO
suspended 3µm large clamped-clamped beams had its flexural theoretic first mode
resonance frequencies calculated as

Length (µm) fR (kHz)

50 311.4

100 77.9

150 34.6

200 19.5

TABLE 4.14: Resonant frequency determination of Al2O3 / LSMO /
STO suspended beams by equation (4.15)

Such values are extracted from the theoretical curve for such heterostructe
with parameters shown in table 4.15 and graph plotted in figure 4.50.



160 Chapter 4. Suspended double clamped LSMO bridges

FIGURE 4.48: DHM measurements for AFM cantilever resonant fre-
quency. The y axis represents the displacement exhibited in nanome-
ters whereas the x axis defines the percentage of measurements range

preset to be scanned.

FIGURE 4.49: Setup for attachement of structures onto an external
piezoelectric actuation source fed by the stroboscopic unit of the

DHM

Material Thickness Young’s Poisson Density
(nm) Modulus (GPa) ratio (kg/cm3)

Al2O3 20 215 0.21 3750
LSMO 45 562 0.43 6280
STO 20 238 0.22 5120

TABLE 4.15: Mechanical properties of materials for resonant fre-
quency determination. (Auerkari, 1996) (Le Bourdais, 2015) (Huang

et al., 2006)
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FIGURE 4.50: Theoretical curve for resonant frequencies for first flex-
ural mode of clamped-clamped beams with parameters shown in ta-

ble 4.15

The measurements were performed at the frequency ranges close to the
corresponding theoretical values to evaluation of the first flexural resonant mode.

Since the displacements are no bigger than the maximum ∆h for single laser
measurements in the DHM, only the main one was used in order to have more pre-
cise measurements. The structures were put under vibration by feeding the external
piezoelectric buzzer with 10V ac voltage (sinus wave). A duty cycle as small as 0.3%
was used to acquire the phase measurements as to reduce divergences due to time
average measurements at the chosen point since small deflections are expected. 50
samples per period were taken using steps of 200 Hz, 500 Hz and 200 Hz for the 100
µm, 150 µm and 200 µm bridges. The time domain measurements can be visualised
in figures 4.51 - 4.53.

A relevant change in amplitude vibration was evidenced for the 100 µm,
150 µm and 200 µm bridges around 89 kHz, 46 kHz and 32 kHz as shown in Figure
4.54.

The bar error for each resonant frequency estimation was calculated from
the gaussian fit of the increase in amplitude around such frequencies and is shown
in Figure 4.55. The value 2σ was taken to achieve a precision of nearly 95%.

From the same parameters, a higher mode was evaluated to test the struc-
ture under vibration at frequencies in the order of hundreds of kHz. The resonant
frequencies were calculated and are shown in figure 4.56, respective to the sixth
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FIGURE 4.51: DHM measurement for 100 µm long Al2O3 / LSMO /
STO 3 µm large bridges on SOS substrate glued to external piezoelet-

ric material excited with a 10 Vpp sinus wave

FIGURE 4.52: DHM measurement for 150 µm long Al2O3 / LSMO /
STO 3 µm large bridges on SOS substrate glued to external piezoelet-

ric material excited with a 10 Vpp sinus wave
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FIGURE 4.53: DHM measurement for 200 µm long Al2O3 / LSMO /
STO 3 µm large bridges on SOS substrate glued to external piezoelet-

ric material excited with a 10 Vpp sinus wave

mode of flexural vibration. Once the range of frequencies is known, measurements
are performed in DHM through a frequency scan within the expected range with 50
samples by period and a duty cycle even smaller, of only 0.1%. The peak displace-
ment values were evaluated and recorded for each measured frequency, to compose
the frequency evaluations and such information was used to plot the displacement
vs frequency curves for the 100, 150 and 200 µm long bridges.

From the differences between the measured values and the theoretical ones,
a difference of tens of kHz is observed, the Young’s modulus of the whole structure
was re-evaluated as an apparent value by performing a fit for the measured values
using the same law for resonant frequency calculation, using simply the Evolumetric

as variable, i. e., considering that all the incertitudes are reduced to the value of the
elastic module of the whole bridge volume, seen together. Such value, previously
evaluated as Etheory = 404 GPa was fitted as E f it = 587 GPa and matches with the
fit for the first mode resonance previously shown. It is also in accordance with the
fact that the residual strain (ϵ) in the suspended beams would increase its elastic
modulus, as shown by the more general equation:

f0 = 1.028

√
Ed

ρd
· d

L2 ·
√

1 + 0.295
L2

d2 ϵ (4.16)

From the sigma values, one can still observe that as expected Q in inversely
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FIGURE 4.54: Measured points vs frequency and gaussian fit of the
experimental values around the resonant frequency for 100, 150 and
200 µm long Al2O3 / LSMO / STO on SOS substrate: (a) fR = 88.6
kHz, σ = 648.6, (b) fR = 41.2 kHz, σ = 1470.9 and (c) fR = 28.9 kHz,

σ = 669.1
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FIGURE 4.55: Fit for the measured points for a volumetric Young’s
modulus of the whole suspended structure as 587 GPa instead of the
404 GPa calculated one in theoretic calculations for Al2O3 / LSMO /

STO suspended beams

FIGURE 4.56: Theoretical curve for resonant frequencies for sixth flex-
ural mode of clamped-clamped beams with parameters shown in ta-

ble 4.15 for Al2O3 / LSMO / STO / SOS suspended bridges
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FIGURE 4.57: Measured frequencies shown upon comparison with
the theoretical curve and best fitting curve for the volumetric average

Young modulus, E = 587GPa.

proportional to the resonant frequency, and the fact that we manage to fabricate
structures with lower resonance frequencies enhance our quality factor. The mea-
surements here were all performed in air, which greatly reduced the quality factor
for the structure, however some measurements under vacuum are already envis-
aged in order to estimate the performance of future application of these devices as
resonant MEMS bolometers.

4.7 Conclusion

Successful fabrication of suspended bridges onto different substrates was achieved
by following the fabrication process proposed by (Liu, 2019). The parameters for
SOS, however, had to be better evaluated since the limited thickness of silicon sand-
wiched between LSMO/STO and sapphire substrate, typically 700 nm, considerably
reduces the lateral etching rate of silicon.

Suspended simple bridges were fabricated onto both Si and SOS and it was
verified in confocal microscopy that LSMO grown on STO buffered SOS substrates
indeed exhibited smaller strain. From this information, we have subsequently tested
such structures in dynamic mode, put on oscillation by being attached to an external
piezoelectric disk, driven and measured by DHM in stroboscopic mode. The reso-
nant frequencies were a few kHz higher than theoretical values and the bridges were
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proved to have enough mechanical resistance upon resonant vibration as no beams
were broken.

Masks based on the same design were drawn using CleWin software, first
optimizing the alignment structures size after a few initial tests and then dynam-
ically adding to this base structure pattern all the subsequent layers proposed in
the definition of the new process for the integrated devices, that were continuously
changed and optimized considering the order the steps that should be taken or even
resolution problems. Test doses were performed for all the materials used as well
as etching rate evaluations. AlN’s stability was tested in advance against HF acid
and it has showed no etching, proving the ideal material for our proposed fabrica-
tion on SOI substrates, however, its inadvertently etching in developer solution has
led the fabrication process to be done in such a way as to avoid its contact with the
developer.

One of the main problems encountered during fabrication was the defini-
tion of the gold contacts on either PZT or AlN. For AlN, a solution based in inverting
the order of contacts definition (first LSMO pads definition through lithography fol-
lowed by KI etching, then AlN ones by lift-off procedure at the same time of AlN
itself) is believed to be sufficient for solving the problem since I could manage to
achieve up to this point in fabrication with great alignment of all the structures and
feasibility of pattern by lift-off. This must be soon enough achieved, since due to
technical problems (machine failure) the fabrication had to be put on hold as I finish
this thesis, and could be an issue for an upcoming article. For PZT, the contacts must
be etched by IBE technique, since no lift-off was ever successfully achieved neither
on top of the PZT neither in the adjacent areas. This has happened for 3 different PZT
samples and we were lead to believe that probably the PZT roughness was playing
a major role into sticking gold to its neighbourhood. However, since we arrived to
pattern Pt electrodes onto the same PZT samples where gold showed difficulties, it
is believed that our ion beam deposition gatan system deposits gold somehow con-
formal around the tridimensional borders of the already patterned structures in our
samples.
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Chapter 5

Conclusion and future perspectives

A proof of concept for a new approach in integration of high-quality epitaxial La2/3

Sr1/3MnO3 (LSMO) thin films onto SrTiO3 buffered silicon (Si) and Silicon-on-Sapphire
(SOS) substrates was performed, with detailed structural and electrical characteriza-
tions of the LSMO/STO/SOS heterostructures where the LSMO film properties were
competitive with those directly grown on oxide substrates. The fabrication of sim-
ple suspended bridges onto industrially compatible SOS substrates was shown as a
manner of achieving suspended structures with smaller residual strain which was
verified by confocal measurements, hence, less rigid for dynamics evaluation for the
development of applicative MEMS devices. So far no attempts have been made on
the integration of manganite films on SOS substrate.

The proposal of the completely integrated structure disposing of self-actua-
tion and detection was done by the study of several heterostructures compatible
with the full developed clean-room fabricated process. For this, we have success-
fully demonstrated epitaxial integration of PZT onto LSMO/ STO thin films on Si
substrates by three different deposition methods, where the rocking curves are com-
parable with habitual values on SRO-STO substrates and also comparable with good
values reported in literature (Nguyen et al., 2017). Such epitaxial PZT films, even
if deposited with considerably low temperatures when compared to typical PZT
deposition found in literature, exhibit sufficient piezoelectric effect for MEMS ap-
plications actuated with low driving voltages (10V). Room temperature sputtering
deposition allowing PZT pattern by lift-off process have shown comparable perfor-
mance with the higher temperature processes, either sputtering at 600°C or sol-gel
followed by RTA technique, when deposited with about 240 nm thickness to avoid
leakage currents.

High contrast of stable artificially poled ferroelectric surfaces was evidenced,
proving the good ferroelectricity of the films and P(E) was also found to be compa-
rable with good PZT found in literature (Deshpande and Saggere, 2007).

The use of room temperature deposited PZT, besides the shown excellent
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results, has the advantage of allowing a full room-temperature process. The RTA
process largely reduces the duration time at high temperature decreasing grain size
for the PZT films and also the possibility of any chemical reactions/elements diffu-
sion between films and substrate. However, the lift-off of gold contacts onto PZT
was hardly accomplished for several samples, requiring its contacts to be etched by
IBE technique. The latter option has not been demonstrated during this thesis due
to lack of time.

AlN, a lead-free material, has also shown good piezoelectric properties and
excellent chemical stability upon HF acid attack. Due to the low adhesion verified
between as-grown AlN by RT PLD deposition and LSMO/STO thin films, the order
of lift-off and contacts definition has shown to be crucial to the success of device
fabrication. This means that, the big contact pads for LSMO contact can be pri-
marily fabricated by simple lithography and KI etching since no greater definition
is necessary. However, the contacts for AlN actuation and detection region in the
clamped edges of the bridge structure need to be done separately for two reasons:
the first, the need for micrometer resolution on top of the bridge pattern on both
sides, and the second being the small gap in our design between the LSMO and
AlN contacts that have shown to make lift-off of both contacts at the same time with
simple acetone bath prohibitive (in such cases where ultrasound was used the lift off
was verified, however the AlN patterns mainly on the bridge patterns would also be
partially removed). Other attempts have been tried to define all the device contacts,
but they had all led to dead ends in the fabrication process. The order inversion
proposed however is very promising since the most difficult part which is defining
the contacts for AlN due to the need of a very good alignment and the micrometer
resolution on top of the bridge have already been successfully achieved.

Due to the higher amplitude and higher stability of the output signal, the
first resonant mode of vibration of the beam was chosen in order to investigate its
electromechanical properties. The structures were put under vibration in air envi-
ronment through an external excitation and had their resonant frequency measured
via a synchronized phase monitor of a Digital Holographic Microscope using the
composition of two different wavelengths allowing to set a reference on the sub-
strate without the appearance of phase jumps during measurements.

From such measurements, it was possible to evaluate the effect of the strain
as an increase in the Young’s modulus of the complete heterostructure - the mechan-
ical parameter that measures the stiffness of the solid stack of materials - for bridges
composed of Al2O3/LSMO/STO on SOS commercially available substrate. A higher
resonance mode was also measured for verification, but at hundreds of kHz range
the measurements become noisier, the duty cycle must be again reduced to attempt
to capture the smallest time fraction for each sample per period for the phase evalu-
ation to follow the bridge vibration at such high frequencies. Although DHM allows
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the dynamics measurements up to 25 MHz, it was found that in the MHz range, the
number of possible defined number of samples/period is greatly reduced, which
makes it impossible an assertive evaluation in time domain with only 9 samples ac-
quired per analysed period. The microscope disposes of a MEMS toolkit specialized
for such measurements that must enable the frequency sweep over a larger range of
frequencies than we can now, in much less time. For further evaluations of devices,
and to use the proposed fabrication described in this thesis in future applications,
the acquisition of such toolkit should be considered.

To go further into the devices characterization, measurements under vac-
uum are expected to be made to increase the quality factor and to allow the perfor-
mance evaluation into realistic resonant bolometers.

Finally, this thesis proposes solutions for the possible choice of the sub-
strate, electrode and piezoelectric materials, for the process flow to be followed and
for the measurement of the resonant properties. Even if the final piezo-LSMO inte-
grated MEMS device has not be successfully fabricated I am confident that we are
close to success and that this innovative devices can show improved performance in
the field of resonant bolometers or magneto-electric sensors in the future.
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Appendix A

RHEED

FIGURE A.1: Schematic diagram of RHEED geometry with incident
electron beam at an angle θ to the sample’s surface plane and the

respective RHEED pattern (Morresi, 2013)

The incident electron beam generated by thermionic emission strikes the
sample’s surface at near-grazing incidence (an angle θ of incidence normally in the
range 1o - 3o) so the penetration depth of the electron beam into the sample surface
is limited to a few nanometers before it is reflected onto a phosphorescent screen.

Based on Laue method, a crystal generates a set of diffracted beams that
show the internal symmetry of the crystal thus enabling to generate stereographic
projections of such crystals trough the so called Laue diagrams, that take into ac-
count Bragg’s Law:

nλ = 2dhklsinθnh,nk,nl (A.1)

where n is the integer number referring to the order of diffraction, λ is the
wavelength and d is the interplanar spacing; for a given d, the diffraction pattern
contain the diffracted beams corresponding to the first order of diffraction, n=1, of a
certain wavelenght, the second order, n=2, of half the wavelength λ/2 and so on.
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The maximum intensity of the diffracted beams is seen when the difference
between the wavevectors of the incident and diffracted beams, k and k’ respectively,
intercepts the reciprocal lattice rods shown in figure A.2a for a two dimentional pe-
riodic lattice with unit cell vectors denoted as a and b. An Ewald sphere of radius
k (equal to the magnitude of the wavevector of the diffracting electrons) is then de-
fined such that the end of the incident wavevector intersects the origin of reciprocal
space as in figure A.2b (Diehl et al., 2003). The intersection of the Ewald sphere with
the reciprocal lattice rods provides the positions of all possible diffraction peaks from
the surface structure that generates this set of rods, i. e., it selects the electrons with
wavevectors k’, forming spots on the screen (Morresi, 2013) that give the signature
of the deposited layer, the Fourier transform of the sample crystalline structure in
reciprocal space (Yin, 2013b). An ideal surface presenting perfect-ordered atoms ex-
hibits a series of streaky lines on RHEED pattern whereas diffused lines with lower
contrast will be seen in case of real crystalline surfaces, however, if the surface is not
flat, this will result in many scattered electrons transmitted through surface asperi-
ties to all directions leading to a RHEED pattern constituted by many spotty features
indicating a 3D growth mode.

FIGURE A.2: Schematic diagram of (a) reciprocal lattice rods, (b)
Ewald’s sphere construction Diehl et al., 2003 and the intersection be-
tween the Ewald sphere and a particular reciprocal lattice rod (Mor-

resi, 2013)

RHEED intensity oscillation can still be used for thickness evaluation of
the deposition, since for a 2D growth, one oscillation period of a specular electron
beam corresponds exactly to a monolayer of the film grown during this period and
together with RHEED patterns this feature can help fully monitor all the important
parameters for optimal growth, such as crystalline structure, lattice constants, sur-
face roughness, growth mode and number of monolayers. The oscillation period de-
pends on the material flux to the surface, the substrate temperature and the growth
mechanisms (Morresi, 2013).
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Appendix B

Masks for AlN/LSMO/STO/SOI

FIGURE B.1: Layout of the LSMO patterns
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FIGURE B.2: Layout of the LSMO inverted patterns

FIGURE B.3: Layout of the AlN patterns
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FIGURE B.4: Layout of the AlN superposed on LSMO patterns

FIGURE B.5: Layout of the lithography pattern for definition of top
contact for the AlN patterns
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FIGURE B.6: Layout of the lithography pattern for definition of top
actuation contact superposed on the AlN patterns
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Appendix C

Width measurement for resistivity
calculation

FIGURE C.1: Points measured in transversal profile of 50 µm bridge
for width evaluation

FIGURE C.2: Points measured in transversal profile of 100 µm bridge
for width evaluation
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FIGURE C.3: Points measured in transversal profile of 150 µm bridge
for width evaluation

FIGURE C.4: Points measured in transversal profile of 200 µm bridge
for width evaluation
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Appendix D

HF safety rules manipulation

FIGURE D.1: Personal protective equipment for prevention measures
when manipulating HF
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Appendix E

SOI substrates fabrication

SOI wafers basis formation is the silicon direct bonding to an oxidized silicon wafer,
which results in strong silicon-oxygen bonds and visualized in Figure E.1. The result
is a silicon top layer electrically insulated from the bottom wafer enabling, in the
semiconductor industry for example, the optimization of device properties in the
device layer. This technique is known as BESOI (bond etchback SOI), and is only
one of the large variety of achieving SOI substrates.

FIGURE E.1: Silicon-on-insulator (SOI) wafer fabrication by bonding
an oxidized wafer to a silicon wafer: surface preparation, room tem-
perature joining and annealing (bond improvement) and subsequent

top wafer thinning

A standard RCA-1 cleaning process is applied to the bare silicon wafer to re-
move organic residue and films from the wafer by the decontamination work based
on sequential oxidative desorption and complexing with hydrogen peroxide, ammo-
nium hydroxide and water (H2O2-NH4OH-H2O). A further cleaning RCA-2 may be
needed to complete the surface cleaning with H2O2-HCl-H2O. This step leaves the
surface smooth with a rugosity smaller than 0.5nm and in a hydrophilic condition
with silanol groups (with the connectivity Si-O-H). If the oxide is, however, grown
by a chemical vapour deposition (CVD) method, a chemical mechanical polishing
(CMP) may be necessary in order to guarantee enough smoothness for successful
bonding, since already neither is the surface perfectly flat nor have the hydrogen
bonds long range.

An oxide layer can be grown in the second Si wafer by thermal oxidation,
a process exhibiting negligible incubation period in the 800°C-1000°C temperature
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range, but not in low temperature processes (Massoud, 1995), where other tech-
niques such as PECVD would be preferable.

The bonding of hydrophilic silicon surfaces is done via intermediate water
molecules. A mild thermal treatment is needed to achieve satisfactory surface en-
ergies (1300 mJ/m2) and results in an almost constant value from 150 to 800°C. The
reaction that takes place during annealing leads to siloxane bond formation which
is much stronger than hydrogen ones:

Si − OH + HO − Si → Si − O − Si + H2O (E.1)

If low temperatures are needed, a low temperature direct bonding (from
room temperature to 400°C) can be performed by the assistance of an oxygen plasma
activation, where the UV from plasma discharge breaks the Si-O and Si-H bonds and
the surface is oxidized, the oxide being porous allows the diffusion through it which
is beneficial for water removal.

The top Si is thinned until desired thickness, I have used 440 nm-thick top-
most silicon SOI substrates.
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