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Preface

This thesis is a part of the Marie Sklodowska-Curie Innovative Training Network (ITN) EN-
HANCE project (Piezoelectric Energy Harvesters for Self-Powered Automotive Sensors: from
Advanced Lead-Free Materials to Smart Systems), which is related to energy harvesting
for automotive applications, specifically for vibrational and thermal harvesting for self-
powered sensors. ENHANCE is primarily designed to maximise the formal training op-
portunities, knowledge-sharing and professional development of early stage researchers
(ESRs), but offers also benefits to the scientific staff at the host institutions and to the
EU public. Particular attention has been paid for dealing with all the impacts in terms
of protection of environment and energy efficiency by developing new energy harvesters
for self-powered car sensors. The outcomes of the project may enable the use of wireless
self-powered sensors in the cars and the reduction of maintenance cost of car sensors by

80 %, concurrently reducing weight, space and cost of future automobiles and aircrafts.

The main purpose of the ENHANCE project is to create a multidisciplinary joint re-
search activity, implying chemistry, materials science, physics, mechanics, engineering
and electronics, gathering the expertise of universities and industrial partners from 5
counties around Europe (Fig. 1a). Thanks to its multidisciplinary approach, the ambi-
tious work plan of ENHANCE (Fig. 1b) starts with molecular engineering and materials
synthesis up to transducers micro-fabrication, the design of hybrid harvesters along with
smart electronics, to ensure the integration and application of the developed devices in
real working conditions. Moreover, the project acts as an application driven training net-
work, creating a strong relationship between research and industry in order to facilitate
technology transfer. In order to implement advanced lead-free materials in the form of
films or nanostructures with high piezoelectric figure of merit and quality factor, the first
task of ENHANCE project is to determine the correct methodology, compatible with the
conventional industrial micro electro-mechanical systems (MEMS) processing of fabri-
cation. The aim is to propose complete and real harvesting solutions for industrial appli-
cation by taking into account real harvesting working conditions (frequency and ampli-
tude ranges, temperatures, shocks, corrosion, etc.) in cars, considering processing guide-
lines and constraints for implementation of new technologies at initial stage. During the

project, 13 ESRs have been trained in different topics to learn and gain experience in a
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Figure 1: ITN-ENHANCE Project: a) consortium of partners and beneficiaries; b) institution
roles within the project.

multidisciplinary environment about the energy harvesting subject, collaborating toward
the main goal of the project and traveling between the hosting institution (maximum 10
months secondment per ESR) to develop their transferable and research skills. The final
aim is to develop systems, that are able to offer stabilized output voltage in 1-3 V range
and adapted to specific needs of sensors with high autonomy and working in tempera-
ture ranges from room temperature (RT) to 600 °C in vehicles.

My role in the project was to investigate the piezoelectric properties of LiNbO3 for
energy harvesting application, individuating a suitable micro-fabrication process for the
transducers, and eventually integrating the developed technology along with optimized

electronic interface in car environment. The thesis is structured as follows:

e Chapter 1 - General overview of kinetic harvesting methods with special focus on
vibrations from vehicles, and comparison of the figure of merits of state of the art

materials;

* Chapter 2 - Overview of the fabrication process, techniques involved during the

course of the work, and the basic characterization of different LiNbO3 orientations.

* Chapter 3 - Theoretical and experimental investigation of piezoelectric and pyro-

electric properties of LiNbO3 films with different orientations;

* Chapter 4 - Finite element simulations to optimize the performances of the proto-

types, and introduction of theoretical framework for their electronic configuration;

e Chapter5 - Results from the experimental characterization of different sets of LINbO3

energy harvesters, and comparison with the state of the art;

e Chapter 6 - General conclusion for the study and perspectives for future develop-

ments of LiNbO3 energy harvesting technology.
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|} Introduction

In this chapter, I will introduce the most general concept regarding vibrational energy
harvesting, showing what are the most efficient ways for converting kinetic into electric
energy. I will devote part of the chapter also to the investigation of frequency and ac-
celeration levels in cars, which has special importance in ENHANCE project framework.
Eventually, a brief comparison of different methods of vibrational energy harvesting is
presented along with the main examples and their operation modes. In the second part
of the chapter, I will discuss the state of the art concerning energy harvesting materials,

and I will present the most important examples.

1.1 Energy Sources for Internet of Things Applications

As of today, industrial, commercial and residential buildings need monitoring systems for
heating/cooling, telephone service, security and lighting. At the same time, new genera-
tion cars have multiple networks to control engine function, safety features, and commu-
nications systems. All these devices along with portable electronics, and their embedded
sensors, represent the Internet of Things [1], or a vast network of devices all connected
and able to provide useful information in real time. With the evolution of the network
that lies behind them, more features will be added in the near future such as security, an-
alytics, and management capabilities. This will allow IoT to become even more powerful
while the number of devices that will be active is expected to grow to 22 billion by 2025.
Along with the concept of IoT, there is a need to simplify the energy supply and to offer
sustainable solutions to power up small sensors, and that is exactly why all these ideas
converge in the energy harvesting topic. With energy harvesting, we identify the process
for which is possible to recover micro-energies (1-10° uW/cm?), that are otherwise lost
in the environment, and convert it into electric current for instantaneous or later usage.
Possible sources are light, heat, vibration, or biochemical processes (Fig. 1.1)[2]. Typically,
light has the highest power density available (> 10% pyW/cm?), but indoor or other limiting
conditions (night, enclosed systems, etc) represent a severe drawback for its application.

Thermal sources are also promising ( 1-10° uyW/cm?) but often they require the usage of
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Figure 1.1: Energy density available from different sources [2].

toxic materials (like BipTes) and stabilized temperature gradient between heat sink and
hot plate, which could be difficult in real environmental conditions. Even though depen-
dent on motion, vibrations look very appealing as a source kinetic energy (human body
movements, industrial machinery, cars etc.), which have a considerable power density
100uW/cm™3. In conclusion, a typical energy source does not exist in energy harvesting,
and thus its development is application driven. The features for a state of the art harvester

are:

e Small scale and maintenance free: for harvesters and packaged electronic interface

the target is usually 1 cm? of volume, and the protocol is install and forget.

* Flexibility: the harvester has to be rather flexible in terms of power output, or energy

provided in operation mode to sustain the need of the sensor node.

* Long lasting and low-cost: in principle the device has to last more than a battery,
therefore they have to work for more than 10° use cycles, and they have to be fabri-

cated with resources which are abundant and not cost intensive.

* Sustainable and environmental friendly: the harvester has to respect worldwide en-

vironmental regulation (REACH and RHOS) in terms of toxicity and waste disposal.

Especially for next generation IoT devices, energy harvesting represent an alternative
to lithium batteries (Table 1.1). The most used lithium batteries are Li-MnO,, which can
provide a nominal voltage of 3 V and operate between -30°C and 60°C, they show high en-
ergy density per volume (280 Wh/Kg), but often contain solvents like monoglyme, which
is a substance of very high concern and REACH (Registration, Evaluation, Authorisation
and Restriction of Chemicals) candidate. For instance, a lithium button cell (CR2032) has

a limited life-span, which can provide 1 mW for about 1 month, or it could last 3 years
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for a consumption of 30 uW. Promising batteries for IoT are lithium thionyl chloride (Li-
SOCl,), which have the highest power density per volume (500+700 Wh/Kg), but also high
cost and safety concerns, limiting the use in civilian applications. Eventually, deploying
batteries for IoT applications could be cost intensive and inefficient, while vibrational
harvesters could in principle work for longer time at the same power level [3], or be em-
ployed in tandem with rechargeable batteries and super capacitors. Furthermore, for a
typical working cycle of a sensor (in terms of communication frequency with the node),
often there is no need of continuous energy supply, hence the harvester can accumulate
energy and then provide it whenever needed. For instance, ST-Microelectronics provides
low power consumption (2 pA @ 1 Hz) capacitive digital sensors for relative humidity and
temperature monitoring [4], which need 1.7 to 3.6 V supply. Other than IoT, another im-
portant field of application is represented by body implants (peacemaker, health moni-
toring devices, drug delivery etc.), where most of the time the preference is to avoid ex-

pensive or complex surgeries to replace batteries.

Table 1.1: Most common lithium batteries [5].

Type Voltage (V) Power density (Wh/Kg) Temperature
Li-MnO, 3 280 -30°C + 60°C
Li-FeS, 1.4+1.6 297 -20°C +40°C
Li-(CF) 3 360+500 up to 80°C
Li-SOCl, 3.5 500+700 down to -55°C

For car industry, the leitmotiv is to converge towards smart vehicles, where the num-
ber of sensors will drastically increase. According to business market studies [6], by 2025
there will be more than 200 million vehicles connected to 5G networks and 100% of the
new vehicles will be connected to internet. While vehicles become more connected and
advanced, still they are responsible for around 12% of total EU emissions of carbon diox-
ide. Starting from 2021, the new EU regulation sets a new threshold average emission of
95 g CO,/km for cars (this emission level corresponds to a fuel consumption of around
4.11/100 km of petrol or 3.6 1/100 km of diesel) [7]. Therefore, reducing the weight of the
car becomes instrumental regarding fuel consumption and CO, emissions. For instance,
reducing the vehicle weight by 100 Kg reduce the CO, emissions by 4+6 g/Km. We have to
consider the fact that sensors signal transfer and powering in a vehicle introduce a com-
plex network of wires (up to 50 kg, several km in length) and add complexity and costs
to installation and maintenance diagnostics. Naturally, the demand of wireless sensors
implementation for inaccessible locations or harsh working conditions is now increas-
ing, also because it could have high impact on the mass of cars. Eventually, the objective

of ITN ENHANCE project is to develop energy harvesters able to collect and convert the
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Figure 1.2: Study of data on vibrations available from cars.

abundant energy present in vehicles (vibrations, wasted heat, solar energy), in order to
power wireless sensor nodes and reduce complexity, weight and cost. Moreover, the re-
search effort in the project is oriented towards the optimization and implementation of
eco-friendly materials which are not containing lead (Pb), such as LiNbOs , K; -, Na,NbOj3
(KNN) and BiFeO3 (BFO). On the other hand, these materials and methods have to be de-
veloped along with low power consumption electronics and power management, which

represent a further optimization step in wireless sensor node communication networks.

1.2 Available Energy Sources in Cars

In the first part of this study we have to consider the vibrational energy available in the car.
For this reason we have studied real acceleration signals from vehicles to understand what
are the constraints in terms of signal magnitude or frequency levels, and design harvesters
accordingly. This kind of investigation gave us the guidelines needed to implement our
prototypes under the right conditions. We have started our study from a database which
is currently available online under the project EnABLES [8]. The database contains more
than 400 signals from real vibration sources, like animals, machinery, vehicles and human
motion. Among the others, signals from cars are part of the database, where they repre-
sent the vehicles driven under different conditions. Moreover, also thermal fluctuations
near the engine or the exhaust pipe can be used as energy source. In fact, temperature
variation in the motor compartment, typically reach more than 50°C in less than 20 s,

especially close to radiator support or at the end of the exhaust pipe [9].

In Fig. (1.2a) is presented the batch of data studied. The data were measured with a tri-
axial accelerometer (sampling frequency 20 kHz) in different car locations (engine, hood,
wheel and dashboard) and for different conditions (parking, engine ignition, running
on highway etc.). Other signal which are marked as unknown locations, were recorded

specifically while the car was running in highway or urban roads. The data are typically
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represented in terms of acceleration magnitude g (where g = 9.81 m/s?). In Fig. (1.2b)
we calculated the average RMS acceleration magnitude along the principal axis of the
accelerometer. The results show that the highest magnitude was observed when the ac-
celerometer was placed on the engine and whenever the car was turned on or off. Oth-
erwise, the acceleration levels were between 0.1+0.5 g depending on the location. This
information gave us an overview of what to expect in real conditions when using an har-
vester inside the car, and it was later implemented as parameter during simulation phase.

The second important aspect is the working frequency of the harvester, because assuming
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Figure 1.3: Acceleration data from car engine and spectrogram of the signal.

linear behavior, the maximum energy is collected at resonance frequency. In principle, the
best configuration consists in the device resonance in the excitation frequency range or
bandwidth. In order to investigate carefully the system, we needed to represent the data
not only in terms of frequency (Fast Fourier Transform - FFT), but also in the time do-
main using a spectrogram, to see if the frequencies were stationary or dominant in time,
and considering their power spectral density. The best case scenario is presented in Fig.
(1.3). In the figure above we see the raw acceleration measured with the accelerometer
when the engine is turned on and it is kept running continuously. In this case the system
is providing an approximately steady excitation for the given time elapsed, and therefore
the frequency is stationary. To counter-check this assumption, we have investigated the
spectrogram of the signal. We can see that the frequency of 30 Hz, is continuous in time,
and the same is for other intense peaks under 100 Hz (harmonics of the first mode). In
this case, the 30 Hz frequency from the engine is dominant in time, as well as its higher
harmonics, therefore there is the possibility to tune the harvester in a specific range of val-
ues and maximize the energy conversion. However, a more realistic example is given in

Fig. (1.4). In this case the accelerometer is placed inside the car during a highway cruise.
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The signal is strongly varying in the time domain, even because the car is moving and
encounters the typical stochastic noise given by the road morphology. Considering the
acceleration signal spectrogram, we observe that some frequency levels are stable, even if
not as steady as before (30 - 60 Hz). Meanwhile, at higher frequencies, one mode is shift-
ing between 265+280 Hz, with weak magnitude modulations. In this scenario, we can still
use a linear harvester, but we should attain a larger bandwidth in order to capture as much
energy as possible, or design structural non-linearities to widen the harvester frequency

spectrum.
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Figure 1.4: Acceleration data from car in highway and spectrogram of the signal.

Finally we can see in Table 1.2 the acceleration and frequency levels encountered in
the study. In general we can say that cars generate low frequency vibrations, and the mag-
nitude of acceleration rarely overpasses 0.1 g for 3> > 100 Hz. The engine vibrations look
particularly interesting in terms of acceleration magnitude, but we have to implement

materials that can withstand harsh environmental conditions or high temperature.

Table 1.2: Acceleration and frequency levels in cars [8].

Location Frequency (Hz) Acceleration RMS (g) Comments

Engine 30-60 1 Turning on/off
Dashboard 1-10 0.09 Parking
Hood 40-50 0.19 Turning on/off
Wheel 30-100 0.51 Urban road
Unknown 50-90 0.19 On highway
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1.3 Vibrational Energy Harvesting

Vibrational energy harvesting, also called inertial harvesting, has become an established
focus of interest during the past twenty years. Recent advances permitted to reduce the
operating frequencies from several kHz to few Hz, where environmental vibrations are
available (human motion, oscillations of bridges, automotive engines, etc.), while main-
taining an interesting output power. The size of the systems is highly limited in the case of
integrated sensors (volume of sensor < 1 cm?®). The most used methods to harvest energy
from vibrations are piezoelectric, electromagnetic and electrostatic. William and Yates
[10] have proposed a simple and effective model for kinetic (or vibrational) energy har-
vesting. In this case, the harvester is approximated to single degree of freedom system
and it can be used to explain various approaches in first approximation. The inertial ki-
netic harvester (Fig. 1.5) is introduced as a mass, M, which is moving with a displacement,
x, with respect to the external excitation displacement, y, connected to a spring, K, and a
damper, C. The damping term is the sum of the energy dissipated mechanically and the
energy harvested. Thus, we can use the following equation to express the dynamic of the

system:

Figure 1.5: Schematic diagram of inertial harvester.

-Myjy=Mi+Cx+Kx (1.1)

The system is essentially a second order differential equation, in which we can make

the following substitutions:

K
“n =
C
— =2C(w
M Goon

where w, is the natural frequency of the harvester and {-the dimensionless damping

ratio. So we can rewrite the system as:
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that is typically the equation for an RLC circuit or forced oscillator. Now being the

external oscillation harmonic as in y = Ysinw?, and assuming same phase, we can get the
magnitude of the response in permanent regime:
Q%y

Xo = (1.3)
V(I - 022+ (20Q)2

where Q) = w&n is the ratio between forcing and natural frequency. Eventually the power
obtained is given by the equation:

_ M, Q3A?
C0[(1-092)2+ (202

(1.4)

rms

Therefore we have the maximum power whenever Q) = 1, or matching with the res-
onance frequency of the system. Another important aspect is that the power is propor-
tional to the mass, M and acceleration magnitude, A, hence we have to optimize the size
of the device mass and obviously work at the maximum acceleration levels. From the in-
terface point of view, there is an optimal level of damping which is given from (. = (;,, or
whenever electrical and mechanical damping are matching. Therefore, we have to mini-
mize the mechanical damping of the structure while matching it with the electrical load.
With the help of this model, we can estimate the maximum power harvested from a kinetic

harvester for a given transduction mechanism, expressed through C,, or alternatively Ce.

1.3.1 Electromagnetic Transducers

The lumped model applies very well for the theoretical description of electromagnetic
harvesters. In this case, the energy is converted using the principle of electromagnetic
induction (Fig. 1.6a). Therefore, the voltage is collected from a coil which experiences
a variation of the magnetic field, where the movement can derive independently from
the coil or the magnet. If we want to express the power in terms of the restoring force

produced by the magnet moving through the coil, we can write:

1 (NBD)?R
_IOBDR 2 (15)
2(R0+Rl)

rms

where R and R; represent coil and external resistive load, NV and / the number of turns
and length of the coil, and B the magnitude of the magnetic field, respectively. Usually
for electromagnetic harvesters, the working frequencies are small (typically below 50 Hz)
and therefore the coil inductance can be ignored in first approximation, so the electrome-
chanical force is in phase with the velocity and the lumped model matches correctly the

system. If the coil resistance is zero, the power output would match directly the maximum
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Figure 1.6: Electromagnetic generators: a) electromagnetic induction principle; b) device
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power predicted by the lumped model, but instead we have maximum power whenever
R; = R;. Even if this equations do not hold for more complex geometries like the one in
Fig. (1.6b), where planar coils and magnetic sheets are involved [11], this model can still
give general insights on design aspects. Electromagnetic harvesters have good efficiency
at low frequency but they provide rather small voltages (often in range of 107! V), and
the power output ( > 100 uW/cm? for low frequency) is proportional to the coil design
and the magnitude of the magnetic field. The advantage is the low cost of such devices
as compared to other technologies, even though electromagnetic systems are difficult to

3

miniaturize. They can achieve high coupling (up to 60% [12]) for cm” size and above, and

they represent the first commercially successful energy harvesters like Perpetuum [13].

1.3.2 Electrostatic Transducers

For the case of electrostatic harvesters, variable capacitance is used to change the charge
on a parallel plate capacitor changing their relative distance or electrodes overlapping
(Fig. 1.7a). In fact, while changing the distance between the electrodes, the energy stored
in the capacitor will change, depending if the energy cycles are either charge- or voltage-
constrained. The energy that eventually exceeds in the cycle is the energy that we can
harvest. Many geometries can be implemented and usually the device are compatible
with MEMS scale processing for miniaturization. The power density is usually small com-
pared to the other technologies, due to the fact that the equivalent mass is limited in size.
For instance, whenever the system work in air as a dielectric medium, the power densities
become low (< 60 pW/ cm? for electret free [2]), unless they operate at high voltages. They
require pre-charging or the use of electrets as initial charge on the capacitor. For instance,
in Fig. (1.7b) a patterned electret using a high-performance perfluoro polymer material
is employed to induce a repulsive electrostatic force [14]. Even though electrets can have

similar performances to electromagnetic and piezoelectric harvesters, the fabrication and
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Figure 1.8: Piezoelectric generators: a) displacement of cantilever and strain variation in
piezoelectric layer. b) MEMS scale PZT cantilever on Si[15].

conditioning/balancing of electrostatic forces are still challenging.

1.3.3 Piezoelectric Transducers
Piezoelectric materials represent a solid transduction solution for energy harvesting. The
most common mechanical structures used for this purpose are cantilevered beams. In
this case the material has the capability of converting the transverse mechanical strain
provided by the dynamic excitation of the beam, in electric charge displacement. An ex-
ample of harvester is given in Fig. (1.7a), where the cantilever tip displacement generates
a strain in the piezoelectric layer, the voltage is then collected from two parallel plate elec-
trodes. Besides, this devices can be miniaturized down to MEMS scale [15] (Fig. 1.7b).
More details regarding material classes and features will be given in the following chap-
ter. Now, if we rewrite the equation of the power in terms of piezoelectric transduction,
we have:

Py = %(FOM) vS? (1.6)

Where FOM stands for Figure Of Merit, and it is related to the electro-mechanical fea-
tures of the piezoelectric material, v is the active volume, and S; the strain level on the

piezoelectric beam. From this simple formulation we have a better understanding of the
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important aspects to take into account:

e We should work at the maximum frequency available of the system, hence tune the

cantilever response to w,. Therefore, the geometrical parameters have to be opti-

mized for these working conditions;

* We need to optimize the FOM of the piezoelectric material to improve the power

output;

e The volume of the piezoelectric layer under strain has to be maximized.

With piezoelectric harvesters we can generate interesting voltage levels (1+20 V) de-

pending on the size of the harvesters, but the optimal load is usually higher compared

to the electromagnetic harvester counterpart (kQ - MQ range), developing considerable

power densities (> 300 uW/cm?). The miniaturization is also possible, even though fabri-

cation results into higher costs.

Table 1.3: Comparison of different transducers technologies.

Type Advantages

Drawbacks

Power density

Electromagnetic *

Optimized for low frequencies (5-100 Hz)
No external voltage supply

Low impedance (< kQ)

Hard to miniaturize

Large mass displacement

184 yW/cm?® @10 Hz [16]
306 uW/cm® @52 Hz [17]

Electrostatic o

Miniaturization and MEMS integration
Good output voltage (2-10 V)
Tuning of coupling

Long lasting

Need of external bias voltage

Low power at small scale

58 uW/cm?® @50 Hz [18]
21 pW/cm?® @105 Hz [19]

Piezoelectric .

High voltage output (> 10 V)
Miniaturization
High coupling for single crystal

No external voltage supply

Expensive

Small coupling for thin films
Large optimal load (kQ-MQ)
Fatigue effect

1.45 mW/cm?® @18 Hz [20]
0.39 mW/cm? @36 Hz [21]

1.4 Basic Concepts of Electroactive Transduction

In this section several piezoelectric materials, considered for energy harvesting purposes,

will be presented. Some of these materials are mainly used for energy harvesting and

actuation solutions, some others are more applied in acoustics field. I will discuss about

their properties, the general aspects of their fabrication and in particular their suitability

the application in energy harvesting.
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tion change as a function of electric field (b).

1.4.1 Ferroelectricity

The concept of ferroelectricity is similar to the one of ferromagnetism. In both cases, a
specific class of materials have spontaneous polarization and hysteretic behavior due to
local domain arrangements. Ferroelectrics are materials in form of single crystals or poly-
crystalline solids (made of crystallites). Their main feature is that they show reversible
spontaneous polarization (Ps), which can be changed by applying an electric field. Un-
der the same principle, the local crystallites, or the so-called ferroelectric domains, can
be aligned under a specific external field condition. If the domains are randomly ori-
ented, then the net response to external mechanical excitation is null. Moreover, ferro-
electrics also exhibit Curie Temperature (Oc), or a temperature above which the spon-
taneous polarization does not exist anymore, and the material shows para-electric be-
havior. Ferroelectrics represent a subgroup of piezoelectric and pyroelectric materials
(Fig. 1.9a), the former occurs when the crystal structure is non-centrosymmetric and
the latter when symmetry allows first rank tensor properties. Notable examples of non-
ferroelectrics are AIN and ZnO, which are both piezoelectric and pyroelectric, but they
don't present reversible behavior, while LiNbOs is a ferroelectric along with other ceram-
ics such as BaTiO3 and PZT.

In general, ferroelectric materials can be poled, in order to align the domain orienta-
tion, ending up with a net microscopic dipole. For both polycrystalline and single crystal
materials, we can reverse the direction of Ps using an electric field in opposite direction, at
the condition of being higher than the coercive field. Repeating this process, generates a
typical hysteresis loop (Fig. 1.9b). Starting from the origin (polydomain), the polarization

increases non-linearly with the electric field, thus the domains start to align. Thereafter,
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even if the field is further increased, the polarization reaches a saturation phase (green
dotted line in Fig. 1.9b) Pg,;, which gives us the value of the Ps, when intersecting the P
axis. To reverse Ps, the field has to be reduced to zero, and whenever we the polarization
axis is intersecting, this value is called remanent polarization (Pg). The physical explana-
tion is that even if the value of E is reduced to zero, some domains will still be aligned.
The value of the field to bring the polarization to zero, is the coercive field (Ec). The sec-
ond half of the cycle will be the same but for negative values of the field. Eventually the
area under the loop will be the energy dissipated during the cycle, due to the losses of the

material like thermal dissipation.

1.4.2 Piezoelectricity

Piezoelectricity is a physical phenomenon that occurs when a material has a non-centro-
symmetric crystal structure. Just one case of non-centrosymmetric structure is not piezo-
electric, namely cubic class 432. Symmetry is an important aspect of piezoelectricity,
among the 32 point groups for crystals, only 20 of them are piezoelectric. If the mate-
rial undergoes mechanical stress or strain, due to the absence of a center of symmetry,
the charges inside the crystal will generate a dipole moment and then a voltage. Vice
versa, if an electric field is applied on the material, the structure will deform according
to the direction of the field. If the relation between the electric field and the mechanical
strain is linear, then the phenomenon is called linear piezoelectric effect. In the case of
direct effect, the piezoelectric element acts as a generator, thus it can be used for energy
harvesting applications. Instead, for converse effect the transducer acts as a motor, so the
applications are more oriented towards actuators. In case of spontaneous polarization,
piezoelectricity goes along with pyroelectricity. For ferroelectric piezoelectrics, high cou-
pling can be attained but also high dielectric losses, and the properties are non-linear. In
order to mathematically explain piezoelectricity, we may define the direct piezoelectric
effect using tensor notation:

D;=d;jiTk (1.7)

where D is the dielectric displacement vector, T the applied stress second-rank tensor,
and d the strain piezoelectric coefficient third-rank tensor. The following relation is for
converse piezoelectric effect:

Sik=d;jkEi (1.8)

with S the strain second-rank tensor and E the electric field vector. It is important to note
that the use of tensors is useful because piezoelectricity is an effect dependant on the
orientation of the crystal structure. Both stress and strain tensors are symmetrical, along
with the piezoelectric tensors (i.e. T;j = Tj;, S;j = Sj; and d; jx = d;x;). It is possible then
to rewrite the equation using the matrix notation or Voigt notation, where the indexes are

reduced in numbers being symmetrical. So the following relations will be valid T;; = T},
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Sij = 8 and d; jx = dim. In matrix notation the constitutive equations can be defined in

strain-charge form as:

Si = s;;Tj+dkiEx -

D; = dijT;j +elE; '
Where sF is the elastic compliance fourth-rank tensor at constant electric field and €' the
second-rank tensor permittivity at constant stress. The superscript usually takes into ac-
count the relative constant electro-mechanical parameter. Whenever we talk about lon-
gitudinal excitation (thickness mode) we will consider that the material is activated along
its polarization direction, so the coefficient dii will be used, (with i = 3). For transverse ex-
citation (transverse mode) instead the material is excited perpendicularly respect to the
polarization, hence the use of di]. coefficient, (with i = 1,2, j = 1,2,3). Even if not consid-
ered in this work, there is also the possibility to excite the material under shear boundary
conditions (shear mode), so the relative piezoelectric coefficientis 4., (with i =1,2,3 and
k = 4,5,6). Alternatively we can rewrite Eq. (1.9) in terms of the stress 7, defining the

stress-charge form:

T; = cfjsj —eiiEg

(1.10)

D; = eiij+el$jEj
differently from Eq. (1.9), we have cg that is the elastic stiffness at constant electric field,
e is the stress piezoelectric tensor. Both set of Eq. 1.9 and Eq. 1.10 are equally correct,
so that theoretically one can use either one. Actually, the specific boundary conditions
exerted on a given device must be considered to choose the most suitable equation set
for the analysis. As seen, crystal symmetry is a very important aspect, since it gives the
exact number of elastic or piezoelectric coefficients which are non-zero or independent.
Later on in this chapter, we will see that usually the most popular symmetry classes in
energy harvesting are tetragonal (4mm), hexagonal (6mm) and poled ceramic materials
(com). The trigonal family (3m) is more rare, and it is the symmetry class for LINbO3 and
LiTaOs.

1.4.3 Pyroelectricity

Pyroelectricity is a physical effect that arises whenever the material undergoes tempera-
ture fluctuations over time. It occurs for those piezoelectric materials that possess first
rank tensor properties. In fact, whenever the temperature changes, the polarization in a
pyroelectric crystal is reduced by the temperature effect, and the charges are relatively free
to move. The dipole moment magnitude of the material will lower, therefore the surface
charges have to rearrange themselves to balance the different value of spontaneous polar-
ization. To avoid confusion we will keep the notation as in Eq. (1.9), so the stress will be T

and the temperature will be ©. The variational relationship between charge displacement
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and temperature effect can be written as:
8D =p'so (1.11)

where p is the pyroelectric coefficient (C.K™1.m™2), which is a first-rank tensor. The equa-

tion can be rearranged in order to define the coefficient at constant stress as:

=50 (1.12)

p

If we explicit Din terms of the applied electric field E and the total polarization P then we
have:
D=€E+P=¢€¢E+ P;,+Py) (1.13)

where P;;, and P are the induced and the spontaneous polarization, respectively. There-

fore the pyroelectric coefficient can be expressed as:

oP
T N
P’ =0 e (1.14)
If we rewrite the constitutive equation in matrix form, by adding thermal effects:
S=s"T+d'E+a"A®
(1.15)

D=dT+e'E+p'AO

where a is the coefficient of thermal expansion. In condition of constant electric field
O E =0 and constant strain 8S = 0, from the second constitutive equation we get:

2

d
_ T
D=¢ (1—m

doBT
) (1.16)

sE

+A®(pT—

In Eq. (1.16), when you deal with ds3, then the pyroelectric coefficient is enhanced,
because p is negative while « is positive. However, when we deal a negative transverse
coefficient, then the pyroelectric coefficient is reduced in the normal case (p negative, a
is positive). This is usually the case in thin films where we have T3 = 0, but S; = S, = 0.
Moreover, we can define the secondary pyroelectric effect when the crystal is free to react

to the thermal variation.

1.4.4 Electro-Mechanical Coupling Factor

The electro-mechanical coupling factor is an important non-dimensional coefficient, that
describes the piezoelectric material ability to convert the stored energy into electric or
mechanical work. These coefficients are valid in the case of actuators or sensors, and
can be specifically defined for the relative excitation mode. They depend on the material

elastic, piezoelectric and dielectric properties.
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Generally the coupling k? is defined as the ratio between two energies:

» _ Created mechanical energy  Created electrical energy
~ Invested electrical energy  Invested mechanical energy

(1.17)

the first identity of Eq. (1.17) is related to converse effect or the case of actuators, while
the second identity is used for the direct effect or in sensor configuration. For energy
harvesters, we usually have an input mechanical energy (in elastic form) that we want to

convert into electrical energy, so we have to consider the input mechanical energy as:

1 1
ur = —ST = = sT? 1.18
T3 2 ( )

where we assumed the linear relationship between S and T according to Hooke’s law,
therefore S = s*T. Meanwhile, the electric energy that is generated by the effect of piezo-

electric coupling is given by the displacement of charges in the dielectric medium:
1 1 1

ug = ~DE= —D?*= —d*T? 1.19

T2 2¢T ~ 2¢T (.19

If we now consider the ratio between the two, we obtain the electro-mechanical coupling:

S
o _ur _ %
K= e T el (1:20)
]] 11

this non-dimensional coefficient can be defined for all piezoelectric materials and can
be useful to compare their performance. In this work, I will often address the coupling
for transverse mode commonly used in harvesting (ks;), but it can be defined also for
thickness mode (k33) or shear mode (used mostly in acoustics k5)[22]. It has to be noted
that this quantity is different from the effective coupling factor, k2o, which is related to

the piezoelectric properties and the particular device design. k2 is defined as:

2 2
2 _ foc_fsc

s fozc (1.21)

Where f,. and f,. are respectively the open circuit and the short circuit resonance fre-
quencies. The value for k?q is usually smaller than kij, but for a monomorph (or pure
piezoelectric bender), they should be the same. It is important to explain that this two co-
efficients are not representing the efficiency, n, of the harvester. In fact, during a working
cycle for the harvester, only part of the input mechanical energy is converted into electri-
cal energy, while the remaining is stored as electrostatic energy in the piezoelectric layer.
Eventually 1 is defined as:

Created electrical energy

= 1.22
" Consumed mechanical energy (122)
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If the piezoelectric element has low dielectric losses, the stored electric energy will go
back to the mechanical source. Typically, PZT ceramic losses are about 1-3%, while single
crystals, such as LiNbO3 , can go as low as 0.1%. A different approach to efficiency is given
analytically by [23] based on a simplified single degree of freedom system. In this case n
is defined by the relation:

-1

n= L l + k;zﬁ (1.23)
2 (1 B kgff) Q2 (1 B kgff)

It is clear then that ) depends on the quality factor, Q, and the coupling of the system, but

this definition is valid for a device working at resonance with relative resistive load. It was

shown that 1 can be as high as 90% of the coupling, leading to the relation that n < k2.

However, this result has to be taken carefully into account, because it applies just for this

particular case and it cannot be considered as a general result.

In order to summarize, we sketched in Fig. (1.10) a simple cycle for energy conver-
sion. We start for the environmental energy available, which can be random vibrations
or a direct deformation of the piezoelectric transducer. Afterwards, this energy has to be
transferred to the harvester, but some energy is either lost due to damping effects or re-
flected to the source because of mechanical impedance mismatch. Then the transferred
energy has to be converted into electrical energy. Here the properties of the transducer
are very important (electro-mechanical coupling, effective coupling and efficiency) and
dielectric and thermal losses have to be taken into account. Finally, the energy will be
extracted by the electronic interface and stored, a small portion of the energy will be lost
due to electric leakage or thermal effect.

A

Electrical losses:
¢ Circuit loss
¢ Electrical impedance

Electro-mechanical losses:
¢ Dielectric loss
* Thermal dissipation

Mechanical losses:
* Damping
* Energy reflected

Conversion Step

Energy of the system

Figure 1.10: Conversion mechanism for energy harvesting cycle.
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1.4.5 Figure of Merit

In order to compare different materials that present particular interest for energy har-
vesting, we may define few figures of merit (FOM). Differently from the coupling, this is
a dimensional parameter, and it is strongly related to the energy that the system can gen-
erate. Usually, depending on the type of material (i.e. bulk or thin films), diverse FOMs
are defined. For instance, for thin films the FOM is defined through piezoelectric stress
constant and dielectric permittivity, mostly because the elastic properties are not always
available, or are difficult to measure. This FOM/ was presented by Muralt in [24] as the
electric energy density for a given material from direct investigation of its piezoelectric

and dielectric properties. Therefore it is defined as:

e’
FOM/ = 8# (1.24)

Ji
FOM/ has the unit of measurement of an energy density, J .m~3 or Pa, in this work we
will systematically adopt the former one. Other FOMs depend strongly on the transducer
design. Bowen et al. [25] defined two kinds of harvesters: inertial (or stress-driven) and
kinematic (or strain-driven). In the case of the former harvesters, a mass undergoes an
acceleration and its principle relies on the resistance of the structure to the applied stress.
The latter case instead, is the harvester directly coupled with the source of deformation,
which depends on the compliance of the material to the applied strain. In order to define
the electrical energy density for the stress-driven harvester, we can start from Eq. (1.9)
and explicitly resolve in terms of D and E. In this case, we derive the two fields by Eq.
(1.19) considering at first E= 0 for the short circuit condition, and then D = 0 for the open

circuit condition. We end up having:

Di = dijTj
T, (1.25)
Eij

l':

Then, we can calculate the electric energy density using Eq. (1.19):

2
195,

ug =~ —L12 (1.26)

2 &;j

Finally, we can define for a general excitation direction FOM':

2

FOM! = % (1.27)
€.
JJ
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This FOM is actually the reciprocal of the energy density, and its units are m3.J~!, we will
rather adopt the reciprocal (FOM")™! to compare different materials. For strain-driven
harvesters, we consider the FOMS as defined by [26, 27]. In this case the piezoelectric
strain coefficient is divided by the permittivity and two different compliance coefficients.
Both sP and st are considered, typically because these devices are not working mostly in
open circuit condition as the stress-driven counterpart. Moreover, the efficiency of strain-
driven harvesters does not depend on resonance frequency and quality factor. An exam-
ple of strain driven harvester is a wearable piezoelectric patch that converts the strain

from the deformation into electrical energy. In this case the Eq. [1.9] at open and short

circuit becomes:
D= diig
i = Vi
1.28
_ dj . (1.28)
J €ij sD '
Then, the electrical energy density is:
2
1 4
U, = ———=—357 1.29
E™ 2 sDsEe;; ) (1.29)
Finally, the definition for the FOMS is:
2.
FOM® = —— (1.30)
SiisSiitjj
For the calculation of s, we used the following relation:
D _ E 2

In this case the units of this FOM are J.m 3. From Eq. (1.30) it is clear that materials with
high stiffness should have better performance if used for strain-driven harvesters. Finally,
to attain high energy density, we suggest to use materials with piezoelectric coefficients
as high as possible and also dielectric constant as low as possible. In this way, one can
increase the coupling factor which is the first parameter to take into account during the
design of the harvester, or the FOM/ in the case of devices based on thin films. There-
after, FOMs can give a good comparison in terms of energy density, for whatever type of

harvester, stress- or strain-driven.

Several FOMs for pyroelectric harvesting were proposed, we will illustrate few of them

while taking Bowen et al. [28] as a reference. The first one is an electro-thermal coupling
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Table 1.4: Coupling and FOMs

Index Formula Units
ki) a3 [ she]; -
kf, y p*Om/ cees, -
FOM/ e?}/e% Jom™3
FOMT d?j / E}j m3.J1

S 2 /. ED.T -3
FOM dl.j/sl.l.siiajj J.m

FOMPY p*/ei, J.m3K 2

factor to estimate the effectiveness of thermal harvesting from Sebald et al. [29]:

2
, POy
- T
py crel,

(1.32)

where 0, is the maximum temperature during the working cycle, and cg the volume spe-
cific heat Jm~3K™1). This nondimensional quantity is also called electrothermal coupling
and it has similar meaning to the piezoelectric coupling. Following the coupling, we can
define the FOM for energy harvesting case as in [30]:
L

T
33

FOMPY = (1.33)

m

We can see the similarities with piezoelectric FOMs, whereas in this case instead of using
the piezoelectric strain coefficient we use the pyroelectric coefficient over the dielectric
permittivity. In Table 1.4, the reader can find a summary of the definitions given so far in
this section.

1.4.6 Quality Factor

Among the parameters describing resonators or sensors, one of particular interest is the
quality factor (Q or Q-factor). This quantity indicates the amplitude ratio or sharpness
at resonance for the electro-mechanical system, and it is very significant in assessing the
amplitude of displacement and strain in such conditions. Experimentally it is extracted

from the full width at half maximum of the real part of frequency response :

_fo
-
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where fj is the resonance frequency of the system. Moreover, the Q-factor in general
is used to estimate the equivalent damping of the system (, defined as { = 1/2Q. It is
worth to mention that when we deal with electro-mechanical systems, Qis related to both
electrical and mechanical losses, and eventually the total quality factor will be ruled by a
combination of them. Moreover, the quality factor for a dielectric material is related to
tan o, or dielectric losses. Usually, this value is considerably small (tand < 0.01) typically
leading to a Q > 100. This means that for energy harvesters based on high quality factor
materials, the dielectric losses are negligible. Otherwise, in terms of mechanical Q-factor,
viscous damping can have important consequences in terms of losses for the system, so
the choice of materials for substrates have to be carefully considered during design phase.
Eventually, for a linear device, it is desirable to keep mechanical damping as low as pos-
sible in order to have high output power. But the higher the quality factor the narrower
will be the bandwidth of the harvester. In such configuration the resonance of the device
will have to match the one from the excitation source, otherwise a significant amount of

energy will not be transferred to the system.

1.5 Energy Harvesting Materials

In this section we will discuss briefly about Pb-based and Pb-free piezoelectric materials,
analyzing their main characteristics and use in energy harvesting. The electro-mechanical
coupling factor and relative FOMs will be presented for each material and compared to
the specific case of LINbO3 . A selection of works is also presented with relative references

regarding the state of the art of MEMS and mesoscale piezoelectric energy harvesters.

1.5.1 Pb-based Materials

Lead containing materials are commonly known as the best performing materials com-
mercially available. PZT (PbZr,_,Ti,O3) was discovered in USA during the 1950 and since
then it has found various fields of applications, due to its high power output and signifi-
cant electro-mechanical coupling. In particular, it became the preferred material used as
film or bulk in piezoelectric harvesters and in other fields of application [31]. This mate-
rial has perovskite structure (Fig. 1.11a), in ABO3 form, where the Pb occupies A position
(blue sites) and Zr or Ti occupy the B (violet sites) position in the lattice, while oxygen ions
are arranged as an octahedral structure (green sites).

PZT is a ferroelectric ceramic, hence it can be poled with strong DC field at tempera-
ture above or close to Curie temperature. In this way the domain walls can rearrange their
structure and follow the polarization direction in order to increase the piezoelectric re-
sponse. For a given temperature and content of Zr, the ferroelectric phase of the material
can change, having tetragonal (4mm) structure below 52% Zr, or trigonal (3m) structure
above the Zr content threshold. A full representation for the piezoelectric strain tensor

anisotropy for the tetragonal case is in Fig. (1.11b). A distinction between the two phases
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Figure 1.11: PZT-5H properties below ©.: (a) tetragonal phase for PZT unit cell, (b) repre-
sentation of piezoelectric tensor for PZT-5H ceramic in pC/N.

is called morphotropic phase boundary (MPB), which is a mix of the two aforementioned
phases (Fig. 1.12). MPB is important because of the optimal piezoelectric and dielectric

properties achievable in this composition range.
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Figure 1.12: Phase diagram of PZT from [32]

There are many kinds of PZT ceramics commercially available, they distinguish them-
selves by the hardness of the bulk ceramic. For soft ceramics, as in PZT-5H, the material
is doped with Nb or Ta ions, which are improving the domain wall motion. Otherwise,
for hard ceramics, like PZT-8, Fe or Sc ions are used as dopants to weaken domain wall

motion.
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Normally, the resulting piezoelectric strain tensor for poled PZT ceramics can be rep-

resented as:
0 0 0 0 dis5 O

d=l 0o 0 0 ds 0 0 (1.35)
d31 d3; diz3 0 0 0

In this case the piezoelectric coefficients are just three independent values: ds;, dss,

d;s. Regarding other basic properties, the dielectric and elastic properties will be given
by:
€;; O 0
E=]10 €1 O (1.36)
0 0 €33
0
0
0
0

s Si2 s13 O
Si2 s Ssi3 O
s13 513 s33 0
0 0 0 su
0 0 0 0 sy
0 0 0 0 0 s

(1.37)

S O © o O

Due to the symmetry of these ceramics there are only two independent dielectric co-
efficients (€17 and €33) found in a diagonal matrix, while the compliance has just five co-
efficients, reported in a highly symmetric matrix. The transverse coupling, ks;, of PZT is
among the highest values, and ranges from 0.3 to 0.5 [33], while the Curie temperature
represents an issue, ranging from 150°C to 350°C depending on the composition of the

ceramic.

Also PZT thin film deposition is widely studied because of a large span of applications
from acoustics, actuation and in the last years also MEMS and meso-scale energy harvest-
ing. The sintering processes involved are usually sol-gel and sputtering [34, 35]. Remark-
able example in terms of energy harvesting performances were shown in several papers,
starting from Muralt et al. [36], where the implementation of sputtered PZT thin films was
firstly presented on Si substrate using inter-digitated electrodes (IDTs) (Fig 1.13a), attain-
ing for a micro device 1.4 uW at 870 Hz for an acceleration of 2 g. Later on, it was shown
also the possibility of optimizing IDTs design to enhance the performance of the harvester
[37] in thickness mode. More recently, harvesting technology has moved towards metal
substrates, in order to improve device performances and robustness. For instance, Lin
et al. [38] deposited by areosol a high-quality PZT thick film on stainless steel, and in-
vestigated both the harvesting performances of the device in air and vacuum conditions,
achieving a maximum of 241.6 yW at 104.4 Hz under 1.5 g acceleration level (0.01 Torr). In
a later work done by the same group [39], Wu et al. compared PZT harvesters with iden-

tical design fabricated on stainless steel and silicon, showing better performances (power
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increased by over 30%) and reliability in the case of metal substrate. Eventually, Kuo et al
(2016) [40], fabricated thick PZT films (15 pm) in bimorph configuration (two piezoelec-
tric layers with a central shim) on stainless steel, obtaining 423 pyW at 143.5 Hzfor 1.5 g
acceleration level. More recently, Yeo et al. fabricated PZT films bimorphs on flexible Ni
foils by sputtering, obtaining one of the highest power densities for a lead-based MEMS
harvester, namely 60 uW at 70 Hz (0.5 g) [41], further optimizing thickness (up to 5.4 pm
thick layer) and shape for hybrid configuration with magnet tip mass [42] (Fig. 1.13b).

Significant development was achieved also with PZT ceramics used in quasi-bulk form
(thick films > 10 um). For instance, Aktakka et al. performed Auln solder and parylene
bonding between silicon on insulator (SOI) and PZT-5A wafers [43], and then thinned the
active layer down to 20 um. The fabricated MEMS harvester attained 2.74 pyW at 167 Hz for
0.1 ginput acceleration [44]. Thereafter, Tang et al. [45] fabricated a 57 pum PZT ceramic
film in unimorph configuration, by means of phosphor-bronze bonding and mechanical
lapping, achieving 321 uW at 100.8 Hz for high acceleration applications (up to 3 g). More
recently, Yi et al. [46] presented a MEMS scale bimorph harvester using thinned PZT (53
pm and 76 um layers), achieving 0.979 mW at 77.2 Hz with 3.5 g acceleration level. In both

cases, the ceramic was bonded using conductive epoxy on metal substrates.

Recently, whenever PZT ceramics are used in bulk form (thickness > 200 pm), the har-
vesters are designed to work with wider frequency bandwidth and lower acceleration lev-
els for mesoscale and non-linear applications. Dhakar et al. [21], proposed a design with
a composite beam formed by a PZT bimorph and a polymer beam, able to resonate at
36 Hz, increasing the power output by 3.12 times compared to a stand alone bimorph at
0.1 g, and with wider bandwidth (from 5 Hz up to 16.4 Hz). In other works, macrofiber
composite (MFC) are used, these harvesters are fabricated with piezo-fibers surrounded
by an epoxy matrix and covered with a Kapton shell [47]. Tang et al. [48] used piezoelec-
tric MFC bonded to a metal substrate and coupled with magnet to increase the frequency
bandwidth, achieving 0.75 mW power output at 18 Hz with 0.1 g acceleration. In a sim-
ilar approach Arrieta et al. [49], used commercially available PZT bimorphs (QuickPack)
to investigate broadband harvesting for cantilevered bi-stable composites, obtaining 7.07
mW at 20 Hz (0.25 g).

Other interesting lead based compounds are PMN-PT (Pb[Mg, ,5Nb,/3]03 — PbTiO3)
or PZN-PT (Pb[Zn;,3Nb,,3]03 —PbTiO3). These materials are known also as relaxor ferro-
electrics and have the advantage of being available also in single crystal form, grown by
modified Brigdman technique [50]. Especially in their MPBs composition, they show low
dielectric losses, high coupling (k33 > 0.8), mono-domain structure, and orientation de-
pendent properties [51]. On the other hand, they are quite brittle, expensive, and have low
Curie temperature. Due to their high temperature sensitivity the range of application is
mostly room temperature, with ©, being around 130-170°C. Their integration is then lim-

ited to ultrasonic transducers and actuators (for instance in medical applications), and
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Figure 1.13: Harvesters based on PZT films: (a) exploitation of ds3 with IDT5 on Si cantilever
[36]; (b) best recent work on sputtered PZT thick films on metal substrate [41]

PZT is normally preferred for energy harvesting purposes.

In some early works, PMN-PT single crystal harvesters were fabricated bonding with
epoxy on aluminum substrates for mesoscale application by Erturk et al., achieving 138
uW.g?.cm™ at 1744 Hz [52], and later by Sun et al. in same configuration obtaining 0.586
mW at 174 Hz for 0.23 g acceleration level [53]. PMN-PT was extensively used also to
investigate non-linear electronic interface for piezoelectric harvesting by Lefeuvre and
Badel [54, 55], while PZN-PT is used to investigate highly coupled harvesters by Gibus et
al. [56]. More recently a comparison of PZT, PMN-PT and PZN-PT was presented in [57],
where the experimental results indicated that PMN-PT and PZN-PT single crystals can
significantly outperform PZT ceramics energy harvesters, attaining 0.43 mW at 37.5 Hz
for 0.3 g acceleration level using PZN-PT transducer.

A summary of the Pb-based energy harvesters state of the art discussed so far, is pre-
sented in Table 1.5. Typically, reducing the volume increases the working frequency of
the device, and high acceleration levels (> 1 g) are needed to generate considerable power
output. Devices based on large volume of PZT and working at low frequency, normally

have the highest power densities.

1.5.2 Pb-free Materials

The very first piezoelectric material to find its way in industrial applications was BaTiO3
[58, 59]. This material has tetragonal structure at room temperature, and belongs to Per-
ovskite family (point group 4mm). It has Curie temperature at 120°C, and its properties

are in large part dependant on composition and dopants concentration. It was recently
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Table 1.5: Comparison of Pb-based piezoelectric harvesters.

Material Power @  Frequency Power density Ref.
UwW) (g (Hz) (MW.cm~3g=2 Hz 1)
PZT 14 2 870 1.57 [36]
PZT-5A 274 0.1 167 60.77 [44]
PZT 423 1.5 143.5 26.96 [40]
PZT 2416 1.5 104.4 79.36 [38]
PZT 9 0.15 72 2576.79 [41]
MEFC 1430 0.29 27.8 10366.76 (48]
PZT 7070 0.25 20 11937.53 [49]
PZT 321 3 100.8 9.56 [45]
PZT 979 35 77.2 33.39 [46]
PZT-5A 40 0.2 102.08 272.12 [21]
PMN-PT - - 1744 0.08 (52]
PMN-PT 586 0.23 174 314.67 (53]
PZN-PT 430 0.3 375 4423.87 [57]

used in structures with high porosity in order to increase the piezoelectric response and

the energy harvesting figure of merit in thickness mode, (FOM3,) ™! = 267 GJ.m ™3 [60].

Non-ferroelectric piezoelectric materials such as ZnO and AIN and their derivatives,
have much lower k3; and ks3 factor than PZT (by one order of magnitude, typically), but
offer compatibility with conventional integrated circuit technology fabrication processes
(Complementary Metal Oxide Semiconductor - CMOS). They present hexagonal symme-
try and wurtzite structure (point group 6mm) giving as a result similar configuration of

the piezoelectric tensor as in PZT.

ZnO is usually sputtered as thin films on several types of substrates, and used espe-
cially for shear and bulk acoustic resonators. Regarding energy harvesting, in [61], it was
implemented in piezoelectric MEMS vibration energy harvesters with two piezoelectric
elements for higher output performance, where the energy harvester was fabricated on
a Si wafer by means of standard micro-machining techniques. The resonance frequency

was 1300.1 Hz, achieving 1.25 uW for 1 g acceleration level.

Also AIN is compatible with CMOS technology, and several results were promising for
AN films integration in energy harvesting. One of the first successful implementations of
the material was by Marzencki et al [62], where AIN was sputtered on a Si beam, achieving
0.8 uW at 1495 HZ for 2 g acceleration level (Fig. 1.15a). Similar results were observed by
Elfrink et al [63], where in vacuum conditions an AIN MEMS device was capable to harvest

32 uW at 1 g having a quality factor of 810 [64]. More recently Jia et al. [65] obtained a peak
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Figure 1.14: Wurtzite material features: (a) Atomic structure for hexagonal unit cell in ZnO;
(b) ZnO piezoelectric cantilevers from [61].

power output of 20.5 uW at 0.28 g (@210 Hz) for an AIN-on-SOI cantilever with 70% of its
beam dedicated to housing a silicon end mass. Alamin Dow et al. [66] achieved 10 pW
at 0.75 g, further reducing the resonance frequency of the cantilever (186 Hz). Andosca
et al. [67] proposed an AIN MEMS device capable of working at 58 Hz, that generated 63
MW at 0.7 g. Concerning AIN transducers on metal substrate, Cao et al [68] deposited by
sputtering AIN on stainless steel and implemented a copper tip mass, obtaining 5.13 yW at
69.8 Hz for 1 g acceleration. Moreover, it was observed that doping AIN with Sc, increases
piezoelectric properties and electro-mechanical coupling [69, 70]. Recently AIScN was
considered as transducer for vibrational energy harvesting, but not implemented as such
[71,72]. Le Van Minh et al. doped AIN with MgZr [73], and fabricated a MEMS scale device
with 792 Hz resonance frequency, and harvesting 1.3 yW at 0.82 g.

Regarding the potassium and sodium niobate family (KNN), the implementation to
energy harvesting resulted promising on silicon substrate. This family of material be-
longs to the poled ceramics group, so has similar symmetry as PZT. These piezoelectric
ceramics are developed using NaNbO3 and Ky 5Nap5NbQO3. For instance, Kanno et al.
[75] fabricated one of the first prototypes of KNN vibrational energy harvesters by RF-
sputtering, achieving 1.1 yW at 1036 Hz (@1 g), and compared the results with similar
unimorph devices with PZT, having 1 yW output in same conditions. More recently, Shi-
raishi et al. deposited KNN by hydrothermal method on metal foils [76], obtaining 126
Hz resonance frequency and 7.7 pyW at 1.02 g, while Won et al. used chemical solution
deposition, adding small concentration of Mn to enhance the piezoelectric properties of
the film [77], obtaining a power output of 3.62 uyW at 132 Hz (1 g). Among the highest
power densities achieved with KNN there is the work of Le Van Minh et al. [74]. In this
work, the device was fabricated on silicon substrate with four tip masses in order to have
large frequency bandwidth and high power output (Fig. 1.15b), obtaining 0.73 uW at 1509
Hz (1.02 g). Anyways, due to the challenges of optimization synthesis and processing of
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Figure 1.15: Pb-free energy harvesters: (a) AIN based silicon cantilever from [62]; (b) non-

linear KNN quad-cantilever harvester [74]

this material, upscaling to industrial level remains one of the most important issues in its

implementation.

BiFeOs3 represents also an interesting material for energy harvesting. Several works

are reporting the epitaxial growth of BiFeOs on silicon or SrTiO3 single crystals by mag-

netron sputtering [78, 79] for energy harvesting applications, having 151.2 Hz resonance

frequency with 2.4 yW power output at 0.3 g. Otherwise BiFeOs3 films can be fabricated

with sol-gel process on silicon as in [80, 81], where Yoshimura et al. achieved 98 Hz reso-

nance for 2 nW power output (0.05 g).

Figure 1.16: PVDF flexible energy harvesting: (a) polymeric chain structure; (b) flexible

energy harvester on paper from Won et al [82].



PVDF is a polymer material that has been used in energy harvesting due to its flexibil-
ity and robustness. It becomes piezoelectric after stretching during sintering, to induce a
polar B-phase. Fig. (1.16a) depicts how carbon atoms are forming a polymeric chain with
fluorine and hydrogen atoms. This chain can be poled through electric field as in the case
of ceramics. They are used on flexible substrates like plastic polymers or on paper (Fig.
(1.16b) [82]. They have small strain piezoelectric coefficient, but due to a small permit-
tivity, the electro-mechanical coupling is comparable to AIN or ZnO. In energy harvesting
they can be used in body-motion devices. Due to relatively easy manufacturing process,
they can be used with large surface and mass, as in [83], where Song et al. achieved 112.8
MW at 34.4 Hz (0.5 g). However, the drawbacks for PVDF are the low figure of merit and
high sensitivity to temperature (maximum 150°C). Rammohan et al. implemented a mul-
tilayer and a multistep PVDF harvester, with partial active cover of the beam, obtaining
4.53 pW at 33.3 Hz and 8.59 pW at 30.7 Hz respectively, in same acceleration conditions
(0.5 g) [84].

A summary of the Pb-free energy harvesters state of the art is presented in Table 1.6.
The more mature Pb-free material so far is AIN, which in terms of power density is show-
ing comparable results to Pb-based MEMS devices, especially when packaged in vacuum

conditions.

1.5.3 Lithium Niobate

LiNbOs single crystals are industrially produced piezoelectric materials easily accessible,
rare-earth and toxic-element-free, cheap, available in form of wafers (with diameter up
to 6 inches), widely exploited for developments of acoustics and optical devices [85], and
presenting similar efficiency in energy harvesting as commonly used PZT. The major ad-
vantages of LiNbOs over PZT are: (i) extremely chemically inert material; (ii) very high
Curie temperature (> 1150 °C) thus compatible with EH at high temperatures (PZT limit <
150 °C). However, the LiNbOs3 applications in acoustics are limited to 300 °C by the in-
creased losses at high temperatures due to ionic conductivity. It is important to note
that the requirements in terms of losses are much lower in the case of energy harvest-
ing applications. LiNbOj is a ferroelectric material that belongs to 3m point group at
room temperature. In Fig. (1.17a), the planar sheets of oxygen are inter-spaced by oc-
tahedral interstices of Li or Nb and vacancies, defining Pg along Z-axis. The best quality
single crystal wafers commercially available are grown by Czochralski technique [86], and
normally present congruent composition. The composition of this type LiNbO3 is non-
stoichiometric, and it corresponds to the point where the crystal has 48.38 mol % of Li, O.
In Fig. (1.17b) the phase diagram of LiNbOjs is presented from [87], here the point where
the liquid and solid phases are in equilibrium occurs at 1240°C. Above this threshold we
have the point where LiNbOs is stoichiometric (50 mol % of Li»O), but single crystals with

this composition have homogeneity issues due to the non equilibrium of its constituent
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Table 1.6: Comparison of Pb-free piezoelectric harvesters.

Material Power @  Frequency Power density Ref.
W) (g (Hz) (MW.cm~3g=2 Hz 1)
AIN 0.8 2 1495 0.8 [62]
AIN 17 0.64 353 - [64]
AIN 205 0.28 210 249.03 [65]
AIN 10 0.75 186 1.19 [66]
AIN 63 0.7 58 155.85 [67]
AIN 5.13 1 69.8 0.64 [68]
(MgZr)AIN 1.3 0.82 792 10.06 [73]
BFO 24 0.3 151.2 - [79]
BFO 0.002 0.05 98 27.07 (80]
KNN 1.1 1 1036 0.09 [75]
KNN 7.7 1.02 126 14.29 [76]
KNN 3.62 1 132 9.94 [77]
KNN 0.731 1.02 1509 4.43 [77]
PVDF 112.8 0.5 34.4 98.92 [83]
PVDF 8.59 0.5 30.8 - [84]
7Zn0O 1.25 1 1300 3.02 [61]

liquid and solid phases. The experimental detail regarding piezoelectric and elastic prop-

erties of the material can be found in [88, 89].

LiNbO3 belongs to 3m point group, therefore it has more independent piezoelectric

strain coefficients than PZT or AIN. The piezoelectric matrix has the following form:

0 0 0 0 dis —2dy
d= —dzg dzg 0 d15 0 0 (1.38)
ds1 d3 ds3 0 0 0

In this case instead of just three coefficients, there are four independent coefficients:
dyo dsy, dss, dis. Especially for the case of d;5 the value is much higher than others in
transverse or thickness mode (ds; or dy2,ds3). This means that we can use specific rota-
tions based on our application, in order to optimize the electro-mechanical coupling of
our device. In order to investigate k;; we need to take into account both the dielectric
and elastic properties of LINbO3 . In terms of permittivity the matrix form is similar to Eq.

(1.36), but the compliance matrix is substantially different, having the following form:
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Figure 1.17: LiNbO3 properties: (a) crystal structure of LINbO3 [90]; (b) phase diagram [87]

s11 S12 S13 Siu O 0
S12 S11 S13 —siu O 0
. S13  S13 833 0 0 0 (1.39)
Ssiy =S 0 syg O 0
0 0 0 0 sy 2514
0 0 0 0 2s14 2(s11—512)

In this case we have six independent coefficients, where an additional shear term is in-
troduced, s14 and sgg = 2(s11 — $12). Even in this case it is important to consider these
coefficients, because during the rotation they will have an impact on the relative s"® used
to calculate the electro-mechanical coupling. In Table (1.7) the material properties for

single crystal LiNbO3 are given [91].

Table 1.7: Physical properties for Z-cut LiNbO3

: E E E E E E
Compliance s Sy 813 51y S35 Sga

107'2GpPa”!) 5.78 -1.01 -1.47 -1.02 5.02 17

Piezoelectric doo ds; ds3 dis

(pC.N7hH 21 -1 6.2 68

Permittivity ~— €],/ep €35/€0

84 30

In order to investigate LiNbO3 orientations, we have to make a transformation of axis
to optimize the piezoelectric response of the material. LiNbOj3 piezoelectric tensor is plot-

ted in tri-dimensional representation in figure [1.18]. Both positive and negative values
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Figure 1.18: (a) Representation of piezoelectric element rotated around X-axis. (b) Tridi-
mensional piezoelectric tensor for LINDO3 .

of the tensor are represented. The anysotropy is representative of 3m group in similarly
to LiTaO3. We can rotate the piezoelectric tensor to find the optimal orientation as in
[92]. The polarization is normally along Z-axis, and this leads in using d3; with parallel
plate electrodes, or ds3 with IDTs. But in the case of LiNbO3 , we are considering single
crystal cuts that are rotated around X-axis. Generally they are defined using IEEE stan-
dard [22] notation as (YX1)/0°, which means that the piezoelectric plate has length ()
along X-axis and thickness along Z-axis being parallel to Y-axis for a given rotation (8). For
LiNbOs , as found in Nakamura’s work [93] the piezoelectric polarization remains along
Y’-axis (i.e. rotated direction 2), while the length of the beam can be oriented along both
X- or Z’-axis (i.e. direction 1, 3). Performing the rotation for the given angle in this no-
tation gives the commonly known Y-cuts. Anyways in literature, sometime the reported
orientation is 32 [94, 95] or 31 [96]. Furthermore, a full theoretical study for Z oriented
LiNbOs is given by Yue and Yi-jiang in [91], where the notation adopted was the regu-
lar one with the investigation of k’s; and k’s3. In particular, LINbO3 presents dielectric
constant much lower than lead-based piezoelectric materials, which is very interesting
in terms of electro-mechanical coupling. Moreover, in form of single crystal LiINbO3 has

very high quality factor and low dielectric losses (typically under 0.1%) [97].

Energy harvesting demonstrations were investigated so far by using industrially avail-
able LiNbO3 wafers with thickness of 300 to 1000 pm. The use of LiNbOj3 as transducer
has been considered in some papers using inverted domain bulk plates or simple bulk sin-
gle crystal. For instance, Funasaka et al. [98] fabricated a piezoelectric generator where
an impact hammer applied vibrations to LiNbO3 140°-Y crystal cut beam and electrical
energy was yielded from the vibrations, obtaining 10 V in open circuit conditions and
high resonance frequency 5.17 kHz. Nakamura et al. [93] identified LiNbO3 137°-Y crystal
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cut, as the most suitable for bending actuation. This orientation presented piezoelec-
tric strain coefficient dy3 = 30 pC/N, very low dielectric constant (sgz/ €y = 58.8), and thus
high transverse electro-mechanical coupling factor, kp3 = 0.51. Unfortunately, this single
crystal orientation is not commercially available, and can be purchased only as custom
cut. More recently, Vidal et al.[96], designed and tested a low-frequency vibration energy
harvester, using the same reversed domain technology and obtaining a thick bimorph
LiNbOs3 128° Y-cut patch (1 mm) bonded with epoxy on a metal substrate. However, they
achieved low resonance frequency 32 Hz and high power density 9.2 mW.g ™2 with a very
large resistive load 65 MQ2, because of very poor capacitance (38 pF). Moreover, Bedekar
et al. [99], comparatively studied mechanical energy harvesting from single crystal mate-
rials (YCOB, LGS, and LiNbO3 ) for high temperature applications, where Y-36° bulk single
crystal LINbO3; was mechanically excited in thickness mode. Also Kawamata and Morita
worked with LiNbO3 (Y-36° crystal cut) in thickness mode as stack actuator [100, 101],
finding it suitable for a multilayered device.

In the case of micro-energy harvesters where lateral dimensions are limited, thick
wafers cannot be used due to issues in impedance-matching with energy harvesting cir-
cuits as well as structural compatibility with the substrate. Moreover, bulk LiNbOs3 crystals
are very brittle and only low displacement can be attained. Therefore, LiNbO3 film tech-
nology has to be implemented in vibrational energy harvesting to overcome such issues
and provide realistic operations. Despite their promising properties, the application of
LiNbOs films in piezoelectric vibrational energy harvesting is still very little studied and
considerable efforts have to be done towards their integration in the conventional pro-
cessing of MEMS and energy harvesting devices. Eventually, we have to identify what is
the optimized orientation for our application among the commercially available LiNbO3
single crystal cuts, considering its electro-mechanical properties as well as the possibility

of integration in a suitable micro-fabrication process.

1.6 Comparison of Piezoelectric Properties

Now we can compare all material with LiNbO3 using the FOMs and coupling presented
in the previous section (1.4.2). In Table (1.8) we present the most used materials for en-
ergy harvesting applications in transverse mode. For LiNbO3 we reported the values of
transverse coupling kos.

Clearly, lead materials have a net advantage over the others in terms of coupling and
FOMs. Excluding the case of LiNbO3 (YX1)/137°, all other Pb-free materials have hardly
the same magnitude of electro-mechanical coupling. One exception is represented by
BaTiOs, which as LiNbOs is a ferroelectric, and has coupling in the same order of mag-
nitude of PZT-5A. Generally speaking wurtzites (ZnO and AIN) have lower coupling and
FOMs, but they present other advantages: bio-compatibility, implementation with CMOS

technology and decent features. While in terms of Q-factor, they perform very well, es-
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pecially AIN. Polymers on the contrary have low Q-factor, decent coupling and very low
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Figure 1.19: Comparison of EH materials: (a) FOM for strain-driven harvesters; (b) FOM™!

for stress-driven harvesters.

stiffness. These features are interesting for sensor applications or human body movement

energy harvesting, where robustness and flexibility have priority over high coupling.
Relaxor ferroelectrics such as PMN-PT and PZN-PT have the best FOM for stress-

driven harvesters and very high coupling factor, but have the drawback of cost and brittle-

ness, which drives them into specific fields of application, and rarely in energy harvesting.

Eventually, LiNbOs3 (YX1)/137° has the best overall compromise between coupling,

FOMs and Q-factor. It has comparable FOMs with commonly used Pb ceramics (both

soft and hard), and generally higher coupling, even if not as high as relaxors. Other ad-

vantages are the cost of manufacturing and the easy CMOS implementation, which would

be interesting for industrial up-scaling.

Table 1.8: Comparison of transverse k31 and FOMs of piezoelectric materials.

Material sh sD €35/€0 ds1 ks;  (FOMT)™1  FOMS Qm  Ref.
(pm?N~!)  (pm?N~1) (pCN™1) MJ.cm™3)  (KJ.cm™3)
AIN 3.5 3.5 9.5 2 0.12 21 3.9 102 [102]
BaTiO3 8.1 7.24 168 35 0.32 1.21 14.1 400  [103]
KNN 8.2 7.6 496 51 0.27 1.69 9.5 - [104]
LiNbO3 (137° Y-cut) 6.7 4.9 58.8 30.0 0.51 0.6 52 10*  [91]
PMN-0.33PT 69 36.3 8200 1540  0.69 0.03 13.1 >100 [105]
PZN-0.08PT 87 55.9 7700 1455 0.6 0.03 6.4 40  [106]
PZT-5A 16.4 14.5 1700 171 0.34 0.52 8.2 80  [33]
PZT-5H 15.9 12.9 3935 320 0.44 0.34 14.3 75 [33]
PVDF 239 234 13 239  0.14 0.20 0.09 17.2  [83]
Zn0 7.9 7.6 11 5.2 0.19 3.6 4.7 - [107]
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1.7 Comparison of Pyroelectric Properties

In Table 1.9 the principal pyroelectric materials are presented, along with their properties
and Curie temperature. Differently from the previous case, the coupling is very diverse
for the reported materials, and it ranges between two orders of magnitude. Wurtizites
have very low pyroelectric coefficient (AIN and ZnO), and even if they have low dielec-
tric constant, their FOMP” is typically one order of magnitude lower than the perovskite
counterpart. Other Pb-free materials (PVDE KNN-LT and BaTiO3) have higher FOMPY
but still not comparable to PZT. Single crystal LiNbO3 when in Z-cut orientation has de-
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Figure 1.20: Comparison of pyroelectric coupling factor and FOMPY.

cent pyroelectric coefficient and the highest Curie Temperature, which could be useful in
harsh environmental conditions. As a pyroelectric tranducer it has been studied in form
of full wafer in some works [108, 109], achieving maximum power output at the tempera-
ture of 75-100°C. LiTaO3 has very interesting figure of merit and decent ©, and is already
extensively used in pyorelectric sensor applications [110].

Pb-based materials such as PZT or PMN-PT have very interesting FOMPY, and PMN-
PT has interesting properties for pyroelectric energy harvesting near the MPB [111]. TGS,
which is the short name for (NH,CH,COOH)3H,SQy4, is a single crystal from glycine group.
It has the highest FOMPY for pyroelectric energy harvesting, but due to his brittleness it
is rarely used. Recently the use of thin films was introduced for harvesting by Ghane-
Motlagh and Woias [112].

1.8 Conclusion
With this introduction I gave a general overview of what are the motivation and chal-

lenges regarding the implementation of energy harvesting for IoT applications. Where
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Table 1.9: Comparison of pyroelectric materials k;;, and FOMPY

Material p elTi leg Cg Koy FOMPY T, Ref.
(MC.m2K™h MJm3K1YH T=300K (J.m3K? (°C)
AIN 8 10 2.38 9.1e-5 0.72 N/A  [113]
BaTiO3 200 1200 2.5 4.5e-4 3.76 120 [110]
KNN-LT 165 1230 2.63 2.9e-4 2.5 - [113]
LiNbO3 (Z-cut) 83 28.7 2.32 3.5e-3 27.1 1210 [110]
LiTaO3 176 47 3.2 7e-3 74.5 665 [110]
PMN-0.25PT 746 2100 2.5 3.6e-3 29.9 - [114]
PZT 380 290 2.5 6.8e-3 56.3 200 [115]
PVDF 27 9 2.3 1.2e-3 9.2 80  [110]
TGS 280 38 2.3 3e-2 233 49  [115]
Zn0 9.4 11 2.8 9.7e-5 0.91 N/A  [116]

the number of devices connected increases, the need of renewable power sources that
can harvest energy in non-standard conditions is becoming much more important. Es-
pecially for the automotive sector, particularly interesting is the vibrational harvesting
that can be exploited in different ways: electromagnetic, electrostatic and piezoelectric.
As we may see in Table 1.3, different types of transducers come with diverse features. Be-
cause the range of frequency from vehicle vibration is limited (with peaks between 10
to 300 Hz), piezoelectric harvesting looks like a promising technology to be exploited for
our application. Moreover, with ferroelectric materials, we could also exploit temperature
variation close to the engine (T = 150 °C), or couple the piezoelectric effect with electro-
magnetic devices for hybrid harvesting. Moreover, I discussed about energy harvesting
materials including ferroelectric and pyroelectric materials, presenting both a brief sum-
mary of the main properties in order to compare their performances. Therefore, terms of
electro-mechanical coupling and figure of merits were introduced, as well as piezoelec-
tric and pyroelectric harvesting applications. Considering different crystal structure we
saw that ferroelectric materials have in general better performances as compared to wur-
tizite or polymers. In the state of the art especially for vibrational harvesting at mesoscale,
Pb-based materials are dominating, excluding some notable exceptions. But most inter-
esting, for MEMs applications, Pb-free materials are representing a good choice as well,
and promising materials are coming up (AIScN or BFO). In particular, LINbO3 compared
to Pb or Pb-free piezoelectrics, has demonstrated to be an interesting choice, showing

high electro-mechanical coupling, low dielectric losses, high FOMs, and high Q-factor.

Therefore, in this thesis, we will investigate lead-free LiNbO3 piezoelectric material as
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transducer for energy harvesting applications, with special focus regarding its optimized
material properties and electronic interface. Eventually, the objective of this work within
ENHANCE project, it is to provide stabilized output voltage in 1-3 V range form the hybrid
harvesters, with piezoelectric figure of merit of 20 GJ/m® and considerable mechanical
quality factor ( > 300). Furthermore, the design of high-performance energy harvesting
systems with operational frequencies in the range of 10-500 Hz available in vehicles and
sufficient power density (300-500 pW/cm?/g?), has to be developed for systems of com-

pact dimensions (< 1 cm3).
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4 Experimental Techniques

In this chapter I will introduce the methods and techniques used for the microfabrica-
tion of LiNbO3 harvesters. I will briefly illustrate the possible approaches for the fabri-
cation: bottom-up of LiNbOj3 films or top-down methodologies. In particular I will give
some details regarding chemical vapor deposition for thin films and micro machining
of thick films. Standard processes such as UV-Lithography, Electron-Beam Evaporation,
Etching and Au-Au bonding process of LiNbO3 wafers will be presented. After present-
ing the flowchart for the microfabrication process, the basic characterization techniques
used for determining the dielectric, piezoelectric and pyroelectric properties of the cho-

sen LiNbO3 orientations.

2.1 Fabrication of LiNbO; Films

In FEMTO-ST technological facilities, we can work with different approaches to obtain
LiNbOs films. One of them is the bottom-up approach, where by means of Pulsed Injec-
tion Metal-Organic Chemical Vapor Deposition (PI-MOCVD), we can deposit thin films
(50-500 nm) on various substrates. The film grows textured on the substrate with a given
orientation, and its properties can be tuned by different parameters, such as tempera-
ture, pressure and solution composition. Even if the quality of the film is extremely high,
at the moment the thickness of the piezoelectric layer is limited, while for energy har-
vesting applications thick films represent the best option [1]. In order to obtain films
with thickness of 1-100 um, we can exploit a top-down approach. In this case, the single
crystal is bonded to a host wafer (silicon or metal), which represents the substrate of the
device. Afterwards, the active material has to reach the required thickness for the appli-
cation, which can be attained with two methods: Smart-Cut™ [2] or mechanical lapping-
polishing. Smart-Cut™ (2.1) is a process where the active material wafer once bonded to
the susceptor, is then split by mean of ion-slicing. In this way only a thin film of LiNbO3
remains bonded to the host substrate, 0.3 + 1 um thick. However, the film thickness is
still limited for energy harvesting applications and the process is quite costly. Another

option is mechanical thinning by means of rectification, lapping and micro-polishing.
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Figure 2.1: Schematical representation of top-down approach with Smart-Cut™ [2]

This method is well developed and effective, can be used with all the available crystal cuts
and on different kind of substrates. The precision of the layer thickness depends on the
overall volume needed for the application, namely, for thin films (1 pum) the piezoelectric
layer could have an inhomogeneous thickness. Further details will be discussed in details

in the next sections.

2.1.1 PI-MOCVD of LiNbO3 Thin Films

In vibrational energy harvesting, we can exploit transverse mode of piezoelectric ele-
ments, to convert mechanical strain along the length of a cantilever beam, in charge dis-
placement along its thickness. Due to LiNbO3 anisotropy, it is possible to obtain good
values of piezoelectric coefficient, choosing the correct orientation. So far, only six orien-
tations (X, Y, Z, Y-33°, Y-128°, X-30°) of LiNbOj3 can be grown epitaxially [3]. According to
our simulations, LiNbO3 Y-33° (corresponds to (012) crystallographic planes of hexago-
nal cell) presents the highest efficient piezoelectric coefficient (d23=19 pC/N) than other
grown orientations. Therefore, our objective is to grow Y-33° textured LiNbO3 films on
Si and metal substrates. However, only Z and Y-33° orientation can be obtained on Si
substrates. In order to avoid charge leakage from electrodes to the substrate, dielectric
layer, such as SiO», has to be inserted between Si and metal electrode. Furthermore, the
bottom electrode has to withstand deposition temperature of piezoelectric film (typically
> 600°C). In this work we will consider Pt bottom electrodes and a buffer layer to highly
orient LiNbOs films.

2.1.1.1 Growth of LiNbO3 Thin Films

The LiNbOj thin film synthesis was done by PI-MOCVD method in MIMENTO clean room
facility. The commercial precursors used in the synthesis are: 99% Nb(TMHD), and 98%
Li(TMHD), where TMHD stands for 2,2,6,6-tetramethyl-3,5-heptandione. The two chem-
icals were provided by ABCR GmbH & Co and Strem Chemicals, Inc. respectively. The
lithium and niobium precursors were dissolved in a solvent (1,2-dimethoxyethane 99.5%,
by Sigma-Aldrich), and the mixture was injected into the evaporator inside the reactor

(Fig. 2.2). The frequency and the opening time of the piezoelectric shutter was modu-
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Figure 2.2: LiNbOs thin films PIMOCVD: (a) schematic representation of PIMOCVD reactor;
(b) home-made PIMOCVD reactor in MIMENTO.

lated by the computer, with the purpose of controlling the liquid injection delivery sys-
tem of the reactor. Injector and evaporator were heated in order to avoid condensation of
the precursors, while a pump controlled the pressure inside the reactor. Once the droplet
was vaporized, Ar and O, transported the mixture on the heated susceptor, where sub-
strates were fixed. Typically, up to 4 different substrates of 100 mm? could be positioned
on the sample holder for one deposition or a 2 inch wafer. For the synthesis of lithium
niobate thin films, a typical set of parameters is showed in Table (2.1). A deposition of 20
ml of precursors correspond to roughly 1.5 h deposition, for a total 270-300 nm of thin
film thickness. The molar ratio of precursors was usually Li(TMHD) : Nb(TMHD), =2: 1.
Several different substrates were used during the process in order to investigate the epi-
taxial growth of the LiNbOs films: Si/SiO», Sapphire (A, R, M, C). The characterization was
done by X-ray diffraction, optical microscopy and Raman spectroscopy.

Table 2.1: Typical PIMOCVD parameters for LINbO3 thin film deposition.

Frequency Opentime N°injection Tdep Tevap Tinj p Ar/Oy
(Hz) (ms) #) G G Q) (Torr) (sccm)

1 2 5000 775 220 125 7 200/100

2.1.2 Wafer on Wafer (WoW) Technology
Using a top-down approach meant to work with LiNbO3 single crystal in two possible
scenarios: Smart-Cut™ or mechanical lapping-polishing of single crystal LiNbOs . The

first way, is an expensive alternative to get piezoelectric layer of maximum 1 pm thickness.
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Eventually we opted for micro-machining of LINbOj3 crystal Au-Au bonded to Si substrate.
This route is less expensive than Smart-Cut™, moreover we can choose arbitrarily the
thickness of LiNbOs3 , even if we have to take into account that the process of lapping and
polishing could be difficult to control in terms of homogeneity, especially for very thin
thicknesses.

2.1.2.1 Au-Au Bonding on Si

Since the early 2000s there has been great interest of bonding technology between piezo-
electric wafers with different substrates. The most common substrates used were of glass,
sapphire or silicon. One of the advantages is the possibility to exploit bulk electroactive
materials on standard dimension wafers, instead of using deposition techniques to de-
posit thin films and optimize their growth. In this way we can fabricate highly coupled
devices for acoustic or optic applications, using standard CMOS techniques. In partic-
ular, there was much effort to bond silicon with piezoelectric materials such as quartz,
LiNbO3 or LiTaOs, in order to produce high frequency devices for filters applications [4].
One limit is to use substrate whose coefficient of thermal expansion is not very differ-
ent from the one of the piezoelectric layer. This much is true for processes where the
annealing of the substrate is needed, even though this process could damage the active
or passive surface by cracking either of them. Another aspect is the difference in thick-
ness between the two wafers, residual stresses due to previous processing, can bend the
bonded counterpart and increase the bow of the entire structure. For this reason we tend
to work with full wafers and reduce the thickness afterwards, according to the target ap-
plication. Moreover, as discussed in the previous chapter, LiNbOs is pyroelectric, thus is
better to work at room temperature, because annealing could lead to high surface poten-
tial, compromising the bonding process and generating cracks. Some examples of room
temperature bonding are in [4], where LiNbO3 is bonded to Si by surface-activated bond-
ing. With this method, wafer surfaces are sputter etched by Ar beam and then bonded in
vacuum. While this technique is useful and doesn’t require thermal annealing of the spec-
imens, the doped silicon as bottom substrate has to be used. In MIMENTO, due to long
years expertise in the fabrication process of bonded acoustic wave devices on LiNbO3 or
LiTaO3 [5-7], is commonly performed Au-Au bonding by thermo-compression at room

temperature.

In this case, the two wafers have to be carefully cleaned (piranha solution for Si wafer
and chromic acid for LiNbOj3 to avoid pyroelectricity). Afterwards we deposit by sputter-
ing the Au layer to perform bonding. In order to have good adhesion, a thin layer of Cr
is deposited (40-50 nm) before the Au thin film (150 nm). Once the wafers are prepared,
we bond by thermo-compression in vacuum using EVG wafer bonding machine. To avoid
mismatch of thermal expansion coefficient, the whole process is carried out at room tem-

perature. Eventually, the time and pressure of compression are the only two parameters
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Figure 2.3: LiNbOs3 /Si layer interface: (a) schematics of hetero-structure after bonding; (b)
SEM image of interface between silicon and LiNbOg after dicing.

that have to be optimized for the whole process [8]. In Fig. (2.3) a schematic represen-
taiton of the heterostructure after bonding, and a typical range of the diced sample cross-

section are presented. Generally, important aspects to have high quality bonding are:

Optical quality of polished surfaces for both wafers;

Extremely clean surfaces, other than the use of acid for the first step, also ion-etching

before sputtering is recommended;

Total Thickness Variation (TTV) of the wafers below 2 pm;

Small or complementary bow (or deviation from the median surface) of the wafers.

2.1.2.2 Ultrasonic Characterization

After the bonding process, we can characterize the bonding quality by ultrasonic non-
destructive testing [9]. For these tests we clamped the wafer on a holder completely im-
mersed in water. An ultrasonic emitter and a receiver are facing each other, while the
bonded wafer is placed in between them. In this way it is possible to investigate the qual-
ity of the bonding by transmission. The two transducers (Sonaxis, 15 MHz central fre-
quency) can scan the whole surface of the wafer moving simultaneously. If the received
wave encounters a defect on the surface of the bonded wafer, the amplitude will not be
the same as in perfect bonded areas, leading to a reflection of the incident wave. In Fig.
(2.4) the bonding quality of LiNbO3 /Si wafer is illustrated. The good quality of bond-
ing corresponds to red color, while whenever the signal is saturating the color is white,
blue and green are related to bonding defects due to impurities or dust particle in the two
wafers interface. As showed in the picture, we can achieve high quality Au-Au bonding of

LiNbO3 wafers on Si substrate.
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Figure 2.4: Image of ultrasonic characterization for LiNbOg3 /Si wafer.

2.1.2.3 Crystal Thinning

In this thesis, the work on LiNbO3 thinning has been done in collaboration with E Bassig-
not (FEMTO-Engineering) and M. Ouhabaz (FEMTO-ST). Once the wafers are bonded we
can thin the piezoelectric layer in order to achieve the required thickness. In fact, LINbO3
is a very chemically inert material, and it is very challenging to etch by chemicals or by
deep reactive etching a bulk wafer. Therefore, we adjust the thickness of the piezoelec-
tric layer by mechanically polishing the wafers. Differently, Si is usually processed with
deep reactive-ion etching (DRIE). The thickness of the active material is very important
for several reasons. First of all, the frequency response of the device depends strongly
on the geometry of the cantilever, hence the thickness is an instrumental aspect in or-
der to tune the response of the prototypes. Moreover, the voltage response is thickness
dependant, being proportional to the volume of the piezoelectric material under stress.
However, in the case of LiNbOj3 , using full wafer thickness is not optimal. Essentially
because the relative permittivity, €,, is small compared to PZT (by two order of magni-
tude smaller), thus the thicker the material the lower the capacitance of the piezoelec-
tric layer. This fact could lead to impedance matching issues, because for a bulk LiNbO3
layer, clamped capacitance would be in pF range which leads to high resistive loads for
the electronic interfacing, and issues during AC-DC rectification. In our work, in a gen-
eral optimization approach, we opted to use LiNbOj3 thick films (4-120 um), to have op-
timized transduction and electronic interfacing for different kinds of device geometries.
The thinning steps were carried out in two phases: mechanical rectification, which has a
high speed of processing up to 10 um/min, in order to remove most of the material, then a
fine step lapping at lower speed (3 um/min), to adjust the thickness, and finally, depend-
ing on the surface quality demanded, an additional micro-polishing step (1 pm/min) to
achieve optical grade surface. After the polishing, the piezoelectric layer is ready for elec-

trode patterning. In Fig. (2.5) a single crystal thick film of (YX1)/163° with 10 pm average
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thickness after processing is presented. The homogeneity in terms of thickness depends
on the presence of defects during bonding or bow of the wafer, where the goal is usually

to stay under 2 pm TTV.

Cr/Au

% HV + spot mag ® usecase det | mode WD tilt
S.00kv 7.0 8000x Immersion Tl4 A+B 7.6mm 30.0°

Figure 2.5: SEM image of LiNbOj layer after thinning. The bonded piezoelectric wafer on
Si, was lapped and polished until 10 ym 2 um TTV).

2.1.2.4 FElectrode Patterning

To pattern the electrodes on LiNbOs3 surface we used UV-Lithography and lift-off process.
The first step necessary to pattern the electrode is the design of a mask that reflects the
features that we want to achieve with our devices. In this work, we opted almost exclu-
sively for parallel plate electrodes exploiting transverse mode, but some tests were done
also in IDT configuration for thickness mode. The more important aspect to address in
our case, in order to bond the wafers, is that a metal layer is required. Therefore, while
that would be the case of parallel plate electrodes, could be an issue for IDTs, where usu-
ally the two comb-like electrodes are placed on the surface of the active layer. In the IDTs
case, SiO; insulation layer should be used. Furthermore, for the latter electrode config-
uration, poling of the ferroelectric element is required, in order to align the polarization
between the the branches of the IDTs. Due to time constraints, IDT based devices were
not fabricated. For this reason we patterned top full electrodes (parallel plate case) with
metallic layers (Al or Cr/Au), choosing the electrode length as half or 2/3 of the free length
of the cantilever, to optimize the effect of the piezoelectric material under strain, having a
LiNbOj3 thickness of 4-40 um. For thicker films (40-120 um) we decided to cover the whole
length to compensate the loss in terms of clamped capacitance. A simplified schematics
of the process is presented in Fig. (2.6a). Typically, the surface morphology or cross-
section of the samples was investigated with scanning electron microscope (SEM-Apreo
S) or optical microscope (Leica DM8000), while the thickness of the films and photoresist
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Figure 2.6: (a) Schematic representation of flowchart used for electrode patterning: 1.
the photoresist is spincoated on the surface of LiNbOs , then the polymer is exposed to
UV through the mask; 2. the photoresist is developed; 3. the electrode are deposited by
electrode-beam evaporation; 4. lift-off is performed to pattern the metal layer; (b) Optical
image of wafer after electrode patterning.

was measured with a stylus profilometer (DEKTAK XT).

After the fabrication of the mask, we have patterned the photoresist on the wafer by
UV-lithography. Firstly, we used photoresist Ti Prime to grant higher adhesion, after bak-
ing at 120°C for one minute, a negative photoresist (Ti09 XR) was spin-coated on the
wafer. The expected thickness of the resin was 0.8-1.2 um. We developed the light sensi-
tive material through exposition to UV-light (80 mJ/cm? for 10 s), transferring the pattern
on the mask to the LiNbO3 surface. Image reversal bake made this part of resist insolu-
ble in developing phase. Later, flood exposure (without mask) with a dose of 300 mJ/cm?
for 30 s, made unexposed resist soluble. Eventually, we did post exposure baking for 4
minutes at 130 °C, so that bonded areas of exposed resist would become insoluble. Sam-
ples were then developed with MF26A solvent for 60s, after post exposure baking, and
carefully rinsed with de-ionized water. After developing with solvents and hard baking of
the photoresist, we could deposit a metallic thin film on the whole surface of the wafer.
The method used to deposit the electrodes was electron-beam physical vapor deposi-
tion (Evap MEB600). The evaporation takes place in high vacuum condition (10~® mbar),
where the metallic pellets are heated until they reach vapor form, by a focused electron
beam coming from a tungsten filament. A thin metal film (Al or Cr/Au) is deposited on
all the surface of the chamber (1 nm/s deposition velocity ratio), including the substrate.
The key film properties that we can achieve with this method are low roughness and di-
rectional deposition, which is very important to have a good lift-off process resolution.
In the last step of the process we have to remove the photoresist and to leave the desired
electrode patterns. Typically, we did lift-off with acetone heated at 60-70 °C for 1 hour,
and using small doses of ultrasound to facilitate the process. Eventually the samples were

rinsed, cleaned and then spin-coated with a resin in order to protect the surface during
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Figure 2.7: Silicon patterning: (a) Spin-coating of resist on backside of LiNbO3 /Si cantilever
(in red), (b) sample after DRIE etching.

dicing. The final result of Cr/Au top electrodes patterning is presented in Fig. (2.6b).

2.1.2.5 Substrate Patterning
Once the wafers are ready, the samples are diced by using of a high precision dicing saw (L.
Gautier-Manuel, FEMTO-ST). With this tool it is possible to simultaneously cut through
different kind of materials, and precisely release the specimens in their cantilever form.
During the fabrication we successfully managed to cut through both silicon and metal
wafers bonded to LiNbOj3 . The last step of the microfabrication is deep silicon etching
(Bosch technique [10]). During this process the silicon backside of the cantilever is ex-
posed to highly energetic ion bombardment, where alternatively deposition of polymeric
material on the side walls and etching from ion impact are happening. The parts of the
cantilever that have to be protected, like the clamping part or the tip mass, are covered
with a thick film of photoresist (Fig. (2.7a)). After the etching, the cantilever can be wire-
bonded to a PCB in order to start the testing (Fig. (2.7b)).

Regarding the fabrication process for thick film cantilevers, SiO»/Si substrate was Au-
Au bonded to LiNbO3 (YX1)/0° crystal using EVG bonding machine. The piezoelectric
layer was subsequently lapped down and polished until the required thickness was reached.
Aluminum top electrodes were sputtered by using a stencil mask. Finally, the cantilevers
were 15 mm long and 1.5 mm wide, with a resonance frequency ranging from 4.7 to 5.6
kHz, depending on the piezoelectric and substrate thicknesses. The electrodes covered
just 2/3 of the beams width. More details can be found in Table (2.2).

Table 2.2: LiNbOj3 /Si cantilever geometrical parameters.

| Cantilever | Electrode | Thickness

| Length  Width | Length Width |  Si LiNbO3 |
| mm)  (mm) | (mm) (mm) | (um) (m) |
|15 15 | 85 1 | 350-500  4-32 |
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2.1.3 Characterization of Film Physical Properties
The fabrication process for LiNbO3 prototypes took place both in FEMTO-ST and EPFL.

We fabricated two main types of devices:

* LiNbOs3 energy harvesters, fabricated in MIMENTO facility (Besan¢on);

* LiNbOs cantilevers for basic characterization properties, fabricated in collaboration

with CiM (Lausanne).

The processing of the two batch is similar, in both cases we started from the same struc-
ture of LiNbO3 /Si wafers, made by Au-Au bonding in Mimento, whereas the sizes of the
devices are quite different, spanning from MEMS to meso-scale. The flowchart for the

fabrication was similar, involving the following steps:

e Lithography (UV or with stencil mask);

* Electrode deposition (Evaporation or Sputtering);
* Dicing;

e DRIE etching (only for harvesters).

For the basic characterization of LiNbO3; samples we used the design proposed by Maz-
zalai et al [11]. In order to calculate the effective piezoelectric coefficient, the cantilevers
were oriented so that the polarization was along Y’ (2 in tensor notation), the stress along
7’ (3), so that we could consider e»3 r, and the effective pyroelectric coefficient ps .

The LiNbOs films thickness ranged between 4-32 pm depending on the cut, and Si
substrate thickness varied between 350-530 um depending on the sample batch. We also
characterized dielectric and pyroelectric properties of an optimized batch of deposited
LiNbOs thin films on silicon, but it was not possible to check the converse piezoelectric
effect due to the ratio of active/inactive layer of the specimens (h,/h; < 1073), with hy

typically =100 nm.

2.1.3.1 Dielectric Constant Measurements

As discussed in the previous chapter, the second order tensors of LiNbO3 are isotropic
perpendicular to Z-axis, and planes that are perpendicular to it have same value for €;;
and €y;. If we approximate the piezoelectric layer as a parallel plate capacitor, then we are
interested in measuring €33 value. The dielectric permittivity at constant stress, is defined
as the ratio between the relative permittivity of the material and the permittivity of free
space, €. This is generally measured far from the mechanical resonance frequency. We
derived the value of €7 from the capacitance measurements at 1 kHz using an HP4194A
network analyzer at room temperature. From the capacitance values measured, € ¢ could

be estimated as:

€r=
f AE()

(2.1)

72



where Cy is the measured clamped capacitance, h, the thickness of the piezoelectric layer,
A the surface of the top electrode and €, the permittivity of free space (8.854 pF .m™1!).
The dielectric losses, tan §, are defined as the ratio between the imaginary part (e’jﬁ) of the

relative complex permittivity and its real part (e}) [12, 13], (e}i = ¢/, + i€'}), which is given

ff
by the relation:
EII
tand = —- 2.2)
°r
From another point of view, tan d is representing the losses of the piezoelectric layer as if

we have a capacitance, Cj, and a resistor in parallel, R, so that:

tand =

oR,C, 2.3)
which at a given angular velocity, w, is how the spectrum analyzer is able to estimate
the losses for the dielectric material. The approach of RC circuit, is an approximation
where dissipation has an inverse dependency on frequency, but this dispersion is not so
prominent in the kHz range [12].

2.1.3.2 Impedance Measurements

The impedance properties of a piezoelectric bender operating close to resonance, can be
represented by a lumped-parameter equivalent circuit. To evaluate the equivalent cir-
cuit of the resonator, the measurements were done with an impedance analyzer (Keysight
E5061B). Here the piezoelectric transducer is modeled as an RLC circuit, using the Butterworth-
Van Dyke (BVD) equivalent circuit [14]. In Fig. 2.8 the BVD circuit is represented. The cir-
cuit has a motional branch composed by: R, a resistor representing the mechanical dissi-
pation, C, a capacitance representing the compliance, and L, an inductance representing
the mass. The motional branch is in series with the static capacitance of the parallel plate

capacitor, Cy. The total impedance, Z, of the equivalent circuit is given as:

1 ; 1
70Cs (R+ JjoL+ ]u)_C)

. 1 1
R+](1)L+ (]UJ_CO+]UJ_C)

7 =

(2.4)

From the analysis of Z, we can find the series and parallel resonant frequencies, wg

and w, respectively, which are given as:

W, = (2.5)

[ =~
5

W = (2.6)

€

where C,; = C00+C' Once measured resonance and anti-resonance frequencies, we can
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Figure 2.8: Schematic representation of piezoelectric transducer electrical equivalent cir-
cuit.

extrapolate the equivalent circuit parameters. For instance, the mechanical quality factor,

Q, and the coupling, ki o are defined as:

Q= L /L (2.7)
"R\ C '
2 2
w7, — 0
2 p__°¢ (2.8)

2.1.3.3 Piezoelectric Coefficient Measurements

Using LiNbOs films with (YX1)/0° orientation, it was possible to investigate piezoelectric
(Eq. 1.24) and pyroelectric (Eq. 1.33) figures of merit. Two separate methods were car-
ried on to measure the effective values of the two coefficients on the same structures. In
particular, the effective piezoelectric converse coefficient is evaluated from the in-plane
stress due to an electric excitation on the clamped cantilever. For this purpose we are

considering the relation:

ezgyf = a_Ez (29)

Where T3 is the stress along the length of the cantilever, and it is assumed to be constant
across the film thickness, while E, is the electric field applied on the piezoelectric layer
and is perpendicular to the stress direction. The piezoelectric coefficient characterization
of LiNbOs3 films from bending can be done with several methods and with commercial
available tools, for instance with a proximity sensor [15] or with a laser interferometer [11].
Other techniques are provided with four point load for precise estimate of e3; ¢ coefficient
[16], or direct piezoelectric effect with mechanical tip actuation of the cantilever [17]. Es-
pecially in the case of actuators, it is very important to correctly measure the magnitude
of e3) stress coefficient of piezoelectric films when an electric field is applied. In EFPL we
used a single-laser beam interferometer coupled with an aixACCTR TF2000 setup, in or-

der to estimate the effective piezoelectric coefficient e,3 . The measurement were done
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Figure 2.9: (a) Schematics of converse piezoelectric tests to measure stress coefficient. (b)
The cantilever is clamped and activated by an external voltage, while a laser interferometer
is measuring the tip displacement.

in collaboration with R. Nigon (EPFL). The methodology adopted for the estimation of the
piezoelectric coefficient was the same used by Mazzalai et al. [11]. The clamped beam was
excited by a large signal input, while the tip displacement was measured by the interfer-
ometer at 160 Hz. The maximum tip displacement was measured for different electric
field intensities. The cantilevers were positioned on a clamping stage, while probes were
connected to bottom and top electrodes (Fig. 3.8a). One of the probes was configured as
virtual ground, the other was representing the voltage input in order to bend the sample
by converse piezoelectric effect. On the opposite side of the cantilever, a laser interfer-
ometer focused on a reflector was tracking the position of the tip. Once the voltage was

applied, we could see contemporary polarization of the film and relative displacement.

In converse mode the in-plane stresses, T, is varying in terms of electric field, E». The
displacement of the tip is quite small due to the ratio between the thickness of the piezo-
electric layer (h),) and the substrate (h;), typically hj,/h; ~ 107!, Hence, the curvature of

the cantilever for such structure is:

o _2Wl) (2.10)

x1(2x2 — x1)
where the curvature, r, is taken as constant between 0 and the end of the electrode (x;),
and then it is null until the end of the cantilever, x, represents the distance from the end
of the electrode to the tip of the beam and w(x>) is the vertical displacement. The width
of the electrode and the beam, are respectively b, and b. Therefore, the equilibrium con-
dition for the bending of the beam states that the sum of all the momenta has to be zero,

Mp+M; = 0:

Il'
M) = _T3behp?l @2.11)
b b-b h3
M; = MG 2.12)
$11,i(1—v;) S11,i 12
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Finally it is possible to calculate the stress T3 as:

1le+(1-00-v)l 2wl h
3 siLil-vide x1@x2—x1) hy

3=

(2.13)

where ¢ = b,/ b, and the Eq. (2.13) establishes a linear relation between displacement
and in plane stress components. Eventually, we can use Eq.(2.9) to calculate the effective
piezoelectric stress coefficient for LiNbOs for a given orientation. It has to be noted that
to get Eq. (2.12-2.11) we used the Stoney formula [18] for bi-axial stress, which is just an
approximation of the real case for LINbOs3 . With this approximation is licit to consider the
uniaxial stress for the surface of piezoelectric material under the electrode, and that the
Young modulus can be rewritten as 1/(sy1,;(1 — v;)). For the silicon substrate in (100) ori-
entation we assumed the following parameters s1;,; = ﬁ GPa and v; = 0.064 [19]. Finally

the piezoelectric coefficient is given by:

1c+(1-01-v)] 2w(x) h?

€3 f = —— —L
=y 3 si,il=vide x12x2—-x1) V

(2.14)

In Eq. (2.14) is a function of both the displacement w(x,) and the voltage V that is im-
posed from the system, most interesting e»3 r does not depend on the thickness of the
piezoelectric material, hence we can use this approximation for specimen that have dif-

ferent h,.

2.1.3.4 Pyroelectric Constant Measurements

Concerning pyroelectricity, this effect arises when the material is experiencing a variation
of temperature over time, consequently an alteration of spontaneous polarization in the
crystal allows the charges on the surface to rearrange, generating pyroelectric current.

Generally, in Z-cut LiNbOs this can be described by the equation:
dPg = pgd@ (2.15)

Where P; represents the polarization along the Z-axis, which is parallel to the relative
movement of lithium towards niobium ions, p3 is the pyroelectric coefficient, and © the
temperature. In literature the value reported for Z-cut LiNbO3 pyroelectric coefficient is
-83 uC.m~2.K"! [20]. The magnitude of this effect depends strongly on the heating thresh-
old used in the experiments, and the pyroelectric coefficient typically increases with the
temperature [21]. In our case, due to the tilted orientation of the crystal cut, the pyro-
electric coefficient considered is p, ¢, and it is a projection of p3 on Y (6°) axis. In or-
der to test pyroelectricity on the LiNbOs fabricated samples, we had the opportunity to
use two different test-benches. Both of them involve dynamic measurement of the py-

roelectric coefficient, p, while heated [22, 23], therefore they use temperature functions
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with specific waveform shapes in order to change the spontaneous polarization, Ps, of the
sample. The pyroelectric contribution is measured through to current or voltage sensing,
while the temperature ramp is measured with a thermocouple. Because of the insulat-
ing silicon substrate, we could not use the surface of the heating element as an electrode,
therefore two metallic probes were positioned on the top and bottom electrode of sam-
ples (Fig. 2.10). The samples that were investigated were mostly tilted LiNbO3 cuts, so
the use perpendicular electrodes gave a projection ps of p, which eventually was includ-
ing both primary and secondary pyroelectric effect. The distinction of the two effects is
achievable only in total clamping condition, which was not an available configuration for

our setup. The dynamic tests took place in two different facilities:

* EPFL, estimate of pyroelectric current from a triangular waveform at room temper-

ature (in collaboration with D. Park);

* FEMTO-ST, measurement of pyroelectric voltage from a square waveform for tem-

perature up to 200°C.

Figure 2.10: Setup for pyroelectric characterization in EPFL.

In both cases setup, we positioned the samples over a heating module (Peltier ele-
ment) that was varying the temperature on the bottom side of the sample. The charges
were collected from the top and bottom electrode with two different probes. With a Lab-
view interface we could also change the time period, threshold temperature and number
of heating cycles [15, 24].

For the measurements in EPFL, we estimated the pyroelectric coefficient from the

electric current generated by the sample, following the relation:

i
Py
AT
where i,y is the pyroelectric current, A the electrode active surface and % the rate of

temperature over time. This dynamic method investigates p¢ using a constant rate %,
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which was widely adopted by the research community since Byer and Roundy and later
by Daglish [25, 23]. Another approach is to investigate the piezoelectric voltage response
from the specimen at constant temperature rate. Therefore we use the relation:

h,A®

V,, = 2L (2.17)

Eon
where the V), is proportional to the product of piezoelectric layer thickness hj, and tem-
perature change A®. In this configuration the sample has to be investigated in in open
circuit condition, so that the pyroelectric charges are contributing to the total voltage re-

sponse [26].

2.2 Transducers Fabrication

2.2.1 High Frequency LiNbO3; Harvesters on Si

A commercial 500 pm thick LiNbOs (YX1)/36° wafer (from Roditi) was used to fabricate
thick film on Si substrate (Fig. 2.11). 200 nm thick Au layers with Cr adhesive layers, were
deposited on one side of the LiNbO3 wafer and on one side of a 500 um thick Si wafer.
The Si wafer presented thermal oxide with thickness of 0.5 um. Then, the LiNbO3; and
Si wafers were bonded by means of mechanical compression of Au layers The LiNbO3
wafer was subsequently thinned by lapping steps to an overall thickness of 32 pm, which
was followed by a micro-polishing step. Then, the Si wafer was polished down to 360
pm thickness. Aluminum electrodes with thickness of 300 nm were structured on the
LiNbOj3 surface by lift-off process using UV lithography and evaporation deposition tech-
nique. The cantilevers were diced mechanically from (32 pum)LiNbOs3 /(400 nm)Au-Cr/(1
pum)SiO2 /(360 pm)Si wafer by means of a dicing saw. The final dimensions of the can-
tilevers, without considering the clamping, were 20 mm in length and 5 mm in width. The
electrode was partially covering the structure, resulting in an active surface of 46 mm?.
The Cr/Au layer used for wafer bonding was also acting as bottom electrode of the device.
Fig. (2.11e) shows the cross-section of the cantilever. The photograph was taken with
optical microscope from a lateral side, we could clearly see the Cr/Au bottom electrode,
while the upper layer was LiNbOs , and the bottom one the Si/SiO, substrate. Finally, Fig.

(2.11f) presents the cantilever after dicing.

2.2.2 Low Frequency LiNbO3; Harvester on Si

The flowchart for the second batch of samples on silicon, was similar to the first set of
samples, and it is depicted in Fig (2.12). The substrates used were a [100] single crystal
silicon wafer 500 pm thick, and a 350 um single crystal LiNbO3 wafer with orientation
(YX1)/128°. After cleaning and rinsing, a layer of 30 nm Cr was sputtered on the polished

surface of both wafers as an adhesion layer, then followed by 170 nm of Au (Fig. 2.12a).
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Figure 2.11: Microfabrication process flowchart for (YX1)/36° LiNbO3s /Cr/Au/Cr/SiO, /Si het-
erostructure: (a) 200 nm of Cr/Au were sputtered on the surface of both Si and LiNbOs . (b)
The two wafers were bonded together by mechanical compression and then thinned down
by lapping. (c) The photoresist was spin-coated on the surface of LINbOs , and then exposed
to UV light though a mask. (d) After evaporation of 300 nm of Al, the top electrode was pat-
terned by lift-off. (e) Optical microscope cross-section photograph for the layer structure
after dicing. (f) Eventually, the structures were mechanically diced in cantilever shape with
an active surface of 46 mm?.

Once the surfaces were prepared, Au-Au bonding by means of EVG thermo-compression
was performed at room temperature (Fig. 2.12b). The quality of the bonding was con-
trolled by ultrasonic testing showing good adhesion and very few imperfections due to
surface pollution. In order to reach the required clamped capacitance levels, the thick-
ness of LiNbOs is thinned down to approximately 30 pum (2 um TTV), by lapping and
micro-polishing to adjust surface morphology (Fig. 2.12c). We have used UV lithogra-
phy to pattern the top electrodes (Fig. 2.12d). Once the photoresist was developed, a 200
nm thick Cr/Au layer was deposited using electron-beam evaporation (Fig. 2.12e). The re-
sist was lifted-off with a solvent leaving just the Cr/Au electrodes on the surface. Once the
devices were diced mechanically by a dicing saw (Fig. 2.12f), we have performed deep re-
active ion etching (DRIE) on silicon substrate (Fig. 2.12g). The Si backside was patterned

in order to leave a 10 mm by 10 mm tip mass, while the central part was etched until 300
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pm thickness.

a) Cr/Au sputtering e) Cr/Au evaporation + Lift off
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b) Au-Au Bonding f) Dicing
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— W

Figure 2.12: Flowchart of micro-fabrication process of (YX)/128°/Si: (a) sputtering of Cr/Au
layers on silicon and LiNbO3 wafers; b) bonding by thermo-compression at room temper-
ature; ¢) lapping and micro-polishing of LINDOg3 surface; d) UV photo-lithography step; e)
evaporation of top Cr/Au electrodes; f) mechanical dicing; g) deep reactive ion etching of
silicon substrate.

The main difference respect to the previous process is the use of Au top layer to have
a better conduction and same band gap for top and bottom electrodes. Moreover, we
added an etching step to pattern the silicon substrate, in order to increase the coupling
and reduce the resonance frequency. Eventually, the top electrodes were wire-bonded to
a PCB and clamped on an Al clamping system (Fig. 5.8a). The final prototype presented
here had a length of 65 mm and 10 mm width, with a top electrode covering 2/3 of the
total length. In Fig. (5.8b) we can see the cross-section of the sample after dicing, where
LiNbOs is the top layer, and silicon is the substrate of the structure. The thin white line is
the bonding interface between the two wafers. The quality of the bonding was excellent,

even if we didn’t use a SiO; insulation layer.
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2.2.3 LiNbOj; Harvesters on Metal

Several metal substrate are available on the market, but often foils with thickness below
100 pm have residual stress present after lamination of the materials. We have purchased
a large foil of brass (nominal value 75 um) and then laser cut it in form of 4 inch wafers,
in order to implement the material as a substrate in our fabrication process (Fig. 2.13).
Also the stainless steel was considered as a host wafer for the fabrication of the devices,
because it has typically higher quality factor with respect to the brass. Eventually, the first
results of stainless steel laser cutting did not show the expected quality, while for brass
we have attained low bow and no visible edge imperfections of wafers. Therefore we have

implemented brass as the first host candidate.

d) Dicing
- =
1 -1

b) Sputtering of Cr/Au

a) Micro-polishing of substrate

e) Lapping

c) Cr/Au Bonding

4 0 I

f) Electrode patterning

Metal

Figure 2.13: Microfabrication of LiNbO3 /Brass transducer: a) surface preparation with
micro-polishing step of susceptor surface; b) deposition of buffer and Cr/Au layer by sput-
tering; c¢) Au-Au bonding of LiNbO3 and metal substrate; d) dicing of cantilever devices; e)
lapping by rectification of LINbO3 layer and patterning for clamp/tip mass; f) top electrode
sputtering (Cr/Au).

In order to have better adhesion, the wafer host was micro-polished before the Au-Au
bonding step (Fig. 2.13a), so that he surface had very low roughness ( < 90 nm). Once the
substrate was ready, we cleaned with solvents and rinsed the host before the deposition
step. Afterwards, a buffer layer was deposited on the top surface of brass to improve the
conditions for bonding (Fig. 2.13b).

Eventually Cr-Au layers were sputtered on both brass and LiNbO3 wafers. Later on,

we performed Au-Au bonding by means of EVG bonder at room temperature (Fig. 2.13c).
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The structure was diced in order to have singular cantilevers 40 mm by 10 mm in sizes
(Fig. 2.13d), including the clamping. In order to attain specific properties, the LiNbOj3
layer of the cantilevers was lapped down to reach the required thickness (Fig. 2.13e). The
investigated samples had LiNbOj3 thickness ranging from 10 to 120 um. The adhesion be-
tween the two materials was excellent, and no critical issues were observed during the
lapping or dicing. As a final step, we have sputtered with a stencil mask Cr/Au top elec-
trodes on the full size of the cantilevers (Fig. 2.13f). With this approach we have simplified

the micro-fabrication route having less critical steps and avoiding complications.

2.3 Conclusions

In this chapter I summarized all the possible routes of fabrication for LiNbO3 films. With
top-down or bottom-up approaches we can achieve high quality LiNbOj3 films. We pre-
sented both PIMOCVD films which can be grown textured on silicon substrates, or thick
films from single crystal LiNbO3 Au-Au bonded to silicon or metal. Nevertheless, for
energy harvesting applications is better to consider thick films, because the power out-
put depends strongly on the volume of active material under strain. I presented also
the methodology for dielectric, piezoelectric and pyroelectric properties characterization
with standardized electrode and cantilever dimensions. In the next chapters, I will show
that also LiNbO3 can be considered a rightfull option in terms of piezoelectric and pyro-

electric energy harvesting.
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8] Piezoelctric and Pyroelectric Properties

of Lithium Niobate Films

In the first part of the chapter, the simulations concerning the piezoelectric and pyro-
electric properties of LiNbO3 are presented and both coupling and figure of merits are
discussed. A subsection is devoted to the analysis of the orientation study of LiNbO3 for
energy harvesting purposes, comparing three particular orientations investigated in this
work: (YXI)/36°, /128° and /163°. A the end of the chapter, a section will be devoted to the
characterization of LiNbOj3 thick and thin films, where their dielectric, piezoelectric and
pyroelectric properties, measured experimentally will be presented. In the conclusion I
will point out what are the future challenges and recommendations to implement LiNbOj3

as transducer for energy harvesting.

3.1 Orientations of LINbO;

The optimized direction for piezoelectric measurement was firstly investigated by Naka-
mura et al. [1], where was considered the bending of a LiNbO3 plate with a ferroelectric
inversion layer for actuation. Nakamura ponted out that there are preferential orienta-
tions in order to implement LiNbOs as a bender. Later, by Shur et al [2], was shown that
the piezoelectric constant increases from 0 up to 27.3 pC/N using 128° Y-cut, so this crys-

tal cut was identified as a suitable choice for bending actuators.

In this thesis we will use the notation first proposed by Nakamura [3], and the cut will
be defined as LiNbO3 (YX1)/6°. The transformation of the crystallographic axis involves
the rotation not only of the piezoelectric tensor but also of the dielectric and elastic prop-
erties of LINbOj3 . To perform the study, we have to take into account the transformation in
a tridimensional system of reference. In this case, given the reference of crystallographic
axis as (a, b, ¢) and considering the polarization along c-axis, we define a new orthogonal
triad of axis (X,Y,Z) where Z is parallel to c-axis, a is parallel to X, and Y completes the
system with 90° from both the other axis. Now we can define the rotation using the Eu-
ler angles (¢, 0, V), they can be seen as consecutive rotations, and they are introduced in

matrix notation as follows [4].
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To make a rotation counterclockwise of ¢ around Z:

cos¢p sind 0
ai=|-sinp cosdp 0 (3.1)
0 0 1

To make a rotation counterclockwise of 6 around X"

1 0 0
ag=|0 cosO sin6 (3.2)

0 —sin® cosHO

To make a rotation counterclockwise of W around Z”:

cosy siny 0
am = |-siny cosy 0 (3.3)
0 0 1

The general rotation is then the product of all the transformations done so far:

a = ajana (3.4)

Now, we can apply this formalism to make a rotation of the dielectric, elastic and
piezoelectric tensors. We can use the compressed notation from [5, 6] and the bond
strain notation matrix, R, which gives the following set of equations for a representation
of LiNbO3 Y-cut crystal cut:

¢ =anay-€-alaf) (3.5)
d' =aya;-d-R{R (3.6)
s'=RuR;-s-R{R} 3.7)

where R is defined as the matrix:

2 2 2

an a, ais appars ayzan ayianz
2 2 2

as, ay, asg az2 a3 a3 dny az1 a2
2 2 2

as, as, ass aspass assas as) asz

2a1a31 2aa32 2ap3a33 dppdsz3+ Azpa3  dp3dz) + a33ap1  d21da32 + 431022

2az1a11 2azaix 2az3aiz  azpaiz+ aipasz  azzdi t+ajzdsl  ds1aiz + ai ase

2a11a21 2a12ap2 2a13G3 Aipa0p3t+ Appaiz  Aizdpl t apsay  aidzz + a1 ap
(3.8)

88



So that the piezoelectric tensor will be transformed as:
O1mn = A1iAmjankdijk (3.9)

As pointed out in [7], when the angle 0 is considered, and the rotation takes place from Y’-
axis, the thickness and transverse coefficients will be d; and not ds; as in ceramics. For
this reason, in this work we will consider the following coefficients: d;, d»3 for transverse

mode, and d»; for thickness mode. The resulting equations for the transformations are:

dy, = d31sin® — dy, cos6
(3.10)
d)y = sin0 (ds1sin®0 + dszcos” 0) + cos O (dz2sin 0 — dy5 cos Osin0)

In Eq. (3.10) d' represents the rotated coefficient. The main difference between them is
the dependence on other piezoelectric coefficients. The advantage of d,, over d, is the
dependency over the shear coefficient d;5 which has the highest value among the others

(68 pC/N). In thickness mode instead we will have for dézz

dy, = ds3 sin® 0 + (ds; + dy5) cos? 0sin O + dys cos® O (3.11)

pCIN
pC/N

(@) b)

Figure 3.1: Polar plot for LINDO3 piezoelectric tensor: (a) d'»; and d’»3; (b) d’»» rotated by 0.

Otherwise, in order to investigate the rotation around Y’, we can use the following

matrix:

cos¢ 0 sin¢
an = 0 cos¢p 0 (3.12)
-sing 0 cosd

Hence, we can select an orientation of Y-cut (rotation around X axis) and then counter-

check the tensor values while the rotation is in the plane (rotation around Y’ axis). For
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instance, the piezoelectric coefficient of interest, d», is defined as:

déj = sin? &(ds; sinB — doy cosB) + cos’ O(do2 sin?0cos0 + ds; sin® 0 — dy5sin B cos® O

+ds35in0cos’ )
(3.13)
where the rotated piezoelectric coefficient is depending on both rotation angles (0, ¢).
dy,, dy, and
separately d,,, while rotating around X-axis with an angle 6 = [0,360°]. Generally, d;,

Finally, in Fig. (3.1a) are plotted the moduli of the two piezoelectric tensors,

has lower magnitude, thus we will focus our analysis on d),. We can see that the dif-
ference between the orientations becomes very important above 90°, which represents a
regular Z-cut, and approaching 140°, where we obtain a maximum for the piezoelectric
coefficient, namely 30.2 pC/N. Otherwise, we have similar performance for 36° and 163°,
which can attain similar piezoelectric strain coefficient, 18 pC/N. Eventually, in the case
of commercial cuts, the best value attainable is 27 pC/N cut for 128°-Y cut. For the thick-
ness mode instead, we plotted d,, in Fig. (3.1b). Differently than from the transverse case,
the best orientation appears to be 36° having 38.2 pC/N, while for 163° the mode is totally
inefficient.

In Fig. (3.2) is represented the piezoelectric tensor d»;, where the polarization is along
Y’ and j is representing the direction of the stress in the plane. We represented the three
orientation of choice (0=36°, 128° and 163°), while ¢ = [0,360°]. The study is confirming
that the highest magnitude of the coefficient is obtained for (YX1)/128°, namely when
j =3, hence ¢ = 0, with 27 pC/N, and the other orientation have typically lower values.
However, for da; (¢ =90°) coefficient the best orientation is (YX1)/163° with 19.8 pC/N.

o 90 —9=36°
" 120 60 ——0=128°
1 —0=163°
20 50 '/ 30
15 </ \
S SA TR
A
Q 04180 0
= 5] =T N/
10 »\"‘ l’l/
;2 210 330
20 240 300

270

Figure 3.2: Rotation in the plane by  of the piezoelectric coefficient d, ;.
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In order to investigate the electro-mechanical coupling factor in transverse mode, all
the coefficients of Eq. (1.20) have to be taken into account. The rotation around X-axis is
implemented also for compliance s’ and dielectric constant e’j It where the superscript of
constant stress (7) is neglected in the Eq. (3.14,3.16).

s§3 = s118in% 0 + 2514 Sin® 0cosO + (544 + 2813) sin0cos®0 + $33 cos*0 (3.14)

€h, = £335in°0 + €1 cos O (3.15)

While for thickness mode we use the same permittivity €7,,, but different compliance co-

efficient, s's:
), = $335in* @ 2 2Psin’H -2 30sin@ ‘0 3.16
Syo = $338IiN" 0 + (S44 + 2513) cos” Bsin S14€0s” 0sin0O + s1; cos (3.16)

Clearly in Fig. (3.3a), we see that s’H is not affected by the rotation, hence the value is
constant (5.78:10"2Pa~1). More interesting for s§3, we noticed a dependence on both di-
agonal (s11,533 and s44) and non-diagonal terms (s;3 and s14). The rotation around X-axis
then has two relative peaks: one is observed around 41°, and a second one below 128°.
Analyzing the coefficient values we may state that with tilted cuts the stiffness increases
with respect to a standard Z-cut, which can be interesting when designing strain-driven
harvesters. Meanwhile in Fig. (3.3b), s,, is represented. For thickness mode, we see that
séz has a similar behavior to ség but 90° tilted, due to an exchanged sine and cosine prod-
uct between the terms in Eq. 3.16. In terms of permittivity, €5, depends on both €33 and
€11. We see in Fig. (3.3c), that 8’22 has a minimum for Z-Cut whereas it reaches 30, while
the highest value for the cuts examined is for 163° reaching 79.4, finally for 128° goes as
low as 50.5.

The coupling in transverse mode for the selected piezoelectric coefficients is calcu-

lated by the following relations:

!
K= (3.17)
V $11€0:
dl
ks = 23 (3.18)
\/ $33€0;
Whereas the thickness mode, kéz will be defined as:
d/
K, = ——22 (3.19)

V $22€;
Finally, in Fig. (3.4) both electro-mechanical couplings are plotted against the angle

0 = [0,180°]. For transverse mode kég, the maximum achievable is at 137° (0.51), while is

0.49 for 128°. The other coupling k), is generally lower respect to kj,, but almost compa-

91



Figure 3.3: Rotation O around X-axis: (a)
elastic compliance s,, and s\, for trans-
verse mode; (b) elastic compliance s, for
thickness mode; (c) rotated permittivity
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rable for 36° and 163° cuts. Instead in thickness mode, as expected the best orientation is
36°, with a value of 0.61, against 128° presenting kéz =0.36. Therefore LiNbO3 (YX1)/36° is
the most suitable with the use of IDTs.

As seen in Eq. (3.17) and (3.18), we should consider also sg i and 8’2 i in order to calcu-
late k»;. With a similar approach, we can investigate the magnitude of compliance and
dielectric constant in terms of the angle ¢. The result of the study is given in Fig. (3.5),
and it is showing that the highest coupling is attained for k3 for (YX1)/128°, while k»; the
value for (YX1)/36° and (YX1)/163° is approximately 0.3. In Fig. (3.6) the coupling k»; as a
function of both angles 6 = [0,180°] and ¢ = [0,90°] is presented. As a result, (YXI1)/36° ori-
entation can be implemented in almost all orientations in the plane with respect to ¢, be-
cause it presents small variations of transverse coupling k,;. On the contrary, (YX1)/128°
and (YX1)/163° orientations, are strongly dependent on the value of ¢, therefore extreme
attention has to be paid whenever choosing the direction of propagation for cantilevers
during design phase.

In Tables (3.2) and (3.1) the values of transverse and longitudinal electro-mechanical
coupling are reported for the orientation study. For k,, LiNbO3 has preferentially one
orientation, that is (YX/)/137°. Also looking at the FOMs we can come to the same con-
clusion. For strain-driven harvester also 36° and 163° represent a good choice, especially

considering the fact that they have higher dielectric constant. We recommend those cuts
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Figure 3.5: Rotation in the plane by ¢ of electromechanical coupling coefficient k.

for MEMS application where lateral dimension are limited and small clamped capaci-
tance could be an issue. Overall, 128° remains the best compromise between the avail-
able cuts, in terms of both FOMs and electro-mechanical coupling. For k), instead, as
expected the best solution is 36° orientation, attaining higher values of FOMs compared
to its transverse counterpart 128°. In this work, we investigated the three principal ori-
entations in transverse mode (parallel plate electrodes): 36°, 128° and 163°. For all of the
mentioned cuts, electro-mechanical coupling is above 0.3, so typically comparable with

poled ceramics such as PZT-5A or -5H.
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Table 3.1: Comparison of transverse k>3 and FOM for LiNbOs3 , reference values from [5].

(YX1)/0 Siy Sy €y,/€0  dos ks (FOMH™!  FOMS
(pm?N~")  (pm?N~1) (pCN™1) MJ.cm™3)  (KJ.cm™)
0° 5.02 5.02 84.0 0 0 - 0
36° 5.70 5.10 65.3 18.1  0.32 1.76 19.5
41° 5.72 5.21 60.8 166  0.30 1.96 17.1
90° 5.78 5.78 30.0 1.0 0.03 266 0.1
128° 6.91 5.28 50.5 27.0  0.49 0.61 44.7
137° 6.68 4.94 58.8 30.0 051 0.60 52.0
163° 5.40 4.92 79.4 183 030 2.1 17.9
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Figure 3.6: Rotation in the plane by ¢ and 0 of electromechanical coupling coefficient k.

3.2 Characterization of Piezoelectric and Pyroelectric Prop-

erties of Lithium Niobate films

In the following section I will present the results of basic dielectric, piezoelectric and py-
roelctric characterization of LiINbOj3 films. Both thick (h, > 5 um) and thin (h, = 100 nm)
LiNbOs films on silicon substrate were investigated. In case of single crystal films bonded
on Si, the orientations involved were 36° Y, 128° Y and 163° Y-cut, while for textured films
on Si only one orientation was investigated, 33° Y. For the latter, also some results on
optimization (Raman, X-Ray diffraction and AFM characterization) of the textured film

growth will be presented.
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Table 3.2: Comparison of longitudinal k’>» and FOM for LiNbOgs , reference values from [5].

(YX0)/6 b s, €1,/€0  dpx k, (FOMD™!  FOMS

(pm?N~!)  (pm?N~1) (pCN™!) MJ.cm™3)  (KJ.cm™)
0° 5.78 5.19 84.0 21 0.32 1.69 19.8
36° 6.92 4.40 65.3 382 061 0.39 82.6
41° 6.86 4.47 60.8 358  0.59 0.42 77.8
90° 5.02 4.88 30.0 62  0.17 6.91 5.9
128° 5.71 4.97 50.5 18.1  0.36 1.36 25.9
137° 5.70 5.07 58.8 182 033 1.57 22.0
163° 5.44 5.44 79.4 0.3 0 -

3.2.1 Thick LiNbO; Films on Si

Typically, the permittivity and tand for a piezoelectric harvester are measured at 1 kHz,
but we choose to measure also for other frequencies in order to investigate frequency dis-
persion. In Fig. (3.7) we represent the relative permittivity and losses for the three cuts
(36° Y-, 128° Y- and 163° Y-cut) as a function of the frequency. The values of € are given
with an error of +2 taking into account the thickness variation of the piezoelectric layer,
only (YX1)36° is slightly below (60.9) the expected value (65.3), while for the other orien-
tations the simulated values match the measured ones considering the relative error. As
expected in the kHz range we do not have important variations of the permittivity, while
losses slightly change, having a minimum above 10 kHz. The very low value of tanJ, is
proving the very good quality of the piezoelectric crystal [8], having losses ranging from
1.3+3.3 mU at 1 kHz, which is much lower than other ceramics (for PZT 10 mU [9]). Fi-
nally, higher dielectric losses are observed at 1 MHz, due to electronic interface noise or
relaxation effect [10]. In Table (3.3) we summarized the theoretical dielectric permittivity

values (egz) and experimental ones (¢ r) with relative losses (tand), measured a 1 kHz.

Table 3.3: Dielectric permittivity and losses at 1 kHz for LiNbO3 (YX1)/0°.

(YXD)/0° 832/80 erleg  tand(U)

36° 65.3 60.9 0.001
128° 50.5 499 0.003
163° 794  79.6 0.003

In Fig. (3.8b-d) the magnitude of the polarization and displacement are plotted for the
three orientations (36° Y-, 128° Y- and 163° Y-cut). The measurement was done switching
the polarization and averaging the response for 30 cycles. Here we represent just the re-

sults for the cantilever with longer electrode (8.5 mm) but also other lengths were system-
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Figure 3.7: 36° Y-, 128° Y- and 163° Y-cut LiNbOj3 dielectric properties as a function of fre-
quency: (a) dielectric constant; (b) dielectric losses.

atically tested. In the case of LiNbO3 (YXI1)/36° the applied electric field is smaller because
of the thicker sample under investigation (namely 32 + 2 um) and therefore the induced
polarization. Moreover, LiNbOj3 has a very high coercive field (for congruent composition
207 kV/cm), and given the thick film under investigation, the applied voltage was not suf-
ficient to reverse the spontaneous polarization (V,,,, = 24 V). Hence the shape of the po-
larization and displacement have not the typical behavior showed in Chapter 1 (Fig. 1.9),
and the crystals behave like a capacitor, without reaching the saturation point. Anyways,
the response is linear as expected for a single crystal sample [3], and there is no sign of
hysteresis, even though the displacement is influenced by the presence of low frequency
noise coming from the electronic setup. The magnitude of displacement changes con-
siderably with the thickness of the substrate. Normally the Si thickness for both LiNbOj3
(YX1)/36° and 163° was 350 pm, while for (YXI)/128° was 530 um. Even if the samples
were thinner compared to the other orientations, 128° was able to reach 283 nm tip dis-

placement.

In Fig. (3.9a) are represented the calculated in-plane stress and the resulting piezo-
electric stress coefficient. The stress component T3 is plotted for different magnitude of
applied field, and when same electrode length was considered. The maximum stress is
given by 128° Y-cut as expected, and the value ranging from 2+18 MPa, is reasonably un-
der the threshold of film cracking which is 500 MPa. Moreover we see that the response
is linear for all the orientations, so we can assume there are no bifurcations during the
bending of the cantilevers. Eventually we can estimate ey ¢ from the stress measure-
ments. The values are represented in Fig. (3.9b), as expected the best configuration is
experimentally achieved with LiNbOj3 (YX1)/128° which showed constant value for differ-
ent electrode lengths achieving 3.54 C.m ™2 with an error of less than 5%. Only in the case
of 36° Y-cut we had higher relative error, 7%, due to slightly higher bending response for

smaller electrode lengths.
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If we make a comparison with the rotated values from the orientation study, we see
the measured values are generally higher. As stated in [11], the value of the effective coef-
ficient is always higher (| e3;, 7 [>] es1 |), because we have to consider both in plane stress
components, 77 and T3. The difference between the values can be high, for instance in
the case of PZT ceramics the ratio between the two piezoelectric coefficients, ez ¢/es,
can be even 3+4 times larger [12]. In Table 3.4 are reported some values for ceramics and
the one from the orientation study of LiNbO3 . As expected the values are higher than
the simulated counterpart, when rotating LINbO3; we have to consider not only the trans-
verse coefficients but also the shear ones, so also e>4 contributes to the final coefficient
magnitude of e3 .

Table 3.4: Comparison of theoretical e;j and effective e;j ¢ coefficients of LINbO3 and PZT
ceramics.

Material eij eijf
(Cm™@) (C.m™?)
LiNbOj3 (YX1)/36° -1.42 -2.94
LiNbO3 (YX1)/128° -2.43 -3.54
LiNbO3 (YX1)/163° -1.68 -2.47
PZT-4 -5.2 -15
PZT-5H -6.55 -23.3
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Figure 3.9: Piezoelectric properties of 36° Y-, 128° Y- and 163° Y-cut LiNbO3 samples: (a)
in-plane stress as a function of voltage; (b) piezoelectric stress coefficient as a function of
LleOg cut.

Finally, we will end our analysis with the experimental results of pyroelectric current
and relative orientation investigation. In the system used by A. Biancoli [13], a triangu-
lar wave was changing periodically with a given temperature rate of roughly + 2 °C and
a period of 100 s. The generated current is measured by a Labview controlled system,
which converts the signal into voltage and it amplifies its magnitude so that the output
signal is measured by a multi-meter. In Fig. (3.10a) we can see the specimen positioned
over the Peltier element without the insulating cover, and the two probes measuring the
pyroelectric response of the material from top and bottom electrodes. In Fig. (3.10b-d)
the pyroelectric current responses for different crystal cut orientations are plotted. The
red curve represents the triangular temperature waveform imposed on the sample, while
the blue is the squared response of the material to the heating cycle. Typically, the speci-
mens are heated around Ry, and whenever the temperature reaches the maximum value
imposed, the heating ramp changes slope causing the sample to cool down. In this way
the charges that were migrating in one direction are forced to switch polarization, revers-
ing the current phase. When all the charges available have migrated towards the surface
of the electrodes, the pyroelectric current reaches a threshold value that represent the
maximum of i,,. In the calculation of Eq. (2.16) we use i,,/2 averaging on the value of
the peaks to extrapolate the pyroelectric coefficient, while d®/dt is derived directly from
the slope of the triangular wave. The pyroelectric response is not symmetrical for all the
samples, this could be due to a difference between the metal used for top and bottom

electrode.

The calculated pyroelectric coefficients are listed in Table (3.5). As expected the val-
ues are lower than the regular Z-cut, because we are measuring just a projection of the
pyrolectric coefficient, ps. If we compare with the expected value in Table 3.6, we have a

discrepancy between two orientations, 36° and 163° most likely because of non-uniform
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heating of the samples or leakage currents during the measurement, but we exclude pres-
ence of fertiary pyroelectric effect (or false effect) [14]. Nevertheless, the results for 128°

orientation are matching the simulated values.

Table 3.5: Pyroelectric coefficient magnitude for LINbO3 (YX)/®° in (uC.m 2. K1)

(YX1)/6° 36° 128° 163°

Paf 25 -51  -56
pcos0 67 -51 -79

The last test on pyroelectric response was the measurement of the pyroelectric volt-
age. Two geometries of pyroelectric specimens were characterized, measuring the voltage
response for different threshold temperatures with a squared waveform at 1 MQ resistive
load, using 36° Y-cut LiNbOs (100 um thick). The electrodes had circular (ThEH-1) or
square (ThEH-2) shape, but same conductive area (5 mm?). The typical pyroelectric volt-
age behavior during one cycle is shown in Fig. (3.11a). After increasing the temperature
of the furnace to 100°C, it was possible to observe that the voltage was slowly ascend-
ing, reaching 1 mV when at the maximum cycle temperature. While the temperature
was steady, the voltage was quickly reaching zero, mainly because there was no change
in polarization of LiNbOs . This proved a fast response of the device to external heating
sources. Finally, it was possible to make a comparison between the two geometries (Fig.

(3.11b). The collected voltages using different electrode shape were identical within the
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error range. Both of them increased with the temperature reaching the maximum value
Vmax=2.6 mV at 200°C. The pyroelectric voltage increased non-linearly with the increase
average cycling temperature and this relationship can be described by the second order
polynomial function. The slope of the curve is related to the increase of the pyroelectric
coefficient along with the threshold temperature. Eventually our measurement confirms
the pyroelectric response of the material increases until it reaches ®¢ where no sponta-
neous polarization is present, therefore p drops to zero [15]. It has to be noted that during
the measurement we could not use higher resistive loads, so the voltage measured does
not corresponds to the open circuit value. However, the trend shows good agreement with

the expected properties of pyroelectric materials.
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Figure 3.11: Pyroelectric voltage of 36° Y-cut LiNbOs : (a) Generated pyroelectric voltage
by ThEH-1 as a function of temperature cycle in the temperature range from 95 °C to 100
°C; (b) Comparison of temperature dependence of pyroelectric voltages generated by using
circular and square electrodes.

3.2.2 Thin LiNbO3 Films on Si

A great part of the experimental analysis consisted in the control of the composition of the
volatile element Li, O, in order to avoid Li-poor (LiNb3Og) and Li-rich (Li3NbO,) phases.
In this way, we would check the single-phase composition of interest of the thin films,
LiNbOs3 . To understand and optimize the growth conditions of LiNbOj3 orientations, dif-
ferent cut of sapphire substrates were used. We can grow epitaxially X-, Z-, Y- and 33°Y-
LiNbO3 oriented thin films on A-, C-, M- and R-Sapphire. The XRD analysis was done
in order to investigate the crystalline phase. The analysis revealed that parasitical Li-rich
phase was present in films grown from solution with Li(THD) concentration > 0.02 M.
Once the concentration was optimized, we could see sharp reflections of single LiNbOs3
phase in XRD patterns. A more precise stoichiometry analysis of the samples was done by
means of Raman spectroscopy. In fact, from the width (FWHM) of the measured Raman
modes, we could estimate how Li»O non-stoichiometry effect. Therefore, we estimated

Li» O concentration from the width of E(1TO) Raman mode, that was clearly visible at 154
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Figure 3.12: LiNbOs thin films growth by MOCVD: 0/20 X-ray diffraction pattern of LINbO3
/Buffer/SiO,/Si.

cm™ !, while taking as a reference E(1TO) mode measured on congruent (48.3 mol%) and
stoichiometric (50 mol%) LiNbOs single crystals. Finally, after the optimization of the
molar concentration of the Li precursor, we achieved E(1TO) mode, with width below 10
cm™!, indicating a stoichiometry of films close to that of congruent crystals.

The following step was the optimization of the (012) LiNbO3 films growth on electrode
and SiO»/Si substrates. For this purpose, we have optimized (012) textured growth of our
buffer layer films by magnetron sputtering (the works were done by S. Kuprenaite PhD
2019). The films presenting single (012) texture were obtained as it can be seen from XRD
patterns (Fig. 3.12). The buffer layer presented extremely smooth surface with roughness
of 0.85 nm (Fig. 3.13a). Then LiNbOj3 films were successfully grown with single (012) tex-
ture on these templates. It is important to note, that the highly coupled (012) LiNbOj ori-
entation was never reported in litterature on SiO,/Si substrates. The roughness of LiNbO3
films was of 6.5 nm (Fig. 3.13b). However, the LiNbOs films presented cracks due to high
thermal stresses. These cracks can be eliminated by adapting the cooling rate after de-
position and by adjusting different thicknesses of buffer layers in order to minimize the
thermal stresses. Even though we optimized the fabrication of textured LiNbO3 thin films
on Si substrate, the thickness that we could achieve (50 - 500 nm) is limiting the applica-
tion in energy harvesting, where the volume of the piezoelectric material under strain has
a central role. For this reason, we preferred to use LiNbO3 single crystal thick films.

Highly oriented LiNbO3 thin films were deposited on a Si/SiO, substrate by means of
Direct Liquid Injection-MOCVD by V. Astié. The thickness of the films was 100 nm, and
the growth was on the top of a buffer layer to induce textured growth with on Pt bottom
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Figure 3.13: AFM images: (a) (012) oriented buffer layer grown on SiO,/Si substrates by
magnetron sputtering; (b) (012) textured LiNDOs films grown on (012) buffer layer/SiO,/Si
templates by PI MOCVD.

electrode. The final stack of materials was 33° Y LiNbOj3 /Buffer/Pt/TiO,/SiO,/Si. After-
wards, Al top electrodes were sputtered with a stencil mask and eventually the cantilevers
were diced. In order to investigate the dielectric permittivity we used a lock-in system
used by Makarov and Damjanovic [16], so that is possible to reach frequencies ranging
from 0.01 Hz to 10 kHz. This is particularly interesting to see how the losses are affecting
the dielectric properties of the piezoelectric layer at low frequency. In Fig. (3.14a) we also
made a comparison with a single crystal LINbO3 Z-cut in order to see a difference between
thin films and bulk counterpart. We see that the dielectric permittivity for LiNbO3 33° is
lower than the the bulk single crystal until we go below 10 Hz. Here the losses for the thin
films start to increase along with the dielectric permittivity. This behavior is due to do-
main walls rearrangements. From the interpretation of Fedorenko et al. [17], depends on
the poling state of the dielectric medium or creep-like motion at very low frequency [10].
Anyways the permittivity close to 1 kHz has a stable and lower value compared to the sin-
gle crystal (Z-cut), which are respectively 36 and 44. In Fig. (3.14b) we can see the results
of the pyroelectric study on thin films. With a dynamic measurement setup we managed
to measure the pyroelectric current as in the single crystal case. Even for thin films we
have a positive pyroelectric coefficient, which in this case is 11 uC.m 2.K"!. The value it
is smaller than LiNbO3 (YX1)/36° (67 uC.m 2.K™1), but it can be improved by poling the

films.
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Figure 3.14: (a) LiNDbO3 Y-33° textured film dielectric permittivity frequency dispersion. (b)
Pyroelectric current measured during triangular wave heating cycle.

3.3 Piezoelectric and Pyroelctric FOMs

Finally we can calculate the figure of merit for the LiNbOj3 films, considering e,3 ¢ and
po,r measured. The equations for the FOMs are given in Chapter 1, in Eq. (1.24) and

(1.33), which are respectively:
2

es.

FOM/ = —1-
el

i f

pZ

FOMPY =
€33

We will use the dielectric constant €  measured previously for the different cuts and
thin films. As explained by Chidambaram et al [18], the value of e»3  depends not only on
the piezoelectric response but also on the properties of the Si substrate. For this reason,
we will calculate FOM/ considering Poisson’s ratio of silicon: (1 —vs)ezs r. The highest
result in terms of piezoelectric FOM/ was obtained for LiNbO3 (YX1)/128°, while for thin
films we could not measure the piezoelectric coefficient. In terms of pyroelectric FOM”?,
we observed that for the fabricated batch of samples, the best solution was 128° as well.
Eventually, even if the thin films have the lowest dielectric constant measured so far, we

need to pole them to achieve a better FOMP”Y

3.4 Conclusions

As expected from our simulations regarding the orientation study of LiNbO3 , we demon-
strated that LiNbOj3 (YX1)/128° is the best orientation among the fabricated samples. Promis-
ing outcomes are given by the results of deposition of LiNbOs thin films which have high
quality orientation, but the nm scale thickness, at the moment is limiting the application
to acoustics. In order to obtain cantilevers with optimized FOMs, we could consider a

design that exploit inter-digitated electrodes, on LiNbO3 ZX plate or Z-cut. The main ad-
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Table 3.6: Final comparison between all orientation studied in terms of piezoelectric and
pyroelectric FOMs.

(YXly/ FOMm/S FOMP?Y  Thickness
0° (Glm™3) (Jm3K (um)

33° - 0.4 0.1
36° 15 1.2 32
128° 26.6 6 5

163° 8.1 4.5 10

vantage would be using piezoelectric thickness coefficient e33=-2.42 C.m™2, that is gener-
ally higher than the transverse coefficient e»3 [19], and also optimize the pyroelectric re-
sponse having p3=-83 uC.m 2.K~!. Simulations are showing that for the considered plate
we could exploit a very low dielectric permittivity 2.54e-10 F/m and the two optimized
figure of merit would be respectively FOM/ = 23 GJ.m™3 and FOMPY = 27 J.m~3.K"!, but

experimental tests on IDTs are still in preliminary phase.
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Theoretical Considerations on

Piezoelectric Energy Harvesters

In this Chapter I will discuss the different methods involved to predict and optimize the
performance of our prototypes: finite element analysis (FEA) and single degree of free-
dom model. Especially for FEA, our approach consists in a restricted set of inputs and
outputs suitable for energy harvesting systems, which can be a starting point to opti-
mize the harvester properties and finally use commercial software such as Comsol Mul-
tiphysics to refine the design. On the other hand, we found useful the lumped model for
inertial energy harvesters, as a phenomenological approach, which starting from a set of
electro-mechanical equations helps to investigate and unveil the mechanical properties

of devices and their optimal electronic configuration.

4.1 Finite Element Analysis

Refined FEA discretizations involving thousands of degrees of freedom (DOF) lead to real-
istic simulations, but their complexity is also leading to a huge amount of time for model
improvement and parameter optimization. Therefore, starting from a minimal FEA sim-
ulation, it is a good opportunity both to investigate and to understand the key aspects of
the system in a pedagogical approach. We start our analysis modeling a unimorph piezo-
electric bender consisting of one element in order to fin out the physics behind the electro-
mechanical behavior of the actual devices and then compare the results with higher accu-
racy simulations performed with Comsol. The unique finite element must be submitted
to clamped boundary conditions at one end at to free boundary conditions at the other

end, representing the free tip of the bar.

4.1.1 Neutral Axis

We define our unimorph bender as a piezoelectric layer bonded to a substrate. The thick-
ness of the piezoelectric elementis &, and the thickness of the metal foil /;. In our system
of reference the thickness dimension lies in the Z-axis of the element, and we chose the
Z =0 in the interface between the active layer and the substrate. The schematic repre-

sentation of the element in pure bending is depicted in Fig. (4.1), where the upper part
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Figure 4.1: Schematics representation of clamped cantilever under excitation. The model
shows the cross section with highlighted neutral axis.

of the unimorph beam is in compression, and the lower part in extension. We define the
coordinate for the neutral fiber of the bender, z,, which is the place where there is no
longitudinal stress or longitudinal fibers don't change in length. At the equilibrium the

balance of forces yields:

h 0
f r(z— Zn)d f (z— Zn) Z2=0 4.1)
0

S
Integrating over h,, and h; leads to the expression for z;:
2 2
h s11 - h: s11

Zn = 4.2)
" 2(hyst 4+ i)

Therefore the neutral fiber position depends on the thickness of the two layers, and
their elastic properties represented by s{l for the substrate layer, and sf , for the piezo-
electric one, respectively . If the considered materials are following Hooke’s law and no
axial forces are deforming the cross-section, then z, belongs to the centroid of the cross-
sectional area. Eq. (4.2) will be extensively used in the following sections in order to cal-

culate the properties of the LiNbO3 based devices.

4.1.2 Variational Principle
We can start our analysis of the electro-mechanical problem with the Hamilton’s Principle

for a beam clamped-free in bending conditions:

8](37—52/) dV+6[WdS:O (4.3)
\% S

where J is the kinetic energy term, % the potential energy for the considered volume
V, and # is the work done by external forces on the boundaries of the structure, thereby
explaining the integration over the surface, S. Hamilton’s principle has two fundamen-

tal characteristics: it is equivalent to the local form of balance equations and boundary
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conditions, and it equitably distributes the error of approximate solutions between the
volume and the surface of the body, in contrast with finite difference methods. For en-
ergy harvesting considerations, Hamilton’s principle has been adopted in other works,
but with different hypothesis [1, 2].

Adding pure extension to Bernoulli’s model of pure cylindrical flexure, we have:

U =—Xsws1+uw

Us = ws

with x3 is the vertical coordinate with origin at the level of the neutral plane, (u;, us) are
local displacements and (w;, ws) represent global displacements. The w; is the axial dis-
placement of the cross-section measured at the neutral plane. In other words, it is the
axial displacement that we get if we stretch the beam without bending it. Conversely, w3

is the vertical displacement of the neutral plane when we bend the plate.

In Bernoulli’s bending w; = 0, but u; = f(x1,x3) and ws = f(x;), where us = ws, be-
cause, due to the cumulative rotations of the beam cross-sections, the global transverse
displacement of the beam is much larger than its local vertical displacements induced by
axial stress through Poisson’s effect. The generalized Hooke’s law predicts that the local
value of T7 implies that us3 3/u;,; = s12/511, which is finite. However, the results in smaller
vertical displacement than axial ones because vertical displacement is obtained by inte-
grating ws 3 along a small thickness. Whereas the axial displacement is integrated from
w11 along a large length. This is why the thin plate/beam assumption implies w3 ~ ¢*/x3
or at least w3 3 < w3 1.Finally, when we add a global axial stretch to the flexure, assuming
w; = f(x) instead of wy = 0, while u; = f(x;,x3) and us = w3 = f(x;) still holds. In the
layers where we add the piezoelectric effect in transverse direction ds;, the hypotheses
are:

Uy = —Xgws,1 + Wy

Uus = ws (4.4)

¢ = f(x3)

where ¢ is a function of x3, and represents the piezoelectric potential arising from the
bending of the structure, in which the piezoelectric effect is exploited in transverse mode
using ds; coefficient. It has to be noted that in this chapter we will use the standard no-
tation for transverse mode benders, so for the piezoelectric properties we use the general

notation ds; and sy, regardless of the orientation of LiINbO3 element.

4.1.3 Piezoelectricity and Thermodynamic Potentials

From the predominance of 77 and the initial assumptions of Eq. (4.4), the best form of the

various sets of electro-mechanical equations for piezoelectricity is:
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Si= SIFiT] + diEx
T (4.5)

D; =d;jTy +€l-]-Ej
Here, TF and E are the independent variables in the differential forms of the potential
energy variations. Besides, it is known that a correct thermodynamic potential for the

variational formulation leading to a full model of piezoelectric devices is:
1 1
pX = ECIISISI_EsijEiEj_eiklEiSkl (4.6)
which gives the partial derivatives identifications:

opx opx
Ti==— D;=- 4.7
I GS] i aEi (4.7)
and the following form of constitutive equations of piezoelectricity:
T = cE
1= CUSJ —eEg
(4.8)

_ S
D; = EijEf + ei1S5

px corresponds to the enthalpy H(S,E) = U —ED, where U = U (S, D) is the internal energy.
Differentiating U leads to:

dU =EdD+TdS (4.9)

Then:
dH=TdS -DdE (4.10)

The constitutive equations (4.5) are associated to the use of Gibbs’ function as thermody-
namic potential:
G(TLE)=U-TS-ED

dG=-SdT -DdE

Then if we substitute this equation in the potential equation, we obtain:

1 1
pG:_Emnn—EQ@ﬁg—¢ﬁﬂj (4.11)
where the derivatives are:
S oG
1=~
E
aarg (4.12)
D=-=|
OEIT

In variational studies, it is known that the integral over the volume for the kinetic en-

ergy can be expressed as:
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f&ordvz—fpuiSuidV:fpmzﬁ-Sﬁdv (4.13)
\ \ \%

Then, the variational principle should be written in terms of the energy potential:

fv (89 —8x)dVv + fs 8 dS =0 (4.14)

that explicitly brings us to:

Lo ox ox 2o
2 . —_ —_ — —_
fva u-dudv +fv(6868+6E6E) av +fs(f6u 0'5([)) dS=0 (4.15)

Assuming that 77 and E; are the only significant physical quantities, differentiating

the energy potential, py, of the continuous 3D FEA are reduced to:
f pdxdV = f (T16S; —D30E3) dV (4.16)
\% \%

where T'and D are usually expressed in terms of S;, D5 variables and c]fl, egg and e3; con-

stants in 3D continuous FEA models: Now, if we consider Gibb’s function, we get:

1 1
G= —Esqu— Ee;ng;f—dglEng (4.17)

where both dominant independent variables are 77 and Es. After factoring 77 we obtain:

1 1
G=-T, (5811T1 + dles) - §€§3E§

But for the piezoelectric material we have that:

1
Ty = —(S1—ds31E3) (4.18)
Sl

If we substitute T in (4.17) then we obtain:

| S R N N
G =—5— (81~ d5 B) — SeE3
S$11 2
The variational term can be written as:
1 1 » T
6G:—816T1—D36E3 :——51681+ —d31—833 E36E3. (4.19)
S11 S11

This variational form of energy potential is not appropriate for our needs, because it does
not couple the mechanical and electrical variables. We found that transforming d Tinto 8S

is forbidden in the variational principle . Using a consistent set of material parameters,

! Actually, any substitution of variables is allowed in the factors of the variations, but exchanging the
variation variables themselves is forbidden.
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we found that the proper form of variation of enthalpy function is written as follows:

f p8de:f
\% \%

Finally, the variations of x can be expressed in terms of the variations of well-defined

1 d d;
—(Sl—dglEg)Ssl— ﬁsl-i- 8;1:3—ﬁ E3 6E3
S11 S11 S11

av. (4.20)

derivatives of the unknown continuous field—variables w,, w3 and ¢ retained in the initial

assumptions (Eq.4.4) of our FEA model. Thus, the local expression of dy is:

1
pdx = S—(x§ w311 — X3wWi,1 — X3d3149,3)0(ws311)
11

1
+S—(—x3 w311+ wi1 +d3193)0(wr 1)
11

S comsen{i-
+ ( X3Wws311 + wl,l) 33 @3|0¢3

S11 S11

Upon performing the volume integration, we remark that all material properties must be
kept within the integrals because they vary along z, according to the layered nature of the
studied beam. The generalized unknown are curvature, ws;, extension, w; 1, and ¢ 3
gradient (i.e. —E). The integral over z must be performed layer by layer, but ws 1, and
w,1 do not depend on x3 because w; and w; depend on x; only. However, ¢ 3 must be
integrated separately in the piezoelectric layer. Moving w3 and w; outside the vertical

integration, we can finally write pdx in the following form:

L x2 d
fp&de = f 6(1/03_11) W3,11‘/‘—3dz— wlylfﬁdz—f(pygxg 3 dZ] dx
\ 0 z S11 z S11 z S11

L
X 1 d:
+f 8(LU1,1) [—I/U3,11f—3dz+ wlylf—dz+f(p,3ﬁdz
0 z S11 z S11 z S11

L x3d d
+f [—w;-;_uf :j; 316(([)3) dz+ wl,lfiﬁ((p,g) dz
z

0 11 z S11
Z

1
-] P3 (Egs - Edsszl) 0 (‘P,S) dz

dx

dx.

(4.21)
Because ¢ and 0 are a function of z, we have left them in the integrals over z, and all the
variables are considered per unit width. At this moment, we shall stick to linear interpo-
lations of the potential, so that its derivative in a given piezoelectric layer is constant. The
same situation occurs for material constants. They may differ from a material to another,
but they are constant along the integration over the thickness of a given material layer.
Also, one must remember that the origin of the integration over z is the neutral plane of

the unimorph, z,.
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4.1.4 Kinetic Energy

As previously mentioned, in harmonic regime, the volume integral of kinetic energy con-

tributing to Hamilton’s principle is:
f 8T dV = f pw?ii-5ildV.
\Y \%
From the kinematic assumptions (4.4), we obtain:
f 0J dV = wzf P [(—X3 w31+ wl) (—x38w3,1 + 611/1) + W3SW3] av
\% \%

After separating z and x integrations, it results in:

L
fﬁ?/"dV:wzf [W3,16w3,1fpx§dz—w16wg,1fpx3dz—wg,lﬁwlfpxgdz
\% 0 z z z

dx.

+w18w1fpdz+ W36M/3fpdz
< <

(4.22)

(4.23)

The mass density p must be kept within the z integrals because it is liable to take different

values in the material layers constituting the unimorph.

4.1.5 Interpolations

Now we are ready to evaluate the interpolations that we will use to expand the curvature,

the stretch and the gradient of potential and their respective variations in terms of the so—

called degrees of freedom and their variations. To represent the bending by the vertical

displacement of the neutral plane and the associated rotation of the cross-section, we

need to build consistent interpolations relating the current displacement and rotation

inside the element to their values at the two ends of the element. Because there are 4

such values with the status of degrees of freedom in FEA terminology, the law ruling the

bending of the beam element must be cubic:

a
ws(x) | |1 x x* x*||b
w31 (x) 0 1 2x 3x%||c
d
Using a classical procedure, we obtain:
100 0 [ a] w?) |
01 0 0 b -1 (wd,
[P] = ) 3 and = [P] 5
1 L L L c ws
0 1 2L 3L? d w
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The inverse of the constant matrix P is easily found as:

1 0 0 0 |

o o1 0 o
[P] =l 3 2 3 1 (4.26)

Z L 1z L

2 1 2 1

5 =z T

Substituting this result into the initial guess (Eq. 4.24) gives the required interpolation

of the displacement, ws(x), and the rotation, ws;(x), but interpolating the curvature,

ws,11(x), is also required because it appears as the dependent mechanical quantity for
bending in Eq. 4.22, qualified as generalized unknown. Hence:

o o
w w
ws(x) 1 x x* X8 3 3
-1 | ws, Wy,
ws 0 [=]0 1 2x 32| [p] =N (4.27)
w w
w3 11(x) 00 2 6x > >
Wy | W3,
where N(x) is the matrix of so—called shape functions:
2 3 2 3 2 3 2 3
1-35+23F x-2T+{z 33273 —-T+iz
2 2 2 2
NG| = | -65+65 1-45+3%5 63-65 -28+3% (4.28)
1 4 6 1
—6§+12L—)% _E+6L_xz §—12L—’§ _2E+6Li2

We shall also need the corresponding interpolation of the variation of curvature, because
itis a generalized unknown:

1 X 4 X
811)3]11(3(:) = (—GE+12§)5wg+(—£+6§)8wg'1

5 ) (4.29)
X L X L
+ (E - 125) 6”/3 + (—ZE + 6@) 6w3y1.
For the stretch, the interpolations of w; and w; ; are:
_ XY o0, X 1. _ Lo 1 g

wl(x)—(l—i) W+ w5 w00 = 2w} + Fwh (4.30)

together with
1 1
dwy1(x) = —£8w?+£6w{1 (4.31)
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For the gradient of the field the corresponding interpolations ¢ and ¢ 3 are:

21,0, % h 1L o, 1 & S5¢° By
=(1-— ] " +—¢"" ; =——¢ +—¢"7 and 6 =——+
¢(2) ( hp) ¢ hptp ¢,3(2) hptp h,,‘p and 0¢3(2) n) }(ZZ N

4.1.6 Final System and Elementary Matrices

As a general rule, after substituting the interpolations in the integral variation of kinetic
energy, potential energy and work done by external forces, the variational equation is put
in the following form:

n
Z{ fv [<6U”>[B(x)]T[D] [B(x)1{U"} — 0*(BU™[N(x)]" [p] IN®){U"}| dV
fy e e

(4.33)
—fs | U NG (8 ds} dr=0.
e

In this equation, U” contains the DOFs and B" contains the derivatives of interpolating
functions required to compute the generalized unknown (our dependent variables) con-
sisting in the curvature, ws 11, the stretch, w1, and the distinct values of the gradient of
potential, ¢ 3, occuring in the piezoelectric layer. The expansion of all these quantities
must be consistent with their occurence in Eq. (4.21). D contains the material charac-
teristics integrated or separated over z as they appear in Eq. (4.21). N contains all shape
functions and p contains the integrated mass density. Zeroes may occur in any matrix in

places where involved quantities are not cross—connected.

The whole obtained formula is stationary with respect to the variations of the degrees

of freedom. It means that the coefficients of each DOF is null.

Y fv [B(x)]" [DI[B(x)] dV, — 0 fv N1 [pl[N(x)] dV, | {U"} = fs NI {f} dSe

S

K¢ M F7)
(4.34)
Here, the e subscript denotes the index used for numbering the elements. The piezo-
electric layer has a ground electrode that can be accessed, while we shall denote by L and

b the total length and width of the beam, respectively.

In FEA, the build of matrixes is not unique: The ordering of DOFs can be arbitrary.
Here, we shall retain the 8 degrees of freedom enumerated below, placing them inside U”
in the order described below:

T
U =[w§ wd, w) @0 @ wy wy, wy (4.35)

1) wg is the transverse displacement of the left end of beam (x = 0);
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2)

3)

4)

5)

6)

7)

8)

wg'l is the rotation of the left end of beam (x = 0);

w‘l) is the axial displacement of the left end of beam (x = 0);

(o is the potential at the bottom surface of the piezoelectric layer (z = 0);
¢y, is the potential of the top surface of the piezoelectric layer (z = hp);
ng is the transverse displacement of the right end of beam (x = L);

wé“,l is the rotation of the right end of beam (x =L);

wlL is the axial displacement of the right end of beam (x =L).

By principle, there must be as many variations as degrees of freedom, and we shall

consider them in the same order as the degrees of freedom: dwyg, dwy |, Sw?, 8¢, Sy,

611/;“, 6w?]; , and Sw%. The interpolation of ¢(z) is just in the piezoelectric layer. In these

conditions, we must substitute in Eq. (4.21) the following expansions:

1 X 4 b
w311 (x) = (—6— + 12—) u@) + (_E +6—

oz E Iz ) U(2),

+ % - 12%)U(6) + (—2% + 6%) u®),
1 1 (4.36)
wi,1(x) = —iU(3) + EU(S)
95(2) = —%U(4) + %U(S), vz e [0, hy)

and the same interpolations for their variations.

4.1.7 Derivation of the Stiffness Matrix

According to the previous developments, the stiffness matrix, K, must clearly be of dimen-

sions [8 x 8], and the interpolation matrix, B, must be of dimensions [3 x 8]. Then we must

check that we can setup the material characteristics matrix, D, as a [3 x 3] one. To make

things easier to compare with the system (Eq.4.34), we shall rewrite Eq. (4.21) exchanging

the places of the generalized unknown and the variations:

L
f pﬁde: f 6(11/3’11)
\% 0

2

X X3 X3d3

f—gdzw\o,,u—f—dzwlyl—f dzgz| dx
z S11 z S11 z S
L

X3 1 d31
+f 6(w1,1) [—f—dz LU3_11+f—dZ w1,1+f—dch,3 dx

0 z S11 z S11 z S11

L d d d?
+f 8(¢p,3) [—f kL w3'11+fﬁdz w1,1—f (Egg—ﬂ)(p_gdz] dx
0 z S11 z S11 z S11

(4.37)
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Taking into account the symmetries, we get:

' da, (h;—zh,,zn) '
EquulU 0 _ 5
2311
. dsi1h
[D] _ 0 yheauiv —L (4.38)
Sh
dsy (h2=2hpzn) i, .
_ —£ ,
p p equiv
25 S
where 2 h 2 0 2
- z—2z r(z—2z z—2z
Eleq”“’:fgdz:f #dﬁf (E=z0)”
z  Sn 0 S, -h; S,
3
(hp - Zn) + Z% + (h; + Zn)3 - Z?;
5 :
351 3511
2
ds (hp B ZhPZ”) " (z - z,)dsy
- 5 occurs for — sz
28], 0 S11 (4.39)
YReauiv :fidzz @+ ﬁ
z S11 sfl 1

d2
S _ T “31
Eequiv - hp €33 p
S

b _ [ du,
Z

p
S11 S11

In the D matrix:

EI°7“"V s the flexural rigidity of the unimorph beam;

Yhe9" s the axial rigidity of the unimorph beam;

S
equiv

strain between the net electric charge and the electrical field in a given piezoelectric

€ the structural dielectric constant of the unimorph, giving the ratio at zero

layer. The minus signs come from the writing in terms of potential gradient instead
of field;

dsi (W2 ~2h,2,)
Zsf 1
gradient of potential;
dz1hy
p
i _
of potential.

is the structural piezoelectric coupling between the curvature and the

is the structural piezoelectric coupling between the stretch and the gradient

There is no coupling between bending and stretch, and the capacitance will arise from

the permittivity coefficient of the piezoelectric layer. It is possible to fit ¢ by a linear inter-
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polation, because it permits to easily account for the z integrations, so that the remain-

ing integrations in the computation of the stiffness matrix, K, will be over the product of

derivatives of the shape functions of the mechanical data. In accordance with Eq. (4.36)
and Eq. (4.38) the [3 x 8] B matrix is:

[ el 26X 0 0 o0 21X lier g
12713 L 12 12 13 L 12
1 1
[B]: 0 0 - 0 0 0 0 -
11
0 0 0 . 0 0 0 |
(4.40)

Computing the stiffness matrix by the formula K = fOL (BT.D.B) dx provides with the fol-

lowing result:

[ 121 6EI 12E1 6EI
™ I 0 0 0 T I 0
6EI 4EI 0 ds1(2zn—hp)  _d31(22n=hp)  _6EI 2EI 0
12 L 2s11P 2s11P 12 L
Yh d3) _ ds _Yn
0 0 L s11P suP 0 0 L
0 d31(2zn—hyp) ds _ Lle Le 0 _ d31(2zn—hyp) ds31
K] 2s11P su” hp? hy? 2s11P su”
= 0 _d31 (Zzn_hp) dsy Le _ le 0 ds1 (ZZn—hp) ds1
2snP suP hy? hp? 2snP su”
12E] BEI 12E] 6EI
- v 0 0 0 ™ T 0
6EI 2EI o Bl  dn(z-hy) el 4El 0
12 L 2s11? 2s11P 12 L
_Yn _ da da Yh
0 0 L s1P suP 0 0 L
(4.41)

4.1.8 Derivation of the Mass Matrix

Rearranging the products in Eq. (4.23), we obtain:

L
fﬁf]’dV:wzf [611/3 W3fpdz+6w&1 W3y1\/‘pX§dZ—6W3y1 wlfpxgdz—ﬁwlw&lfpxp)dz
\4 0 z z z z

+dun wlfpdz dx.
(4.42)

In the general form of FEA system (Eq. 4.34), the shape functions, (N), and the interpola-

tions matrix, (B), relate different quantities to the generalized displacement vector, (U"),
defined in Eq. (4.35) and holding all DOFs. Here, (4.42) involves only w31, ws and w; to
the variations of the same quantities. At the same time, we need to keep the notations
consistent with the ordering of the DOFs in (U"). In these conditions, (N) is properly de-

fined as a [3 x 8] matrix. The ordering of its 3 lines is arbitrary as long as the p matrix is
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consistent with it. In these conditions, retaining the ordering of lines:

1) w3 2) ws;3) wy

implies the following N matrix for use in the FEA system Eq.

2 x3 x2 x3 2 x3 x2 x3
1-3=+2= x-2=—+= 0 00 3=-2= -—+= 0
12713 L 12 2 138 L 12

Nl = X x2 X x2 X x2 X xz
—6—-+6=—= 1-44+43= 0 0 0 6—=-6— -2-+3= 0
12 13 L 12 2 13 L 12
X X
0 0 1-= 0 0 0 0 =
L L |
(4.43)

(4.34) specific to our problem:

whereas the [3 x 3] p matrix consistent with Eq. (4.42) contains the following inertial char-

acteristics of the cross—section of the piezoelectric beam:

Pext 0 0
[P] = 0 Pflex  —Pinrer
0 —Pinter Pext

where

Pext = f p(z)dz=pih;+ pphp,
z

(4.44)

Pi

hy 0
pf:fo pp(z—zn)zdz+fh pi(z—zn)zdz:F;—p [(hp—zn)3+z;°?l] + = [(hi+zp)* - 23],

hy 0 Op [0
Pinter :L Pp (Z_Zn)dz+fh pi(z—zp)dz= > [hp —2hpzy

3

- % [h2+2hiz,).
(4.45)

The ordering of lines is arbitrary, but we must keep the contents of p consistent with

it. Also, the N matrix aimed to comply with here-considered form of system (Eq. 4.34)

differs from the shape functions of pure bending presented in page 114 because we want

now to add the required terms to account for the kinetic energy variation of the length—

extensional mode of vibration. Computing the mass matrix of the system as

L
M] = f NT(x)-p-N(x)dx,
0
we obtain:
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[ 42p7+13L%p, 21p,+111%p, 0; 84p ;—9L% p, 42p,—13L%p, 0
35L 210 2 T 0L 420 2
21p+111%p, 14Lpp+L% p, Lp; 42p,—-13L%p, 14Lps+3L%p,  Lp;
210 105 12 - 420 - 420 12
Ri _Lpi Lpe _0i Lpi Lpe
2 12 3 2 12 6
0 0 0 0 0 0
[M] =
0 0 0 0 0 0
84p,—9L%p, 42p,-13L%p, Di 42p,+13L%p, 21p,+111%p, 0i
T 0L - 420 2 35L - 210 2
42p,—-13L2p, 14Lp;+3L%p,  Lp; 21ps+11L2p, 14Lp+L3p, Lp;
420 - 420 12 - 210 105 12
Ri Lpi Lpe _b _Lpi Lpe
2 12 6 2 12 3
(4.46)

4.1.9 Derivation of the Second Member

Here, we don't take the stress stiffening into account so that the flexure is similar to the
model of Maisonnet and Dulmet [3]. In structural analysis, the stress stiffening (geomet-
ric stiffening) is a change of rigidity resulting from the static load and the deformed shape.
For instance, the static extension of a beam increases its resonant frequency, like in the
well-known stretched string problem (explaining the tuning of a violin or a guitar, for in-
stance). We can ignore it here since the beam is a cantilever. Because the description
of the unimorph beam is concentrated on its neutral fiber, the surface integration in the

variation of work done by external actions takes a simple form:

8fsWdS = [;(Foii-0bp)dS = FI5wE+CI5ws, + Fidw) i
—Q%p° - Q"8¢" + FLowl + C;ﬁ w%_l +FLowt

zeroing the coefficient of the variation of each DOE In Hamilton’s principle, we find
that the factors of the DOFs variations occurring in the right hand member are the com-

ponents of the the second member vector of the FEA system equivalent to Eq. (4.34) for

our specific problem?

)

fv(%—f/‘)d\/]:ﬁfjﬂds N ;([Ke]—wz[Me]){U”}:{F”}

Of course, the vectors U” and F" have the same dimensions. The generalized—force vec-
tor F” holds the external forces and torques as well as the opposite of the electric charge

respectively associated to the corresponding DOFs, namely transverse displacement, ro-

2According to the kinematic assumptions (4.4) ruling the continuous variables in the unimorph, we do
not need the shape functions N here.
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tation, axial displacement, potential. Indeed, we shall consider them in the same order.

Keeping the ordering consistent with Eq. (4.35) p. 115, the successive components of this

vector are:

iy
2)
3)
4)
5)
6)
7)

8)

P(Z’ is the transverse force at the left end of beam (x = 0);

Cg is the momentum exerted at the left end of beam (x = 0);

F(l) is the axial force at the left end of beam (x = 0);

Qo is the charge at the bottom electrode of the piezoelectric layer (z = 0);

Qp, is the potential of the top surface of the piezoelectric layer (z = h));

FL is the transverse displacement of the right end of beam (x = L);

C% is the momentum exerted at the right end of beam (x = L);

PII“ is the axial force at the right end of beam (x = L).

Then, the general FEA system can be detailed as follows:

K

K21

Kq1

Ks1

K7

| Ka1

Ki2

K2

Ky

Ksp

K72

Ks2

My

M3,

Ms;

Mg

| Mg1

Ki3

K23

Ky3

Ks3

K73

Ks3

My,

M3,

Ms;

M

Mgo

Kis

Ko4

K4

Ks4

K74

Ks4

Mis
Mas
Ms3
Mas
Ms3
Me3
Mz3

Mgs

Kis
Kas
Kss
Kys
Kss
Kes
K7s

Kss

Mpy

M3y

Ms4

Mea

Mgy

Kis

Ky7

K»7

K47

Ks7

K77

Kg7

Mie

Kig|

Kas

Kys

Ksg

K7sg

Kas |

M;7

(4.48)



This system contains every possible consequence and applications of our model.

4.2 Introducing Internal Damping

Introducing internal damping in our model calls for very-well known notions and formu-
las. Nevertheless, some confusion could arise from the fact that the presentation and the
notations used to describe damped oscillatory systems in forced regime vary according
to the field of application: basic mathematics, mechanics, electronics or system control.
Hence, we find helpful to start from the very beginning and in a detailed way. We will use
concepts commonly used in vibration analysis of which Lord Rayleigh is largely recog-
nized as the most illustrious pioneer and founder. As a matter of fact, the approach is rela-
tively simple since it consists in taking advantage of the known results for a single-degree—

of-freedom system within the treatment of multiple-degrees—of-freedom systems.

4.2.1 The Simple Case of Single Degree-of-Freedom System

The best starting point for system-level analysis of damped vibrations consists in studying
the differential equation of a single-degree-of-freedom mechanical system, namely the

simple system spring/mass/damper:
mii+cu+ ku=F(1). (4.49)

It is customary to define specific values of angular frequency and damping coefficient as
follows

, k
wy=—, natural (angular) frequency;,

m (4.50)
co=2Vkm=2muwy, criticaldamping.
Then, considering that ¢ = Ac¢p, where A is by definition the dimensionless damping ratio,
we may rewrite the initial equation as:

F

i+ 2 Ao 1t + 05U = (4.51)

From the well-known theory of differential equations, the solution of this differential
equation of second order with constant coefficients is the sum of a particular solution
with the second member and the general solution without the second member. The easy
part may be the particular solution with the second member. Let us denote it by & and

introduce the following complex notations:

() = nel®t, F(r)=Fel®!, (4.52)
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where 7 and F are complex constants with the meaning of amplitude coefficients. Then
an obvious particular solution is:

F
m[wj—w?+2jAwwg|’

i(w) = (4.53)

This is named the “solution in permanent harmonic regime”. In the academic termi-
nology commonly used in the field of vibration, the solution 7 is said to belonging to the

spectral domain, because it is time—-constant and at the same time a function of w.

4.2.2 Rayleigh Damping Model

This is a model that defines the damping from values of mass and stiffness:
c=am+pk (4.54)

where a and f are fixed coefficients. Because, according to Eq. (4.50) ¢ = Acy = A2w¢m,

therefore we obtain:
1

1 1«
(_ + ﬁwO) = Q = (4.55)
0) wo T Bwo

0

In good—quality quartz BAW resonators, the losses come almost exclusively from visco-

elastic damping. This corresponds to the case a =0 and
Q=—. (4.56)
One remarks that the product Q x f is constant. Conversely, if we put = 0, we obtain:

Q= (4.57)

)
«
This assumption permits to take into account some structural effects, for instance, where
fundamental mode has a much lower Q than the overtones and there are more energy
losses through the anchors. Also, in flexure mode, the phenomenon of thermoelasic
damping due to a coupling between equation of conduction-diffusion of heat and the
equation of dynamics indicates an optimal frequency band for the Q factor [4-8]. a and
 are not extensively measured for any combination of materials and given structures,
but Rayleigh formula permits to keep some balance between the two inverse frequency
behaviors of damping. Hence, we suggest to assume that a = 0 and to use the correspond-
ing formula to easily tune up the damping ratio used in the equations to attain a certain

Q. If we want more elaborate analysis, we can assign the value of targeted damping at 2
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different frequencies f; and f, and obtain a and 3 by solving the linear system:

1
27 —
2nfi I Ja _ | Q (4.58)
1 1 )
§ il
2T[f2 27[f2 Q2

as suggested by Comsol documentation, though with slightly different notations. Now we
are all set to start looking at damped systems with multiple degrees of freedom, such as

our FEA harvester system.

4.3 Reduction of FEA System from Boundary Conditions

In this section I will finally summarize the results of the minimalist FEA applied in the case
of energy harvesting, even though we could define similar boundary conditions for actu-
ation. At the end of the section I will present the possibility of connecting the harvester to

the external load and the derivation of the electro-mechanical coupling.

4.3.1 Operation as Harvester

Force, torque and charge become “reaction” quantities when the DOF is forced to a fixed
value. Then, if a DOF is fixed to zero, the corresponding line and column of the system
(Eq. 4.48) can be put aside to determine one of the reactions after the unknown DOFs are
computed. Accordingly, if we fix to zero w, wg |, w{ , and ¢, i.e the DOFs numbered 1, 2,
3, and 4, we are left with a [4 x 4] system consisting of the subsystem of Eq. (4.34) obtained

by removing lines and columns 1, 2, 3 and 4:

[Kss Ksg Ks7 Ksgl [Mss Msg Ms; Msg] Ph [-Q), |
wr L
Kes Kes Ke7 Keg Mes Mes Mgz Meg 3 F;
w2 e (4.59)
K75 K7 K77 Kzg M7s Mz M77 My Wy CIyJ
wr L
| Kgs Kgs Kg7 Kas] | Mgs Mgs Mgy Mgg| 1] L Fy |

Solving this system, the unknown values of w3L, w%l, wlL » and @y, are obtained from the

imposed values of FIZ“, C%, F)LC and Qy,. These imposed values can be null or not, it depends
on the boundary conditions. For instance, we have the right to impose the following right
member in Eq. (4.59) r

- [0 (=M,T,) 0 0 (4.60)

i
in the case of a I'; acceleration—driven harvester with a punctual seismic mass M. Once

the unknowns are obtained, the previously-removed lines and columns of Eq. (4.48) are
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recalled to get the values of the reactions

[ FO ] [Kis Kig K17 Kig] (M5 Mg Mj; Mg

[ Pn
C?; Kos Kzs Kz7 Kog Mzs Mz M7 Mg wk
= —w? (4.61)
FO K35 K6 K37 Ksg Mss Mss M3z7; Msg ng .
| —Qo ] Kss Kie Ka7 Kyg Mys My My7 Myg _ w} |

If we recopy Eq. (4.59) here while taking into account the zeroes occurring in the specific

stiffness and mass matrices, we find:

[Kss 0 Ks7 Ksg] [0 0 0 0 [\[wn] [-Qn]
0 K¢ Kgz O ) 0 Mg Mgz Meg wy F}
—w = (4.62)
K7z Kz K7z 0 0 Mz, My Mg | |w), Cy
_K35 0 0 Kggd _0 MSG M87 M88‘ | w{d ] L Fk ]
which gives the following system of equations:
Kss¢p +Ks57 Wé“,l +Ksgwh  =-Qp
(K66 - U)ZMGG) LU;‘ + (K67 - (DZM67) LU?I;,I —(DZMeg LU{‘ = FIZ‘
K57(ph + (K67 - (1)2M67) LU;‘ + (K77 - (DZM77) LU?I;,I —(DZM73 LU{‘ = C%
K53(ph —(DzMgg LU;‘ —U)ZM78 LU?I;,I + (Kgg - (DzMgg) LU{‘ = FI)Z
(4.63)
where we used the identifications given previously:
el dsy (hy —2zp) dz1
K55=—h—2, Ks7=——75— Ksg=—.
P St S
12EI° 6EI°
66 = "3 Ke7 =— oz (4.64)
_4EI° Yhe
7= ) 88 =

The expressions of the elements of the mass matrix of the composite beam were given in
Eq. (4.46) page 120.

4.3.2 Modal Mass and Stiffness

Adding damping to our FEA system (Eq. 4.59) consists in determining a pertinent damp-

ing matrix, n, playing in the system the role of ¢ in the one DOF mass—spring—-damper
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system:
KU" + jonU” — *MU" = F". (4.65)

The entire discussion of this section is for a permanent harmonic regime, dealing with
the homogeneous problem or the forced problem. We expect K to be invertible because
the system, F = KU, has a solution in static regime, but obviously M is not invertible be-
cause of its many zeroes arising from the fundamental lack of of mutual relation between
inertia and electrical variables. Then the number of eigenvalue / eigenvector pairs, ob-
tained by vanishing F, is lower than the size of the diagonal of M. It is known that adding
piezoelectricity to a system doesn’'t change the number of eigenmodes. In other words,
piezoelectricity does not add any vibration mode w.r.t. mechanics, but it modifies the
mechanical modes of resonance [9]. Accordingly, because Eq. (4.62) bears 3 mechanical
DOFs, we expect that it will yield 3 pairs of eigenvalues /eigenvectors instead of 4, which
is the actual dimension of the square matrices. Let w; and U; be one of the pairs of eigen-
value / eigenvector of the homogeneous equation without damping. If we multiply the

equation satisfied by this pair by one of the other eigenvectors, say U ;, we obtain:
U/KU; - 0;U;MU; =0. (4.66)

If we do it by subtracting the two equations obtained in this way, and using the symmetry

of the mass and stiffness matrices, it is classically demonstrated that:

2 2Yvr Iy, —
(02 - w?]UTMU; =0. (4.67)

Please note that U]T.MUi is a scalar, because of the product chain [1 x 4].[4 x 4].[4 x 1] =

[1 x 1]. As far as the eigenfrequencies are distinct, we see that
U;MU; =0fori# jand w; #w;. (4.68)

similarly:
UKU; =0fori# jand w; # 0. (4.69)
This is the way how orthogonality of eigenmodes appears in FEA systems. This being said,

if we consider all 9 possibilities to mix i and j, we can build the [3 x 3] matrix, .4, whose

elements are U]T.MUl-:
U/MU; UMU, U/MU;
A =|U;MU; U;MU, U;MU; (4.70)
UIMU; U;MU, U;MU;
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But, due to Eq. (4.68), this matrix is diagonal. Indeed, due to Eq. (4.69), the £ matrix

formed as:
U/KU; U[KU, U/KU;

X = |U,KU; U,KU, U,KUj3 (4.71)
U;KU; U;KU, U;MU;

it is also diagonal. Then we obtain:

m 0 0 kk 0 O
M= 0 no 0 and £ =|0 k2 0 (4.72)
0 0 ms 0 0 k3

where the m;-s and k;-s are the modal masses and modal stiffnesses, respectively. In fact,

this is a method of diagonalization since
k; = w? m; (here no implicit sum over i.) (4.73)

Then, if we define the damping matrix n of (4.65) in the same manner as the Rayleigh

damping calculation of the damping factor c of the 1-DOF mass—spring—-damper system:
n=aoM +fK, (4.74)

the matrix /£ whose elements are
F(i, j) =U;nU; = aU; MU, +pU; KU; (4.75)

is diagonal since it is a linear combination of diagonal matrices. Then the damping will
affect each eigenmode in the same way as it would affect a 1-DOF having the same res-
onant frequency as the considered resonance. It has the drawback that various resonant
modes in a close frequency vicinity will have the same Q factor and this does not mach
the reality, when visco—elastic damping is dominant. But in our FEA model, if we stick to a
single element, the expected 3 modes consist of: fundamental of flexure, first harmonic of
flexure, and fundamental of length—extensional. If Rayleigh damping coefficients are set
to predict a sensible Q value of the fundamental flexure, the model is accurate enough to
give results in agreements with the experiments. Another possibility is to assign an arbi-
trary Q value to each mode. It is equivalent to setting the damping of each 1-DOF model

corresponding to a given pair of modal mass and modal stiffness.

4.3.3 Connecting External Elements

Taking into account the zeroes and the symmetries of K and M, the FEA system (4.62), we

want to consider the possibility of connecting a resistance R (in the model R represents the
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resistance per unit width) between the two poles at 0 and h;,. We shall consider positive
the current flowing from the pole ¢, to the pole ¢,. Then, the constraints imposed to

(4.62) must be:

dQp . Po—Pp Pn
= — , [=——= =—, = ——
Qo=-Qp ot joQp R Qn ok (4.76)

where last part of (4.76) was obtained under the assumption that ¢ is grounded.

Hence, substituting this relation in the system (4.62), we obtain:

L
Ksg wr+ Ks7 wgyl
Qn=— - (4.77)
Kss — 7or
Then the other relations are:
2 L 2 L 2 L _gL
(K66 - M66) Wy + (K67 - M67) w3,1 —w*“Mgg wy = Fz
2 L K§7 2 L K57Ksg 2 L L
(K67—()J M67)w + (K77 — — — W M7 | w - - T Mg | w =C

3 Kss——r 31 Kss——r 1 y

JjoR JjoR

2

2 L Ks57K 2 L K 2 L _npL
- M68w3 —(Kmﬁ+w M73) wg', +(K83—K _51 V) Mgg) wy _Fx

557 jwR ’ 557 jwR
(4.78)

Therefore ¢y, is the potential of the top electrode and depends on both axial displace-
ment w% and the rotation w;ﬁ terms, remembering that both Kand M are integrated over

the width of the beam.

4.3.4 Electromechanical Coupling

For a given set of mechanical solicitations (Fk, C%), the amplitudes of transverse displace-
ment and rotation when properly connecting an external load resistance for flexural ac-
tuation are fixed by the final system (Eq. 4.78). We can estimate the electromechanical

coupling for our given device as:

2 _ Yoc Wse
keff_m—Z (4.79)

knowing the values at short- and open-circuit wg. and w,., which can be derived by zero-

ing the determinant of Eq. (4.62). Therefore the system would be:

(K- w’M)U" = F", (4.80)

det[K — w’M] =0 (4.81)
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Three resonance peaks are expected because our model, with our cubic interpolations
and a single finite element, ends up with three DOFs. If we neglect the small frequency
shift between damped and undamped models, the location of resonance peaks will re-
spectively correspond to the three frequencies zeroing the determinant of the system.

If the diagonal terms are dominant for M in the initial linear system, we can calculate

the determinant of the following simplified matrix:

r h
2
K66—M66(L) K67 0
K2 Ks57K
Ks7 K77 — —2— — M7700 —(leg -
det Kss— 7ar Kss— 7oR =0 (4.82)
2
K57Ksg K5g 2
0 ol o Kgg — -1 —Mssw

55 JoR 55 JoR ]

The value of R is either 0 or co, which corresponds to either short-circuit or open cir-

cuit conditions. Therefore, for the short circuit case, we can simplify the matrix as:

Kes — Mpsw? Ke7 0
det Keg7 K77 — M7702 0 =0 (4.83)
0 0 Kgg — Mggw?

Its determinant is a biquadratic equation multiplied by a term which corresponds to

a higher mode (Mgg and Kgg).
(M88w2 —Kas) (MesM770* — (KesM77 + K77Mes)w? + (KesK77 — Ko7%)) (4.84)

We are interested in considering the quadratic term which is in the following form:

Aw*—Bw?+C=0. (4.85)

where A and C are real and positive, and we find that A can be approximated to a simpler
form upon reducing it to the diagonal matrix elements. Let us study the discriminant of
the equation:

Age = (KgsMy77 + MgK77)* + 4MgsM77K3, (4.86)

Hence, because the dominant terms of A are the sum of two perfect squares, we can as-
sume that B2 — 4AC > 0.

The roots are given by:

B+vA
wl = —— (4.87)
2A

That is explicitly written as:

KesM77 + K77Mgg + \/ (KgsM77 + MgeK77)? + 4MggM77K2,
e 2MesM77

w (4.88)
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The positive roots of this approximation are representing the first two modes of the

system in short circuit condition.

For open circuit, things are a bit more complicated:

2
K66 — MGG(D K67 0
K572 Ks7K
det Keg7 —1\/177(1)2 + K77 - K5_575 —% =0 (4.89)
_ Ks57Ksg _ 2 _ Ksg?
0 Koy Mgg(,l) + Kgg Kog

The roots in this case can be solved numerically and the results are complex num-
bers. Considering the real part of the solutions, we eventually find that w,c > wg.. In
other words, we fall back on the classical configuration yielding higher frequency in open—
circuit than in short—circuit. This permits to estimate the electro-mechanical coupling
from the frequency difference. Because of the approximations carried over in above cal-
culations, it is better to numerically compute the coupling from the exact expressions of
Eq. (4.78) computed in both cases of electrical boundary conditions. It is not given with
a satisfactory accuracy because the cubic interpolation along a single finite element is a
poor approximation of the known second mode shape in the series of flexural modes. To
get it more accurately, we can increase the numbers of finite elements along the length
of the beam. This is one limitation of our FEA approach in comparison with the tradi-
tional full analytic solving which is “neutral” about the overtone rank because the ana-
lytical solving yields trigonometric and hyperbolic exact solutions instead of polynomial

approximated solutions.

Is it worth increasing the number of elements ? Actually, in any case, despite its ped-
agogic benefits, the model will carry over the limitations of Bernoulli’s assumptions. Im-
proving the model with shear effects, like in Timoshenko’s theory, will add complexity that
could be judged unnecessary due to the large availability of both extensive FEA software
and capable computers. Hence it is worth examining the use of full 3D FEA for precise

optimization of the cantilever piezoelectric harvester.

4.4 Comsol Simulations

Comsol Multiphysics is a commercial software which is able to simulate different prob-
lems in various physics fields. In our case we used this simulation tool to have predictive
results on frequency, voltage and power levels of our devices before starting the fabrica-
tion process. It is also useful to countercheck the expected experimental results in order
to refine the simulations and improve the whole approach for more reliable predictions.
Both 2D and 3D studies were implemented in order to achieve the highest possible accu-

racy.
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4.4.1 Simulation Framework

The first step to build successful simulation routines with this software dealing with LiNbO3
, is to take into account the anisotropy of the crystal. It is very important to countercheck
this aspect of the simulation in order to be sure to implement the right orientation during
the study. In order to do that we have two possible lines of action: to define a custom
orientation for the piezoelectric layer using the Euler’s angle feature, or directly define the
material properties for the given single crystal cut. The latter is especially attractive be-
cause we can use the values measured during characterization as a reference and simulate

then the devices with realistic values.

_____________________________

o

L

Figure 4.2: Example of mesh for a cantilevered beam in Comsol. The represented mesh
corresponds to 11603 degrees of freedom.

Afterwards it is necessary to correctly define the geometry of the harvester consider-
ing the device features like thickness of each layer: substrate, piezoelectric element and
electrodes. Also the tip mass has been taken into account and modeled especially for Si
beam, where the fabrication route can lead to devices with good performance in terms of
coupling and frequency tuning. To mesh the device, we mapped the layers with different
element size in order to consider more carefully the most interesting parts of the device
while keeping the computation as smart as possible. In fact the risk, especially in 3D, is to
increase the numbers of elements with no effective gain in terms of accuracy.

The simulated device configurations were mostly beam structures with boundary con-
ditions on the the clamped part of the device and electric connections for top and bottom
electrodes. The load on the beam was applied uniformly taking into account the density
of the materials.

Parametric sweep of thickness, length and width of the prototypes are particularly use-
ful to optimize the frequency and voltage response of the device. Typically the studies, im-
plemented concerning the harvester performances were regarding the eigenfrequencies
of the beams and the voltage response while driven by an imposed acceleration. While
for the effective coupling we have investigated the impedance response of the devices in

converse mode. Similarly to the FEA model, the kﬁ was calculated from the short and

fr
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open circuit frequencies. The two frequencies can be also investigated by plotting the

displacement of the device in short or open circuit conditions.

Figure 4.3: Rendering of clamped beam from Comsol: a) study of cantilever displacement;
b) voltage collected from top electrode.

A very important aspect of the simulation is the quality factor (Q) or damping () im-

posed on the beam. Generally the relation that bonds the two quantities is given as:

1 1

In general the most used is the isotropic loss factor (n), which is proportional to the

(4.90)

displacement and gives a quick result in terms of structural damping. Taking into account
the losses of the material considering the Young modulus we will have the following rela-
tion between stress and strain:

T =(E'+iE")S (4.91)

where E’ is the real part which stores the elastic energy of the material, while E” is the
imaginary part which is representing the mechanical losses. Then the isotropic loss factor
will be defined as a phase shift between the applied T and S:

"

tand = o n (4.92)
When the considered frequency is approaching the resonance frequency, n = 2{ which is
valid for a SDOF system. Whereas for multiple resonances the difference between the two

indexes is more pronounced.

Most interesting is Rayleigh damping which is defined like in our FEA model, so even-
tually it is possible to impose a certain quality factor for a precise frequency with the help
of the parameters a and . Anyways, due to the difficulty of finding data on damping ra-
tio for LiNbO3 structures, the best way is to impose a reasonable factor considering the

damping of the substrate and then countercheck with the experiments.
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4.5 Comparison of Minimalist FEA and Comsol

The design optimization started with the orientation and property study of LiNbOj3 films
to implement in the harvesters. Particular attention was dedicated to the study of ten-
sors and electro-mechanical coupling factor. A comparison was made using a script on
Matlab dedicated to orientation study of piezoelectric tensors, and then a simulation on
Comsol provided a crosscheck for the tensor values. In transverse excitation mode, the ro-
tation of the piezoelectric tensor shows that not only d3; contributes to the piezoelectric
response, but other coefficients as well. In order to have optimal values for the piezoelec-
tric coefficients, we have investigated the effect of rotation of the crystal. The rotation of
piezoelectric tensor around X-axis by an angle 6 angle showed strong variation of piezo-
electric coefficients. Therefore, the configuration that was investigated in the simulations
was LiNbOs3 (YX1)/128° wafer cut, where we found higher d»3 = 27 pC/N, and higher cou-
pling factor k3 = 0.49. To understand the possibility of integration of LiNbO3 films in the
prototypes, we started our analysis of material substrate in order to achieve the highest
coupling. Moreover an other interesting aspect was to match the resonance of the devices
to the frequency spectrum available in cars, especially where the acceleration has maxi-
mum magnitude. Being LiNbOs the piezoelectric element for electro-mechanical conver-
sion, particular attention must be given to the range of clamped capacitance. In our case,
the goal is to stay in 10! + 10 nF range, therefore we implemented in the simulation films

with thickness 1+150pum, while considering the capacitance from the equation:

S
_ €33€0A

I, (4.93)

0
As a first step study we considered the whole surface of the piezoelectric element as the
top electrode, A, afterwards we have performed a parametric study the thickness of the
piezoelectric element, /1,,. From the study outcomes, a reasonable range of Cy can be ob-
tained with a surface of 50+500 mm? for a given piezoelectric element thickness. Special
care has to be placed in the simulation of the electrode length, which can have an im-
pact on the voltage and power output. This effect was simulated only in Comsol where
we are not limited in the number of nodes for the structure, whether for minimal FEA full

electrode length was considered.

4.5.1 Eigenfrequency Analysis

The simulation of the transducer was done with Comsol. In order to test the validity of
our energy harvester, we designed a 2D unimorph cantilevered beam for eigenfrequency
analysis. In the investigation we used three different materials as substrates: brass, stain-
less steel and silicon. All of them have different properties as density and Young’s modulus
(Tab. 4.1).
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Table 4.1: Reference properties of substrates, used in FEA and Comsol Simulations.

Material S11 P

(pm?.N71)  (Kgm™3)

Brass 8 8730
Silicon 5.92 2330
Stainless Steel 5 7700

T T T T T T T T
—FEA - Brass
—/— Comsol - Brass
— FEA - Steel
—V— Comsol - Steel
—FEA-Si
—V— Comsol - Si

160
140

Frequency (Hz)
Frequency (Hz)

40

Figure 4.4: Tuning of resonance frequency as a function of the ratio: (a) Z—;; (b) %

The investigations were done in order to identify the resonance frequencies useful in
car environment. A parametric sweep was performed to implement 2D simulations in
Comsol for eigenfrequency analysis, where the resonance frequencies of the system were
investigated. The parameters used in the study, were thickness of substrate and piezo-
electric layer along with the length and width of the devices. The first mode (or bending
mode) is especially interesting, whereas the cantilever offers maximum power output due
to maximum amplitude of displacement. The study of this system by Comsol simulations
and FEA model were in good agreement. Typically, the discrepancy was within 2% (Fig.
4.4). This effect of frequency shift was increasing with the value of h,, so the modeling
of the piezoelectric element require further refinements. Anyways, the good agreement
is the most important aspect of a simple parametric model able to locate good ranges of
design parameters in a "quick and dirty" first step.

In Fig. (4.4a), the study was done considering the ratio between the two thicknesses in
open circuit conditions, obtaining low resonance frequencies whenever using a LiINbO3
thick film. Metal hosting structures represent an alternative to silicon due to their flexi-
bility and robustness. Furthermore, they can be introduced as substrates for deposition
of thin films. In this case both brass and steel are achieving lower resonance frequencies

compared to silicon, but the implementation of these materials in the fabrication process
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are still challenging. Moreover, h,, has to be optimized in terms of coupling, and not only
as a parameter to tune the resonance. However, in Fig. (4.4b) we can see that the length
has a very important effect on the frequency tuning, considering mesoscale structures,
already with a ratio of 3+4, the response attains useful values (below 500 Hz). Consider-
ing the Rayleigh damping as discussed in the previous section, we have investigated the
system under the same conditions. We modeled a thick LiNbO3 film (60 pum) on a steel
substrate to perform the investigation in the frequency domain, imposing a quality factor
of 100 at the resonance frequency (wo=100 Hz), leading to f=1.6E-5 s and considering a=0.
Afterwards, we simulated both FEA and Comsol in open circuit conditions, as showed by
the results in Fig. (4.5). The resonance frequency is shifted in the case of Comsol by 1%,
while the voltage (¢y,) is decreased by 2.3%. The reason could be that the coefficients
are slightly different for the considered orientation of LiNbOs , and this leads to a small

discrepancy in terms of voltage magnitude.

T T T T T T T T T
——FEA
10°- v__Comsol
£
&
1074
10-2 T T T T T T T T T T
0.8 0.9 1.0 1.1 1.2

0)0/ o

Figure 4.5: Normalized voltage response as a function of normalized frequency with
Rayleigh damping approximation ® = 1.6E-5s).

4.5.2 Electro-Mechanical Coupling Analysis

It is also interesting to investigate the electro-mechanical coupling of the harvesters by
performing a parametric study of the geometry. The setup for the simulation was the
same as in the previous section, but this time we have considered both the short and
open circuit resonance of the beam. The width and length aspect ratio was chosen ac-
cording to the previous section, namely fixed to 10 mm and 40 mm, respectively. The
impact of the piezoelectric element thickness on the coupling of the structure depends
on the substrate. The first approach, in Comsol simulations, is to tune the loss factor of
the system considering different substrates. In Fig. (4.6a) the transducer impedance re-
sponse of a LiINbO3 on steel structure with Z—; =~ 1 has been investigated. We can see that

if n increases, quality factor of the system increases as well.
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Figure 4.6: Simulation of electro-mechanical coupling: (a) impedance as a function the loss
factorn; (b) calculated k? as a function of ratio Z—; for different substrate.

Eventually, we have considered the value n = 0.01 that is a reasonable compromise for
LiNbOs structures, and represents a straightforward approach when dealing with several
different eigenfrequency modes. Moreover, around this value the short and open circuit
frequencies do not undergo a substantial shift. Once the parameters are set, we can study
the k? changing substrate materials. For instance, in Fig. (4.6b),a comparison between
the FEA model and Comsol is given. As in the case of the eigen-frequency analysis the
discrepancy between the models is within 2% under the same thickness ratio. The con-
clusion is that with substrates which are less stiff (like brass), LiNbO3 has to be thicker
as compared to stiffer substrates (steel or silicon). From the study, we conclude that the
achievable k? with a LiNbO3 simple beam is comparable to PZT material coupling, typ-
ically around 5+7% [10]. Another way to increase the coupling is the use of a tip mass,
which was studied mostly by simulations in Comsol, even though the rotation of the mass
can be implemented in our FEA model. Anyways, the implementation of large tip mass
was already studied for silicon substrates, and is easily achievable experimentally using
DRIE etching [11]. Unfortunately, the structure are very fragile, therefore it is used mostly
for MEMS scale devices rather than mesoscale ones, where metal substrates are used with

heavy magnetic or tungsten tip masses [12].

4.6 Lumped Model

The single degree of freedom (SDOF) model or lumped model, was mostly considered
during characterization and electronic interfacing of the prototypes. In a phenomenolog-
ical approach we have used the identifications from the equivalent circuit to extrapolate
results concerning the coupling and quality factor, and then interpreting the outcomes
to configure the optimized electronic interface. Moreover, the identifications of the force

factor and the lumped model parameters have allowed to predict effectively the power
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level of the harvesters.

4.6.1 Equivalent Circuit for Inertial Harvester

When considering a high-level analysis of the system, the piezoelectric device can be
modeled as a SDOF oscillator resonating near one of its resonance frequencies [13]. Con-
sequently, the structure can be modeled as a spring-mass-damper system dynamically
excited by an external force (or equivalently an acceleration), and generating a voltage, V
from the deformation displacement, x. In Fig. (4.7), we depict the two completely equiv-
alent interpretations of the energy harvester. A mechanical interpretation of the system
is given in Fig. (4.7a), while in Fig. (4.7b) we have an equivalent circuit composed of the
mechanical branch, the electrical branch, and finally the transformer connecting the two

of them.

[ ) Co
V(o) i a:1

C \_l_‘ =
=
N ORI (b)

Figure 4.7: Schematics representations of inertial energy harvester connected to a resistive
load: a) inertial harvester; b) equivalent circuit.

The system can then be described by the following set of dynamic equations:

Mj = Mi + Cx + Kx + oV
. (4.94)
I=ax— C()V

where F is the external force, K the open-circuit stiffness of the system, M the dy-
namic mass, a is the electromechanical force factor, I the current, C the viscous damping
and Cy the clamped capacitance. The electromechanical equivalent circuit for the piezo-
electric transducer is presented in Fig. (4.7b), in which the coupling term is represented
by a transformer. The external force applied on the mechanical branch of the circuit gen-
erates a base velocity, %, that is equivalent to a current in the electrical model, then the
transformer with « ratio is converting the mechanical velocity into current in the electri-
cal branch of the circuit. In particular, when the piezoelectric element is in open circuit

condition, we can find that the force factor is:

COvoc
o=
XM

(4.95)
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where xy represents the peak magnitude of the displacement, and V,,. the open circuit
voltage. Now we can rewrite Eq. (4.94) in function of the current in the following way:
Mj M d C K

= = @E(—GX)-%@(—(XX)-F@f(—(xx)dt"’v

Then we can define V,, = % and I, = —ax, getting to the equivalent system of equa-
tions:

Veq :Lmi+RmI+Cg+V

m (4.96)
Ieg =1+ CoV

From this system, the following identifications are given between the mechanical branch

elements (L,;,R;; and C,;,) of the equivalent circuit:

M
Lm - @
C
R =—5 . (4.97)
(0
0(2
Cm = f

The two formulations are totally equivalent, but the identifications are useful to link
the measurements from impedance analyzer to the energy harvesting ones.

Finally, we can calculate the electro-mechanical coupling factor for the structure, K2,
defined as:

2
2 x

ko= —— (4.98
CoK+ o? )
which represents the effective coupling of the structure during the energy conversion
process. Furthermore, the quality factor of the structure can be found as:

Q:

% (4.99)

and as already seen in Eq. (4.90), the damping ratio from mechanical losses ( as:

1

"3

Some issues regarding the lumped parameter model can lead to inaccurate predic-
tions close to resonance frequency. This is especially noticeable if the proof mass has
same value as the beam mass, in this case we need to introduce a correction factor [14].
Especially for cantilevers with no tip mass, a large error occurs at resonance. Anyways, the

power varies according to the mass and usually in harvester architectures large masses are
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used, and lumped model provides fairly accurate results in this case. To solve this issues
Erturk and Inman proposed an alternative model which is using Euler-Bernoulli beam

theory for giving more accurate results [2].

4.7 Impedance Matching
Now that we have described the SDOF system, we know that the voltage output of the
piezoelectric element is an AC sinusoidal signal, hence we need a rectification circuit in
order to convert it to continuous DC signal, useful to power up sensors or store it in a
battery or super-capacitor. In the energy balance approach [13], the equations (4.94), are
multiplied by the velocity and the voltage, respectively, and they are integrated over a
half-period of time (from # to #;). The result is given as:

3| 3|

Mjxdt = M)'éth+f

o N to

n n 151

Kgxxdt+ f oaVidt (4.100)

fo

Cxxdt+ f
fo
Eq. (4.100) gives us a full description of the energies in the system: kinetic energy,

mechanical losses, potential elastic energy, and transferred energy.

4.7.1 Instantaneous Power

Now we can consider the power output of the harvester and its most simple electronic
configuration. For a low coupled transducer (a << 0), we approximate the harvester to
a current generator and capacitor Cy, which are representing the electrical branch of
the equivalent circuit, connected to a resistive load where the power is dissipated. The

schematic representation is depicted as in Fig. (4.8).
ox I1(t)

Co

D = [r] | VO

Figure 4.8: Low coupled harvester approximation with resistive load.

In a permanent harmonic regime, the current is described by:

I=jwax—-joCyV (4.101)
knowing thatI = Rll, and considering the impedance for V, we obtain:

JoR;a

=——xX (4.102)
1+ joR;Cy
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vv*

Considering that P = ¢,

finally the power output of the harvester is:

20,2
1 R« 2

=——X 4.103
21+ ((x)RlC())Z M ( )
where we can find the maximum power point, which is:
Pras =+ Lo (4.104)
=00 .
max 4 CO M

. . . _ 1
for the optimal impedance matching found at Ryp; = Coo-
We can also rewrite the power as a function of the force in the frequency domain.

Under the hypothesis that the force Fand the velocity x are in phase, one can find that:

O(ZRI

F=|C+ ————|jox
1+ (jwR;Cp)?

(4.105)

and finally the instantaneous power for low coupled harvesters is:

p= F%/I R;o?
2C2 1+ (wR;Cop)?

(4.106)

which has the following maximum value:

_Fu o
C2 4U)C0

This is the power dissipated in the resistive load by the harvester, but it doesn’t give us a

(4.107)

max

full description of the capabilities to charge a battery or a capacitor in order to use the
energy whenever is needed. Moreover, here the capacitance has a fundamental role, be-
cause the optimal load is inversely proportional to Cy and the frequency of excitation,

making the impedance matching very important during the design of the harvester. If the
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Figure 4.9: Normalized power and voltage for optimal impedance matching conditions of
low coupled harvester with resistive load.
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optimal load is too high, the impedance matching with the electronic interface presents
serious issues, so we recommend to keep the value of R, in a reasonable range, from kQ
to few MQ.

Very often, harvesters are designed without considering the capabilities of the device
to charge a capacitor and successfully convert the AC voltage in DC. For this reason a
compromise has to be reached during the implementation of the transducer in terms of

capacitance.

4.7.2 Full-Bridge Rectifier

As discussed, the power of the system in Eq. (4.107) represents the instantaneous power of
the system in AC conditions. In order to rectify the voltage of the harvester, we could use a
standard electronic interface, for instance a full-bridge rectifier (Fig. 4.10. In this case we
have 4 rectifying diodes and a smoothing capacitor C, which is connected in parallel to
the resistive load. Let us go back to system (Eq.4.100), considering transferred energy, we
can write it explicitly as the sum of the electrostatic energy stored in the transducer and

energy used by the load:

h 151 n A
f Vidt = f Vaxdt —f VCyV (4.108)
11 11 11

0 0 0
From Eq (4.108) we can integrate over two values of time (#p and #;), as in Fig. 4.11, to

obtain the value of the Vpc:

I(v)

1 C,
Y |V<t> J(ZE}J — [&
¢

Figure 4.10: Schematic representation of standard rectification circuit: full bridge rectifier
with smoothing capacitor C, and resistive load R;.

n TV
f Idt = —-2C (4.109)
" 2 R
which is giving:
TV
~ 2000 +2CoVpe = 5 % (4.110)

and finally the voltage expression is:
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Figure 4.11: Voltage and displacement as a function of time for full bridge rectifier.
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Eventually the power on dissipated on the load is P = RLIC:

0?a’R;
P=—"—L (4.112)
(g +wCoR l)
This expression gives the power in terms of the displacement magnitude, xy;, but it

can be defined also in terms of the excitation force, Fy;, for a weakly coupled harvester:

2 2
a“R F
p=— L M (4.113)
(% + (J.)CQRZ) C
In this case, it has a different optimal load and power:
Rop = — (4.114)
PL™ 2Co0 '
Prre = — L T (4.115)
MAX T 21Cow C? '
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4.7.3 Highly Coupled Harvester

A different situation arises if the force factor, a, is not negligible, for the so called highly
coupled harvesters. Full description of this systems is given by Shu [15]. If the system
is highly coupled we have to take into account the damping imposed from the electrical
interface. Starting our analysis from the energy balance, we can also consider that the

force and the velocity are not in phase, hence:

x(t) = xpmsin(wt —0) (4.116)

After taking into account the energy balance equations, and integrating them, we ob-

tain the following expression of the force:

M ey sind = “Cux? + & VPC 4.117)
— = — (l) —_ .
o MM 2 MG TR;
2
Frrcos0 = | K= M2 + — | xy — —2 Ve (4.118)
C() ZCO(DRI

Combining both Eq. (4.117) and Eq. (4.118) and rewriting the displacement in terms
of the force, we obtain:

F
XM = il 1 (4.119)

2 2
Co + 2wa2R; wa?R; )2
(Co())Rﬁ- g)z CO(URI"'g

+(K—w2M+

For the damped result we can substitute Eq. 4.119 in Eq. 4.111 and obtain the follow-

ing power equation:

(1)2(X2Rl FM

P:(” CoRy)*
5+ wCoR; [(

(4.120)

1
2

2
2 2 2
Co + 28R ) +(K—w2M+ wor Ry )

(CQU)RI+%)2 COUJRI+%

In order to distinguish low and highly coupled harvesters, we can use the product
of k?Q, and its value can give an idea of the device behavior. For this analysis we will
use some notation to keep the results more readable: Q = % and r = CywR;. Then the

resistive loads in short and open conditions are:

Q=1 4.121)
Qoc=V1+k2 (4.122)

Respectively the two load optimal conditions are found as:

r"’”~( i ) L (4.123)
e V16 + 2] k?2Q
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Figure 4.12: Double identical power peaks for highly coupled harvester.

opt  V16+12 k?2Q (4.124)
Toe = :
o¢ 4 1+k?
The optimal power for both circuit conditions is identical:
F22 1
- fo2Q (4.125)

P~
T woM 84 2V16+ 112

Highly coupled devices have two identical power peaks at different resistive loads and
frequencies (Fig. 4.12), which can be used to enhance the frequency bandwidth of the
harvester. Moreover, we observe that in this case, the power output is limited mostly by
the damping or the quality factor of the structure, while for low coupled systems the de-

vice is limited mostly by the coupling.

4.8 Conclusion

With the orientation study it was possible to investigate and optimize the tensor val-
ues and the electro-mechanical coupling of LiNbOj3 , identifying (YX1)/128° as the best
choice. Starting form these results, our FEA model can be a starting point to investigate
electro-mechanical systems like harvesters or actuators. With a single element it is pos-
sible to describe the behavior of a simple cantilever beam, introducing structural and
electrical damping and obtaining useful system parameters. Later, with a commercial
software like Comsol Multiphysics, we can implement refined simulations for the can-
tilevers. In this chapter we compared the frequency response and electro-mechanical
response of such structures, showing that is possible to tune the system using either a sil-
icon or metallic substrates, achieving the requested performances. Finally, we presented

the lumped model, which can be used as an additional analysis method, especially during
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electronic configuration. Moreover, with this formalism we can take into account both
low and highly coupled harvesters, in order to optimize the impedance matching. Us-
ing the modal mass and stiffness, along with k? provided by minimal FEA, the computed
parameters can easily be passed to the parametric analysis. Moreover, Comsol provides
the necessary tools to compute modal mass and stiffness together with k?. Then, the
complete path from continuous multiphysics equations to lumped parameters paramet-

ric system analysis and electrical exploitation is smoothly ran over.
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Lithium Niobate Energy Harvesters

In this chapter I will introduce the results concerning the harvesting performances of our
prototypes. Three sections of the chapter are presenting the results concerning modeling
and characterization of LiNbOj3 energy harvesters. Two of these sections are dealing with
LiNbOj3 on silicon transducers, while the last one concerns devices with metal substrates.
Even if they present different features, the results are in the state of the art, both in terms of
performances and quality of the final prototypes. Their implementation is accompanied

by an electronic optimized configuration.

5.1 Introduction

In this Chapter, we experimentally demonstrate that, with a suitable micro-fabrication
process, we have successfully implemented vibrational energy harvesters based on thick
(10 pm to 120 um) single-crystal LiNbOj3 films bonded on Si and metal substrates. The ca-
pacitance, electro-mechanical coupling and power density were studied analytically and
designed with respect to the target application, while resonant frequencies, voltage and
displacement response of studied structures were simulated by Finite Element Method.
Hence, the potentials of LiNbO3 piezoelectric films for EH are confirmed, showing com-
parable and even higher power densities than conventional Pb-based and Pb-free energy

harvesters.

The lack of a standard geometry or design to compare performances of piezoelectric
vibrational energy harvesters, leads researchers to compare the results of their investiga-
tions in terms of areal or volumetric power densities. In order to compare our devices with
the state of the art, we extensively used areal normalized power density (uUW/ cm?/ g2 /Hz),
which is usually employed whenever we make a comparison of materials performances.
Anyways, the volumetric power density (WW/cm?3/g?/Hz) is presented to compare differ-
ent generation of LiNbO3 harvesters. The detailed fabrication flowcharts are discussed in
Chapter 2.
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5.2 High Frequency Harvesters on Silicon

Lead-free LiNbO3 piezoelectric transducer is considered as a substitute to lead-based so-
lutions for vibrational energy scavenging applications. Taking into account the much
lower dielectric constant of LiNbOs3 crystal compared to conventional piezoceramics (for
instance PZT), we implement, in a global optimization approach, a thick single crys-
tal film on silicon substrate with optimized clamped capacitance for better impedance
matching conditions. We have designed a piezoelectric cantilever based on (YXI1)/36°
LiNbOs3 cut, enhancing the output voltage to achieve piezoelectric transducer perfor-

mance compatible with harvesting device standards.

5.2.1 Simulations

In this section, I will discuss how to tailor the material electro-mechanical coupling fac-
tor in order to have realistic impedance-matching between the piezoelectric transducer
and the electronic interface, while for the structural coupling we will present the value
measured for our given device. To achieve some predictive results concerning the volt-
age output and the displacement response of our system, finite element modeling (FEM)
was carried out with Comsol Multiphysics software in different dynamic conditions. We
modeled the structure in 3D as a unimorph bender with silicon substrate and LiNbOs3 as
piezoelectric element. Euler angles were used to implement the oriented cut. Resonant
frequency, vibrational modes and material properties were simulated thereafter by FEM.
In particular, the material properties of (YX1)/36° LiNbO3 cut, were simulated with both
FEM software and analytical model. In the case of a rotation of 36° around X-axis, the rel-
ative unconstrained permittivity, €’./€, is 65.3, and the effective piezoelectric coefficient
dys, is -18.1 pC/N [1].

For dynamic modeling, we have used the same 3D model and proceeded to simulate
the voltage response and displacement of the structure, based on the proposed design.
The investigations were done at different acceleration levels in order to have a reference
and to counter-check the cantilever response and the expected results. In Fig. (5.1) the
results of the simulations are shown, with the acceleration levels ranging from 0.1 g to
3.6 g. The study was performed in the frequency domain, considering the bending res-
onance frequency of 1.163 kHz, and studying the displacement and voltage response in
open circuit conditions. The peak displacement, taking as a reference the free-end edge
of the cantilever, is plotted for each considered acceleration. The low entity of the tip
displacement is the result of the silicon substrate stiffness, which was modeled consider-
ing Si (100) orientation. The displacement was measured approximately around the free
end of the cantilever, so that the simulated value reached a maximum of 26.4 pm. On
the right-hand side of Fig. (5.1), the voltage response is presented. In this case, consider-
ing the piezoelectric coupling given by LiNbOs3 (YX1)/36° orientation, the simulated peak

voltage is reaching a maximum value of 23.9 V. Also, at lower acceleration levels (1 g), the
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Figure 5.1: Displacement and peak voltage results from FEM simulation at different accel-
eration levels. (insets) Deformation and voltage response of cantilever at resonance for 3.4

8

voltage response is in a useful range of values, with the peak voltage around 6.4 V. The
results are given using the isotropic loss—factor approximation for the structure. As ex-
pected for a simple cantilever, both displacement and voltage are evolving linearly when
increasing the acceleration levels. The 3D insets in Fig. (5.1) are representing the response
at the simulated resonance frequency for the structure at 3.4 g, in order to compare with

the experimental results.

Typically, the output voltage from a piezoelectric generator is sinusoidal, whereas in
order to power a sensor node, a DC voltage supply is needed. Hence, the rectification
circuit designed for our prototype is a half-bridge rectifier (Fig. 5.2). In this configuration
we have used two diodes and two smoothing capacitors C, connected to an equivalent
resistive load R;. This interface can rectify and double the voltage amplitude degraded by
the threshold voltage of the diodes. Eventually, Vpc generated at resonance frequency fp,

can be expressed as a function of the displacement magnitude x); as:

2afoRy

=<7 " 5.1
foR;Co+1 ™ 6D

Vbe

2
The harvested power from the rectified Vpc voltage, is simply P = VRLZC , giving the following

equation:
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p= %xﬁ,{ (5.2)
(foRiCo+1)

In the experimental section, more details will be given regarding the electronic inter-

face, along with a comparison between the theoretical and experimental harvested power.

viET -
LiNbO,

Figure 5.2: LiNbOj3; generator connected to voltage doubler circuit and resistive load R;.

5.2.2 Experimental Result and Discussion
The dimensions of the cantilevers, without considering the clamping, were 20 mm in
length and 5 mm in width. The electrode was partially covering the structure, resulting

in an active surface of 46 mm?

. The Cr/Au layer used for wafer bonding was also act-
ing as bottom electrode of the device. We show the cross-section of the cantilever in Fig.
(5.3a). The cross-section image was taken with optical microscope, we could clearly see
the Cr/Au bottom electrode, while the upper layer was LiNbO3 and the bottom one the
Si/Si0, substrate. Finally, Fig. (5.3b) presents the cantilever after dicing with Al top elec-
trode.

During tests, the piezoelectric beam was clamped on a 3D-printed sample holder,
while the top and bottom electrodes were put on a PCB board for the connection to the
energy extraction circuit as well as monitoring the voltage output. The samples were
characterized with a HP4194A network analyzer in order to investigate the capacitance
and electro-mechanical coupling of the fabricated cantilevers. The structural electro-
mechanical coupling factor, k2, and the quality factor, Q, were estimated from measured
resonance and anti-resonance frequencies [2]. The dynamic characterization of volt-
age response and displacement was carried out separately. The associated experimental
setup was composed of a shaker providing a base excitation, controlled by a waveform
generator and a power amplifier. An oscilloscope was used for monitoring the voltage
output of the piezoelectric sample through a high impedance probe (Fig. 5.4a). As pre-

viously mentioned, the thickness of the piezoelectric transducer has to be adjusted in or-
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(b)

Figure 5.3: (YXD)/36° LiNbOs /Cr/Au/Cr/SiO,/Si harvester: (e) optical microscope cross-
section image of the layered structure after dicing; (f) mechanically diced cantilever with
an active surface of 46 mm?.

der to attain minimum necessary capacitance (nF order of magnitude) to ensure realistic
impedance matching conditions. The dependence of clamped capacitance on the thick-
ness of the lithium niobate layer with active surface area of 46 mm? is presented in Fig.
(5.4b). The LiNbOs thickness of about 32 um was selected for the experimentally stud-
ied structure as a trade-off between voltage magnitude, capacitance value, impedance
matching conditions and structural (global) electro-mechanical coupling coefficient (i.e.,
taking into account the Si layer). The clamped capacitance, Cy, of (YX1)/36° LiNbO3 layer
measured through an impedance analyzer was 0.79 nF (at 2 kHz), which was very close to
the expected simulated value (0.83 nF). The frequency dependence of impedance mod-
ulus of the 32 um thick piezoelectric (YX1)/36° LiNbO3 crystal orientation in free condi-
tions is presented in the inset of Fig. (5.4b). According to the equivalent lumped circuit,
the structural coupling k? of the structure was equal to 0.013. The Q-factor of the com-
plete device, including the clamping system, estimated from the experimental data, was
23. This parameter can be improved changing the clamping system by means of thicker
and heavier materials, which can lower the energy dissipation during the vibration cycles

at the cost of size and weight.

Table 5.1: Comparison of measured and simulated parameters for LINDO3 cantilever beam
at3.4g.

Parameters  fj Xp Co  Vims

(Hz) (pm) F) (V)

Measured 1140 21.2 0.79 149
FEM 1163 24,5 0.83 15.8

The displacement and resonance frequency of the cantilevered (YX1)/36° LiNbO3 /Si
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Figure 5.4: (a) Photograph of setup for dynamic measurements testing in INSA - Lyon. (b)
Thickness dependence of parallel plate capacitor based on (YX1)/36° LiNbO3s with active
area of 46 mm? (b, inset) and frequency response of impedance modulus. (c) Displacement
predicted by FEM simulation and measured experimentally by using optical vibrometer, of
the studied (32 um) (YX1)/36° LiNbO3 /Au/SiO,/(360 um)Si heterostructure. (c, inset) The
simulated cantilever deformation (increases from blue to red) and the photograph of the
experimentally fabricated transducer are given in the inset.

beam tip were measured by means of an optical vibrometer (Polytec MSA-500). For this
purpose, the beam was driven with a periodic, slowly varying chirp focused around the
first resonance bending mode. The mechanical response of the cantilever as a function
of frequency is given in Fig. (5.4c). The measured resonance frequency value f, was 1.14
kHz. Finite element simulations for this multilayer structure were also carried out, result-
ing in a first bending resonance mode at 1.16 kHz (Fig. 5.4c inset), in good agreement
with the frequency found experimentally. The slight discrepancy was acceptable (5 %
difference), and can be attributed to the perfect clamping conditions in simulation, fluc-
tuations on the thickness value (+ 2 um) in the experimental apparatus and tolerance on
the material elastic constants of both LiNbO3 and Si.

After the characterization of the structure, we proceeded to test the device under con-
stant excitation with the shaker, in order to investigate the piezoelectric harvesting pos-
sibility. In Fig. (5.5a) are shown sinusoidal voltage and displacement signals measured

under 3.4 g base acceleration at resonance frequency. The peak voltage amplitude ob-
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Figure 5.5: (a) Displacement and generated voltage obtained through dynamic excitation
with acceleration of 3.4 g. (b) Experimental and theoretical harvested power as a function
of load by using (YX1)/36° LiNbOgs /Si harvester.

tained was Vp = 21.1 V, which corresponded to a tip displacement value of up = 21.2 um,
measured with the vibrometer. The root mean squared value of voltage at the resonance
frequency was 14.9 V. After comparison with experimental data, FEM simulations results
showed a slight overestimation of the voltage and displacement response. In fact, com-
pared to the measured value, FEM overestimated the tip displacement by 3.3 pm. The
simulated V; s was approximately 15.8 V, giving a difference from the experimental value
of 0.9 V. The reason behind the experimental and FEM values discrepancy (Table 5.1),
is mostly due to a slight difference in terms of coupling and quality factors of the can-
tilever, as a result of using isotropic loss factor that was just an approximation of the real
damping for the structure. This aspect can influence the displacement magnitude and
thus the voltage response. Eventually, from the measured values we could estimate the
force factora, defined as a = %Co, giving 0.882 mN~!, and displacement magnitude xy
=18.9 pm. Finally, in order to validate the power that can be extracted from the (YX1)/36°
LiNbOs3 /Si beam driven by a monochromatic excitation at the vibration frequency fy, a
half-bridge circuit followed by a load, R; , was connected to the piezoelectric material.
The circuit is essentially composed by two 1N4148 diodes (Fast Switching Diode) and two
smoothing capacitors, C,, (each of 220 uE resulting in an equivalent capacitor of 110 pF).
These investigations were done in INSA - Lyon with the collaboration of G. Lombardi. Fig.
(5.5b) depicts the extracted experimental and theoretical (Eq. (5.2)) powers as function
of load. The maximum power of 380 uW was attained experimentally for a 500 kQ load
impedance. Experimental results showed a good agreement with the theoretical predic-
tions (400 puW maximum power); although a slight difference can be noted probably due
to some losses in the diodes (not taken into account in the theoretical model). Accord-
ing to the results, an experimental power density of 8.26 yW.mm? has been measured.

This value is consistent with the best results for high-power piezoelectric generators (Ta-
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Figure 5.6: (a) Photograph of sensor node featuring PIC 16F15313 micro-controller driv-
ing EnOcean PTM 330 RF Transmitter Module. (b) Experimental waveforms of piezoelec-
tric transducer voltage, rectified voltage and available energy by using (YX1)/36° LiNbQO3 /Si
harvester system (downswing in the waveforms correspond to transmission events).

ble 5.2). It is important to note that the LiNbO3 /Si structures studied in this work were
stiff and thus required high acceleration values in order to attain sufficient strain for high
power densities. For the purpose of a fair comparison between our work and the state of
the art, high frequency Si benders were taken into account. The table shows that even with
normalized power density with respect to acceleration levels and frequency, the value of
power of our device is comparable and even higher than other typical unimorph PZT and
lead-free benders. In general, the power density is strongly correlated to the presence of
a tip mass. For this reason, we adapted our finite element simulation to a smaller scale
device in such configuration. The results for a micro mechanical transducer with silicon
substrate are compared to the state of the art. The simulated device dimensions are 5
mm X 2 mm x 0.03 um, with a tip mass of 250 um, where the thickness of the piezoelectric
film is reduced to 10 um. The results show an instantaneous power output of 5.5 uW, that
gives a very high normalized power density compared to other harvesters on silicon. Fur-
thermore, with this simulation we can see how the presence of a proof mass lowers the
resonance frequency while increasing the power density. Finally, as an application exam-
ple, the piezoelectric material and its electrical harvesting interface have been connected
to a custom sensor node (low-power Microchip PIC 16F15313 microcontroller driving an
EnOcean PTM 330 node [3], Vj,in = 2.5 V- Fig. 5.6a). Fig (5.6b) shows the voltage wave-
forms as well as the available energy on a 110 pF equivalent capacitor in such a config-

uration. As it can be deduced from Fig (5.6b), the harvesting capabilities of the device
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allowed starting the sensor node (from zero energy initial conditions) after 9 seconds and
then maintaining the possibility of sending data every 2 seconds (each transmission event

consuming approximately 420 pJ) under continuous excitation.

Table 5.2: Comparison of piezoelectric high power density (PD) generators. The works se-
lected represent the state of the art for high frequency silicon based devices. The power is
normalized with respect to the active area, acceleration level and frequency.

Material Tip Mass Power Area d Frequency Areal PD Areal NPD Ref.
(UMW) mm? (g (Hz) (MW.cm™2.g72)  (1072uW.cm2.g"2.Hz™!)
PZT Yes 1.4 0.32 2 870 109 12.6 (4]
PZT Yes 22 120 4 1300 1 0.09 (5]
PZT No 3.4e-4 25 1 9275 0.014 1.5e-4 (6]
Yes 13 2.5 1 2300 520 22.6
KNN No 1.1 56.1 1 1036 2 0.19 (7]
KNN Yes 0.731 0.21 1.02 1509 335 22.2 (8]
ZnO Yes 098 0.48 1.02 1300 196 15.1 (9]
AIN Yes 0.8 0.32 2 1495 63 4.18 [10]
AIN Yes 378 225 3 1041.4 19 1.79 (11]
AIN Yes 34.78 273 2 572 32 5.57 [12]
AIN No 0.003 321 04 4150 0.52 0.0126 [13]
Yes 0.006 3.21 0.06 1140 52 4.56
This Work No* 380 46 34 1140 71 6.27 -
LN (YX1)/36° Yes* 5.5 2 1 684 275 40.2 -

5.2.3 Summary

Here, we reported the implementation of LiNbO3 layers as Pb—free piezoelectric trans-
ducers for a complete vibrational energy harvesting application. It was shown that com-
mercially available (YX1)/36° LiNbO3 oriented wafers can be successfully implemented
in the form of thick single-crystal films on Si substrate and effectively used by adjusting
the thickness of the piezoelectric layer and consequently the capacitance, and by using a
proper electronic configuration for energy harvesting. Results showed that the reported
system yielded performances close to those of PZT materials. We would like to stress out
that such performance of micro-transducers cannot be attained by using bulk LiNbOs3
wafers, due to impedance-matching issues. In fact, for bulk single crystals, the low value
of the capacitance yields delicate interfacing with typical electrical circuit, while in this
paper we are providing a more global approach towards energy harvesting applications.
In terms of power density, experimental tests yielded 71 pW.cm~2.g~2 by using the pro-

posed composite structure vibrating at resonance frequency of 1.14 kHz, that is among
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best values even compared to lead-based (and other lead-free) materials commercially
available. Moreover, FEM simulations showed promising performances for MEMS scale
devices based on LiNbOs . Therefore, this result opens promising outcomes for lead-
free energy harvesting solutions and their fast implementation. The fabrication of flex-
ible structures based on thick LiNbO3 layers will be considered in future to attain this
efficiency at low frequency and acceleration values [14]. Although one finds some ex-
amples of high frequency resonating beams (Table 5.2)!, we will consider lowering the
resonance frequency in order to match frequency spectra available abundantly in the en-
vironment, and design and fabricate bimorph structures to further increase the generated
power. Concerning the coupling factors, we tailored the properties of the material in or-
der to optimize the electro-mechanical coupling of the material, but future steps will also
consider the optimization of the structural coupling in order to have maximum energy

efficiency for our device.

5.3 Low Frequency Harvesters on Silicon

After the fabrication and characterization of the first batch of samples, we have decided
to improve the power density and reduce the resonance frequency of the harvester. In or-
der to do so, we have worked on etching of the silicon substrate, and we considered a new
geometry for the harvester. Moreover, we implemented the optimized LiNbO3 (YXI)/128°
crystal cut in order to maximize the electro-mechanical coupling. For this particular ori-
entation we can exploit in transverse mode the coefficient dy3 = 27 pC/N and dielectric
constant 8;53/ €9 = 50.5. Therefore, it is possible to increase the electro-mechanical cou-
pling compared to the orientation LiNbO3 (YX1)/36° by more than 15%, finally resulting
in kp3 = 0.49. As discussed before, this value is among the highest compared to com-
mercially available ceramics such as PZT-5A and PZT-5H or other well known lead free
materials like KNN, AIN etc. Concerning the design of the structure, also the robustness
of the prototype was taken into account, considering silicon beams with thickness above
100 pm, while the piezoelectric layer was kept at 30 um in order to have capacitance of
few nF and reasonable voltage levels. Moreover, the silicon substrate thickness was care-
fully considered in order to perform DRIE etching without using silicon on insulator (SOI)
wafers. Especially for MEMS application, using SOI is a standard, where it is possible to
use few um thin silicon layer as effective beam for the harvester [10, 4]. However, this
technology is developed along with thin film deposition (up to few um thickness). If on
one side this could mean good impedance matching (typically above 10 nF clamped ca-
pacitance), the drawback could be limited voltage output. After a careful consideration of
all this aspects, and taking into account also the robustness of the structure, we decided

to fabricate a mesoscale device, in order to reach a compromise in terms of coupling,

1(*) Experimental values for device without tip mass; (**) Simulated MEMS scale device with tip mass.
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impedance matching and power levels.

The objective for the new set of devices was to fabricate harvesters with higher cou-
pling and quality factor. Therefore, we wanted to attain higher performance levels, where
in the equivalent circuit of the inertial harvester we have to take into account also the
mechanical branch of the structure. The damping will limit the power that the harvester
can convert successfully into electrical energy. Typically, the maximum power for such
devices, it is proportional to the quality factor. On the other hand, it is known that the
highest the quality factor, the smaller will be the frequency bandwidth in which the har-
vester can work in optimized conditions. Anyways, when coupling and quality factor are
properly tuned, it is possible to increase the bandwidth of electro-mechanical conver-
sion. The damped system results are discussed in details in [15]. We will use a simple
full-bridge DC converter as electronic interface, but the discussion can be extended also
for other types of configurations, such as non-linear interfaces [16].

For this system we can define an important factor that is describing the performances

_ o
= RG

between electrostatic energy stored in the system and the elastic energy. This coefficient

of the harvester: the modified coupling coefficient k2, , which is giving the ratio
does not have a maximum as k? and can be higher than 1. Normally for low coupled
devices the two coefficients are the same.

Finally we can make a distinction of performances considering the figure of merit
k2, Q. If the harvester has k2,Q < 1, the system is low coupled and the harvested power
is fundamentally limited by coupling and mechanical damping, moreover only one peak
is observed for the optimal load condition. If the system has k2, Q > 1 the normalized
power is limited by Q. When the figure of merit of the system is higher than this value, it
is possible to increase the optimized frequency bandwidth of the harvester, by adjusting

the load to maximize the power output.

5.3.1 Simulations

We started the optimization of the parameters of devices targeting resonant frequencies
below 200 Hz. Having this in mind, we have investigated the thickness ratio between
substrate and piezoelectric layer (h;/hp) in order to attain the required frequency levels.
The length of the electrode was chosen to be 2/3 of the overall length, in order to optimize
the strain effect of the cantilevered beam. Then, considering the piezoelectric thickness
and the permittivity of the crystal cut, we have targeted 6 nF clamped capacitance.

Later on, we have simulated the device with a tip mass in order to further decrease the
frequency response and also increase the power output. For this simulation we modeled
the short- and open-circuit frequencies with FEM software Comsol Multiphysics. The
results pointed out that for the chosen geometry we could reach a maximum of effective
coupling of 5%, where the two frequencies were respectively 106 Hz and 108.6 Hz.

In the case of a lightly coupled regime, the displacement of the beam is damped. For
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Table 5.3: Parameters used for (YX1)/128° LiNbOs harvester simulation.
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Figure 5.7: Investigation of coupling and quality factor effect on power output: (a) lumped
model simulation considering damping of the structure in frequency domain. (b) Study of
power output with FEM software for different electric loads.

this reason, we have considered the lumped model with relative rectification interface
(standard full-bridge rectifier) and we have used the proposed formalism to investigate
the power response of the device. The power output in terms of the product k?,Q is pre-
sented in Fig. (5.7a). The parameters used for the simulation are given in the Table (5.3).
These parameters were chosen in agreement with 3D FEM simulations, considering the
properties of our designed LiNbOs /Si harvester. Eventually, we have tuned the excitation

levels to car environment acceleration, hence below 0.5 g (RMS).

The simulation results presented in Fig. (5.7a), depict different values of the coupling
considering a quality factor of 200. As we can see, when the product k2, Q is small, the
system is in a sub-optimal region and cannot convert fully the energy provided to the
harvester. Once in the optimal region, k2, Q = 2, we start to see two different power peaks
which have the identical magnitude. For higher values the peaks start to be very far from
each other and the bandwidth is increased. In Fig. (5.7b), we present a FEM study of
the designed harvester (k*> = 0.04). In this case, the two power peaks are identical and
have the maximum value of 45 uW. As expected, the first peak is around 50 kQ, while the
second is close to 5 MQ. Once the performances and coupling of the proposed design

were investigated, we moved to the fabrication of the specimen on silicon substrate.
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5.3.2 Discussion and Results

The prototype had a length of 65 mm and width of 10 mm, with a top electrode cover-
ing 2/3 of the total length. The main difference with respect to the previous fabrication
process is the use of Cr/Au top layer to have a better conduction and the same band gap
for top and bottom electrodes. Moreover, we added an etching step to pattern the sili-
con substrate, in order to increase the coupling and reduce the resonance frequency. The
Si backside was patterned in order to leave a 10 mm by 10 mm tip mass, while the cen-
tral part was etched until 300 um thickness. The top electrodes were wire-bonded to a
PCB and clamped on an Al clamping system (Fig. 5.8a). In Fig. (5.8b) we can see the
cross-section of the sample after dicing, where LiNbOj is the top layer, and silicon is the
substrate of the structure. The thin white line is the bonding interface between the two
wafers. The quality of the bonding was excellent, even if we didn’t use a SiO; insulation

layer.

b)

LiNbO,

Au-Au bonding layer
Si

Figure 5.8: (a) Clamped (YX1)/128° LiNbOs /Si harvester wire bonded to PCB board. (b) SEM
cross-section image of sample after dicing.

The characterization of the harvester was done in T&F department at FEMTO-ST. The
setup for the measurements is shown in Fig. (5.9), and it consisted in a shaker providing
the sinusoidal excitation for the test, coupled with an accelerometer mounted at the base
of the clamping system to monitor the magnitude of the input force. Afterwards, the dis-
placement of the tip was tracked by a laser interferometer with 50 um resolution, giving
a relative error of 2.5% for the measurements at resonance. Normally, the acceleration
magnitude range used was 0.1+0.02 g. The voltage levels were measured both with an
oscilloscope using a 10 MQ attenuation probe, and a National Instruments Acquisition
Card with a dedicated Labview routine.

Meanwhile, the parameters of the equivalent circuit at resonance were investigated
with a network analyzer (Keysight E5061B). Clamped capacitance, impedance and phase
were measured for a specific set of frequencies (from 10 Hz to 100 kHz) at room temper-
ature, after the calibration of the spectrum analyzer at 50 Q. The samples showed very
small dielectric losses (0.24%), confirming the good quality of the single crystal, and a
capacitance of 5.8 nF at 2 kHz. In Fig. (5.10) the impedance spectrum is fitted by us-
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Figure 5.9: Experimental setup in T&F department, FEMTO-ST.

ing RLC circuit model at resonance. The figure shows a resonance and anti-resonance
frequency, which are corresponding to the short- (104.5 Hz) and open-circuit (105.9 Hz)
frequencies. The simulation given from the equivalent circuit is in good agreement with
the measurement, and we can use the experimental identifications to calculate the cor-
responding parameters for the harvester. In particular, it was estimated the quality factor
(Q = 396) and the modified structural coupling (k2, = 0.028), these values were obtained

from the equivalent circuit.
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Figure 5.10: Impedance and phase measurement for LINbO3 harvester at resonance.

After the characterization of the structure with the spectrum analyzer, we have pro-
ceeded to test the device under constant sinusoidal excitation using the shaker, in order
to investigate the harvesting capabilities of the device. Fig. (5.11a) depicts the results from
the measurement in open circuit condition of voltage and displacement. The voltage and

displacement signals were measured under 0.1 g base acceleration at the frequency of
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105.9 Hz, showing 42.8 V and 1970 um peak to peak respectively. Eventually the force

factor o was estimated to be 0.13 mN.V L.

Table 5.4: Experimental identifications for (YX1)/128° LiNbQOgs /Si harvester.

ComF) M(g) C@mN.sm!) KN.m) o@mNV1

5.8 0.23 0.38 98.08 0.13

Measuring the voltage response in the frequency domain, we found that even at low
acceleration level, the magnitude of the displacement was high enough to experience air
damping, which lowered the quality factor of the beam. In Fig. (5.11b) we present the
voltage response in open circuit measured with an attenuated probe 10 MQ, where the
harvester showed a voltage peak of 15.1 V (RMS). Eventually, from this measurement, we
have estimated the quality factor considering the width of the voltage response at 3 dB,
which provided the final value of Q = 194. Moreover, we can see also that the structure
shows light non-linearities which are bending the voltage peak towards lower frequen-
cies. This effect was modeled in some recent works [17], and is an effect that is related to
softening of the silicon substrate. The second curve in the figure is simulated with FEM
and shows the linear behavior of the harvester reaching a voltage peak of 16 V (RMS). The
modeled peak presents a shift towards higher frequencies, which has the value of 106.2
Hz. The values were in good agreement with the simulations, even though the voltage lev-
els seems to be slightly overestimated, the reason could lie in the fact that non-linearities
were not taken into account in the FEM model. Anyways, the bending mode of the beam
was attained in the expected frequency range and at low acceleration levels, which are
compatible with car environment.

As stated in the previous chapter, an important feature is the product between cou-
pling, k;,, and quality factor Q. For our device we have estimated a factor k?,Q=5.3, which
is related to lightly coupled harvesters. If we make a comparison with other single crys-
tals, the values are in the same order of magnitude of other materials [18]. One of the
advantages of using LiNbOs is the low dielectric losses, which are one order of magnitude
lower than in commercially available ceramics.

Finally, to estimate the harvester performances, we have measured the power using a
full bridge rectification circuit (Fig. 5.12). The circuit was essentially composed by four
1N4148 diodes (Fast Switching Diode) and one smoothing capacitor, C;, (12 uF), followed
by a resistive load R;. The rectified voltage Vpc is used to estimate the power output as in
P= V%C. In the case of lightly coupled regime, we can expect to have two power peaks for
the two frequencies observed at short- and open-circuit conditions.

A comparison between simulated (Eq. 4.120) and experimental power is given in

Fig. (5.13a). The transparent surface represents the simulated power using the proposed
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Figure 5.11: Characterization of (YX1)/128° LiNbOg3 /Si dynamic response: (a) displacement
and generated voltage obtained through dynamic excitation with acceleration of 0.1 g. (b)
Experimental and FEM voltage as a function of normalized frequency.
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Figure 5.12: Standard full-bridge rectification circuit.

model, while the opaque surface depicts the experimental data. The measured power
varied with the resistive load and the frequency as expected. We found two power peaks
one relative to the short-circuit resonance (around 50 kQ2) and one at open circuit (2.6
MQ). These values are slightly different from the one observed in the model, the reason
could be the difference in the quality factor due to non-linearities at resonance, or diode
loss. Moreover, the used diodes had high voltage threshold (typically 0.6 V), this resulted
in having losses for the short-circuit resistive load, where the voltage level was below 1 V.
For this reason, we could not attain identical power peaks as showed in the simulation,
since diode losses were not taken into account in the model. However, as we can see in
Fig. (5.13b) the optimal rectified power output was estimated to be 29 pyW and 41.5 uW,
for the two peaks, in continuous excitation, respectively. Even though the SC peak is not
as high as expected, the result for OC is in good agreement with the expected behavior of
lightly coupled energy harvester. Furthermore, we could use lower threshold diodes two
use in the rectification circuit or implement a voltage doubler to avoid important diode
losses.

Finally, considering the low acceleration level, the obtained power density is consider-

ably high (965 uW/cm?/g?) for a lead-free material. In fact other devices that are working
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Figure 5.13: Power output of (YX1)/128° LiNbOs /Si harvester: (a) theoretical (transparent)
and measured (opaque) power surface. (b) Comparison of simulated and experimentally
measured maximum power peaks in frequency domain.

in such conditions can attain similar power levels but are using typically two piezoelectric
layers in bimorph configuration. Even if in the literature LiNbO3 bimorph are fabricated
with inversion layers [19], the use of bulk crystals, is limiting their implementation with
low power electronics, having very low capacitance. Meanwhile our thick film implemen-
tation resulted in having a considerable rectified power response in the lightly coupled
regime with an optimized capacitance in nF scale. With this approach, it is possible to

obtain LiNbOs on silicon harvester with state of the art performances.

5.3.3 Summary

After the optimization of the hetero-structure properties through the study of orientation
of LiNbO3; wafer cuts, it was possible to fabricate a new batch of piezoelectric harvesters.
The device showed resonance frequency at 105.9 Hz, and 42.8 V peak-to-peak voltage re-
sponse, with 5.8 nF clamped capacitance. From these results we could estimate a power
density of 965 uW/cm?/g?, that is among the highest results compared to both lead and
lead-free current devices. In Tab. (5.5), the normalized power densities of low frequency
energy harvesters are presented. The presented state of the art, is a selection of works
for both micro-scale devices [20, 21], exploiting materials that are deposited by means of
micro-fabrication techniques, and meso-scale [22, 23] exploiting commercially available
ceramics or single crystals. Although they have different dimensions, their power is nor-
malized by the active surface and frequency for a fair comparison. Few notable exceptions
are showing higher normalized power density compared to our prototype. Generally, in
the state of the art the trend is to report instantaneous power, while we present recti-
fied power, confirming that is possible to implement successfully LiNbO3 with a standard
electronic interface. Moreover, they have the advantage of using bimorphs on metal sub-

strates [21, 22] or expensive singles crystal materials [24]. Anyways, our device resulted as
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the best alternative compared to Pb-free materials.

Compared to our previous results, the product k2,Q was increased by one order of
magnitude (k%lQ:S.?)), using a silicon tip mass and considering thinner substrate. Fur-
thermore, the frequency response was reduced to match the environmental frequencies
present in cars, and can be also tuned with the use of appropriate tip mass thickness. The
next challenge is integrating more flexible substrates, such as metal foils that can pro-
vide more robust and reliable devices with improved design. Concerning the electronic
interface, we recommend using lower threshold voltage diodes in order to reduce losses
in the case of small resistive loads. Eventually also non-linear electronic interface can be

implemented in order to further improve the harvester performances.

Table 5.5: Comparison of piezoelectric high power density (PD) generators. The works se-
lected represent the state of the art for low frequency based devices. The power is normalized
with respect to the active area, acceleration level and frequency.

Material Power  Area ‘@  Frequency Areal PD Areal NPD Ref.
(UMW)  (mm?) (g (Hz) (MW.cm™2.g7%) (uW.cm™2.g"2.Hz™})
PZT 423 54 1.5 143.5 348 243 (25]
PZT 321 55 3 100.8 65 0.64 (26]
PZT 9 385 0.15 72 1039 14.43 [21]
PZT-5H 40 204.16 0.2 36 490 13.61 [22]
PMN-PT 1850 50 3.2 102 361 3.54 [27]
PZN-PT 430 72 0.3 37.5 6336 176.95 [24]
KNN 3.62 5 1 132 72.4 0.55 (20]
AIN 32 65.32 0.5 58 196 3.38 (28]
PVDF 8.59 180 0.5 30.8 19 0.62 (23]

LN (YX1)/128° 41.5

430

0.1

105.9

965

9.11

5.4 LiNbOj3; Harvesters on Metal

After the experience gained in the micro-fabrication of LiNbO3 devices on silicon, few
challenges have surfaced. First of all the current vibrational energy harvesting technol-
ogy on the market is based on metal or acrylic substrates. In fact, for PZT it was shown
that using high quality factor substrates like nickel or stainless steel, we can increase the
performances of the harvesters [21]. Moreover, the robustness of the devices is improved
in comparison with silicon [29]. Nevertheless, silicon remains an affordable and reliable
alternative for up-scaling the micro-fabrication process, especially for MEMS scale de-

vices, but in general, companies see the alternative of metal or acrylic more attractive and
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cost efficient. For this reason we have implemented a new fabrication process that can
successfully bond high quality LiNbO3 crystals on metal substrates, using Au-Au bond-
ing. The advantages in using Au as a bonding material are several. First of all it is a very
effective electrode, and the fabrication of thin films by sputtering or evaporation is cost
efficient when used on large wafer surfaces. With this approach, several devices can be
fabricated from the same substrate, which up to now can be done on a wafer as large as 6
inches. Finally, compared to other kinds of glue or conductive paste, the layer is very thin,
and it doesn't affect the mechanical properties of the device. The quality of the bonding
that we can attain is reliable, and in principle can be implemented at room temperature

on different kind of hosts.

In the simulation, we have used the material properties of brass to simulate a simple
beam and to investigate its electro-mechanical coupling. The first aspect of the consid-
ered simulation was the thickness of the piezoelectric element to attain during the fabri-
cation process. We have used both FEA and Comsol to derive a model to study the uni-
morph coupling in order to optimize its performances, and also to tune it to lower fre-
quencies compared to the silicon counterpart. Once found the correct geometry, we have
simulated its voltage response, while the power output was simulated with the lumped
model approximation for a full bridge rectification circuit. In this section we will present
the devices that were implemented on metal substrates, and we will analyze their perfor-

mances.

5.4.1 Modeling

To model the samples on metal we have used extensively the Finite Element Analysis
proposed in Chapter 4. One of the goal was to optimize the coupling of the system and
tune the structure to the frequency bandwidth desired. As in the case of silicon, we have

counter-checked the results for the model using also FEM software Comsol Multiphysics.

In order to ease the interpretation of comparative results, we find useful to emphasize
the most important highlights of our approach below. We can start the analysis of the
electro-mechanical problem with Hamilton’s Principle for a beam clamped-free in bend-

ing conditions:

6[ (T =) dV+5f7//dS:O (5.3)
\% S

where  is the kinetic energy term, % the potential energy for the considered volume

V, and # is the work done by external forces on the boundaries of the structure.

We add to the hypotheses of cylindrical bending and pure extension, the piezoelectric
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effect in transverse direction ds;, therefore we get the following conditions:

Uy =—X3ws1+u
us = ws (5.4)

¢ = f(x3)

where x;3 is the vertical coordinate with origin at the level of the neutral plane, (u;, u3)
are local displacements and (w,, ws) represent global displacements. w; is the axial dis-
placement of the cross-section measured at the neutral plane, and ws is the vertical dis-
placement of the neutral plane when we bend the plate. Finally, ¢ is a function of x3, and
represents the piezoelectric potential arising from the bending of the structure, where the
piezoelectric effect is exploited in transverse mode using ds; coefficient.

We compute the coordinate, z,, for the neutral fiber of the bender as:

2 2P
hy,s1, = hisyy

" 2(h,,s{1 + hisfl)

(5.5)

where h; and h,, are the thickness of the substrate and piezoelectric element, while s{l
and sf , the compliance element in same configuration.
Now we can use the following sets of electro-mechanical equations to investigate the

potential energy derived from piezoelectricity:

Si= SIEIT] + deEk
I (5.6)
D; = di]TJ +€l-jEj

Here, TF and E are the independent variables in the differential forms of the potential
energy variations. Now we can rewrite the variational principle in terms of the energy

potential given by the piezoelectricity:

f(63‘—6x)dv+f87//ds:0
\% S

where we found that the proper form of variation of enthalpy (px) is written as follows:

fpﬁxd\/:f
\% \%

Finally, the variations of x can be expressed in terms of the variations of well-defined

av. (5.7)

1 d d;
— (S1 —d31E3) 681 - (isl + (Egg — ﬁ) Eg) 6E3
S11 S11 S11

derivatives of the unknown continuous field-variables, w,, w3 and ¢, deriving from our
hypotheses. On the other hand, the volume integral of kinetic energy in harmonic regime

contributing to Hamilton’s principle is:

[ZSS’TdV:fpwzﬁ-SiZdV. (5.8)
\% \%
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From the kinematic hypotheses (5.4), we obtain:
f 0J dV = u)zf P [(—X3 w31+ wl) (—X38W3,1 + 6w1) + w38w3] av
v \%

After substituting the interpolations in the integral variation of kinetic energy, poten-
tial energy and work done by external forces, the variational equation is put in the follow-

ing form:

e

Y fv [B(x)]"[DI[B(x)] dV, - »? fv IN()I T [plIN(x)] dV, | {U"} = fs NI {f} dSe

S

K MJe 1By
(5.9)

In this equation, U” contains the DOFs, B” the derivatives of interpolating functions
required to compute the generalized unknown (our dependent variables) consisting in
the curvature, ws 11, the stretch, w) ;, and the distinct values of the gradient of potential,
¢ 3, occurring in the piezoelectric layer. D the material characteristics integrated or sep-
arated over z, N all shape functions, p the integrated mass density. Here, the e subscript
denotes the index used for numbering the elements. Eventually, L and b are the total
length and width of the beam.

The compact form for our system will be:

2 ([Ke] - w* M) {ur} = {£} (5.10)

Thanks to this formulation we can investigate the coupling by zeroing the determinant

of the stiffness and mass matrix:
det[K, — ©*M,] =0 (5.11)

Hence, we can find the OC and SC angular velocities and then calculate the coupling

using the following relation:
2 2
-
oc sc (5.12)

2
Woc

k=2
While considering the potential we can rewrite it in terms of the material properties of
the beam as:
€31 1 L

1 L
=B~ whe = (hy-2z,) wk, | b (5.13)

Pn 5

where we see that the potential in open circuit condition is proportional to the axial

displacement, w%, and the rotation, wé‘ 1» of the right end of the beam. Moreover we have
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Figure 5.14: Detailed description of harvester micro-fabrication (YX1)/128° LiNbOg /Brass:
(a) optical image of diced cantilever; (b) SEM image of hetero-structure cross-section (75
um LiNbOs , 79 um brass).

specified the dependency on the electro-mechanical coupling factor, k;;, as well as the

piezoelectric coefficient, e3; and, capacitance .

5.4.2 Discussion and Results

In Fig. (5.14a) we present the (YX1)/128° LiNbO3 /Brass cantilever after micro-fabrication
process and ready for testing. The piezoelectric layer was lapped selectively to leave a
thicker region which can be used as clamping or tip mass (50 mm? x 0.35 mm) during
the dynamic investigations. For a simple beam, the active area was eventually 26 mm
by 10 mm. Finally in Fig. (5.14b) we can see the cross section after dicing of one of the
fabricated specimen. The brass layer was 79+2 um thick while the LiNbO3 was 75+2 pm.
Finally the samples were installed on the aluminum clamping structure which was used
also as top electrode connection, while a PCB board was serving a ground electrode (Fig.
5.15).

Figure 5.15: (YX1)/128° LiNbO3 /Brass harvester mounted on shaker with accelerometer to
monitor base acceleration.
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Similarly to the characterization of silicon samples, the first step was the investigation
of the coupling. In order to confirm the predictions of FEA model, we have fabricated a
batch of samples with different thicknesses to find the optimal conditions of transduc-
tion. The impedance spectrum of one sample is shown in Fig. (5.16a). The simulated
values of the equivalent parameters was slightly overestimating the position of short- and
open-circuit frequencies, leading to higher coupling predictions. For the whole batch of
samples, the frequency response was ranging from 50 Hz to 140 Hz. Also in this case,
the dielectric losses of the piezoelectric element were low, typically in the order of 0.1%.
From the measurements, we have calculated the coupling coefficient and quality factor
of the structures, finding the k? and Q. In Fig. (5.16b) we can observe the study of the
coupling in terms of piezoelectric layer thickness with both FEA and Comsol. For simple
beams without tip mass we observed a k? maximum of 0.042 for a thickness ratio of Z—; =2
and a Q of 115. Instead for samples having a tip mass, the highest coupling observed was
k? = 0.03 and a Q=244, nevertheless, the thickness ratio for this specimen was not opti-
mized. In order to refine the simulations we measured with a three point bending system,
the Young modulus of the brass substrate, used for the fabrication, of 110 GPa. The sam-
ples fabricated on brass showed coupling in good agreement with the predicted results of
the FEA and Comsol modeling, even though the the simulations overestimated the values
of k?. One possible explanation could be the difference in electrode size between model
and real case, where we have patterned the top Cr/Au layer with a stencil mask which
does not cover the whole surface. Another point is the fact that we clamp directly on the
piezoelectric material, and this can reduce the overall effectiveness. Moreover, being the
simulation 2D, we considered plane strain configuration, where the piezoelectric strain
coefficient is given as deff = do3 — d2y %, which leads to a smaller value compared to plain
stress assumption (-23.5 pC/N). For this reason, we propose to implement 3D simulations
in order to have better approximation for upcoming investigations. Anyways, the pre-
dicted optimal thickness ratio was close to the observed one in the case of simple beams.
In terms of coupling, the cantilevers with tip mass showed better performance compared
to their simple beam counterpart, as expected. Further simulations can be implemented

in order to investigate specifically samples with tip mass.

After the investigation of the coupling and the parameters of the equivalent circuit,
we have analyzed the voltage and frequency response of the samples. The specimen were
positioned on the aluminum clamping system and connected to the electronic interface.
While the shaker was providing a harmonic sinusoidal excitation with 0.1+0.02 g RMS
magnitude, we monitored the input acceleration and measured the tip mass displace-
ment. The samples showed voltage responses between 4 + 13V, depending on the thick-
ness ratio Z—;. During the tests, we have observed non-linear behavior close to resonance
frequency. Specifically, samples with Z—; < 2 exhibited softening, therefore the voltage

peaks compared to what expected by simulations were shifting towards lower frequen-
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Figure 5.16: (a) Experimental and simulated data impedance and phase of (YX1)/128°
LiNbQOg3 /Brass harvester; (b) electro-mechanical coupling as a function of h;/ hy, for set of
fabricated samples on brass.

cies (Fig. 5.17a). Meanwhile, for ratio Z—; > 2 the samples exhibited a hardening behav-
ior, therefore the resonance was shifting towards higher frequencies (Fig. 5.17b). In both
cases we have preformed up and down frequency sweep, in order to see how the non-
linearities were affecting the system. The two phenomena, correspond to precise features
of substrate or piezoelectric layer. It is known that softening appears whenever the restor-
ing force decreases with the displacement, so it appears when h,, is smaller that h; [30].
This effect was observed also in the case of silicon which had a similar configuration.
Hardening instead, appears whenever the restoring force is increasing with the displace-
ment, and it occurred whenever around the optimal value of the thickness ratio. Hence,
as demonstrated in [17], it exists a critical film thickness for which the hardening or soft-
ening behavior is observed if the film thickness is below or above the specific ratio Z—;. In
our case, especially in the case of softening we saw that this effect can increase the band-
width of response of the device and also increase the voltage response. For the sample
represented in Fig. (5.17a), the frequency bandwidth was increased up to 1 Hz. As for
hardening we observed an increase of the displacement levels even for small excitation of

the device.

The final step of the characterization was the investigation of the harvesters power
response. We have calculated the force factor for the highest coupled device with and
without a tip mass. The results are showed in Table (5.6). The force factor for the two de-
vices is similar, even though it is slightly higher for the cantilever with tip mass. The other
samples shows higher capacitance due a thinner piezoelectric layer and much higher dis-
placement magnitude, reaching 3.15 mm peak to peak displacement at resonance. We
have observed that for the sample with tip mass the quality factor measured at -3dB, was

approximately 64 and the product of k,, Q, was lower than the simple beam counterpart.

Finally, we characterized the sample with tip mass, which showed the highest volt-
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Figure 5.17: Voltage response of the samples: a) softening of sample with thickness ratio Z—;

< 1. b) Hardening of sample with Z—; > 2.

Table 5.6: Experimental identifications for (YX1)/128° LiNbOs /Brass harvester.

ComF) M(g) C@mN.sm™!) KN.m™') o@mNV') k,Q Tipmass

1.25 0.13 0.24 26.63 0.032 1.92 Yes
2.63 0.03 0.09 3.84 0.021 4.82 No

age levels. Because the beam had lower factor k,,Q it presented only one power peak,
being the SC and OC frequencies very close one to another. Moreover, because of the
non-linearities, the two distinct peaks were not visible. Thus, we have approximated the
device to a piezoelectric generator at resonance. In Fig. (5.17a) we represented the volt-
age and displacement in open-circuit conditions. The voltage reaches 13 V peak for a
displacement of 510 um peak. We simulated the power output for a full bridge electronic
configuration, where we used four Schottky diodes (BAT41) and a smoothing capacitor
C, of 12 uE We had good agreement between simulations and measured data (Fig. 5.17b),
with just a small discrepancy at high load due to the charging time of C,. The maximum
power peak was found around 3 MQ and for a value of 15.9 pW at the resonance frequency
of 66.4 Hz.

5.4.3 Summary

In this last section of the chapter,  have presented our work regarding modeling and char-
acterization of LiNbO3 on metal substrate harvesters. The purpose of this work was to
find a suitable micro-fabrication route using Au-Au bonding of high quality LiNbOj3 single
crystals on metal hosts. We have investigated the properties of such devices with both FEA
and Comsol simulation in order to find the best configuration in terms of coupling. The

experimental results were in good agreement with the simulations, but the simple model
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Figure 5.18: Characterization of (YX1)/128° LiNbOg3 /Brass harvester with tip mass: (a) volt-
age and displacement in OC conditions; b) experimental and simulated power output as a
function of resistive load.

requires a further optimization, like an additional element in the FEA to refine the pre-
dictions, or a study of geometric non-linearity. In fact, the investigation in the frequency
domain showed a tendency of the samples to show non-linearities (softening or harden-
ing) which are depending on the thickness ratio between substrate and piezoelectric layer
(h;!hp). For all the specimens the frequency response was reduced, and the displacement
was improved reaching a maximum of 1.57 mm amplitude for the optimized simple beam
while providing 12.5 V peak at 0.1 g acceleration amplitude. Finally we have characterized
the power output of the sample with tip mass. For an active area of 260 mm? and an ac-
celeration of 0.1 g, the power density is equal to 612 uW/cm?/g?. Even though this value
is smaller than the silicon counterpart, if we consider the normalized power density, we

achieved 9.22 yW/cm?/g?/Hz, which is an improvement compared to previous results.

5.5 Conclusion

In this chapter we have summarized the results regarding the fabrication and characteri-
zation of the LiNbO3 harvesters. In particular, in Table 5.7 we present the comparison be-
tween the three different generations of LiNbO3 harvesters, in terms of volumetric power
density. We started our study from devices working at high frequency and high acceler-
ation levels on silicon. The harvesting capabilities for the first batch of samples, allowed
starting an RF sensor node. These high frequency harvesters (LN/Si-HF) have the highest
rectified power output, and even if they have the smallest volume, the normalized power
density is lower compared to the other devices mostly because high acceleration levels.
Therefore, we recommend the use of samples with similar features for application in in-
dustrial machinery or aerospace environments. Later on, we have implemented a new de-
sign considering samples with tip mass in order to increase the coupling and quality factor

of the device. Such structures presented lower resonance frequencies and successfully in-
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creased the power density by two order of magnitude. Moreover, we have optimized the
fabrication process to produce LiNbO3 harvesters on metal. The specimens were work-
ing under similar dynamic conditions, but further reduced resonance frequency and in-
creased robustness. Therefore, low frequency harvesters on silicon (LN/Si-LF) or metal
unimorphs (LN/Brass) highly improved the power density. Nevertheless, further opti-
mization is required regarding the coupling of the structures, even though the results ob-

tained are promising both in terms of frequency and power, for automotive applications.

Table 5.7: Experimental normalized power density for LINDO3 harvesters.

Sample fo Power @ Volume  Volumetric NPD

Hz) @W) (g @mm® @Wcem3.g2Hz

LN/Si-HF 1140 380 3.4 39 0.74
LN/Si-LF 1059 415 0.1 262.5 149.3
LN/Brass 66.4 159 0.1 64.6 371.2

Finally, in order to compare our devices to the most recent state of the art, we pre-
sented their areal power density and frequency response in Fig. (5.19). Where dimen-
sions are limited, hence MEMS scale, thin films are usually employed on thick substrates
with large tip masses. They work at high frequency and acceleration levels, therefore the
power density is bounded to few uW. LN/Si-HF belongs to this class of devices, even if it
does not present a tip mass, has similar performance to other Pb- or Pb-free harvesters.
Implementing the proposed MEMS design could theoretically enhance the performance
of our device at small scale.

More interesting, at mesoscale the power output is closer to mW scale and frequen-
cies are below 200 Hz. Here, both LN/Si-LF and LN/Brass have significant power den-
sity, showing superior performances compared to lead-free materials and comparable
results to PZT. Especially in the case of LiNbO3 on brass harvesters, we have obtained
a robust and reliable solution for automotive application, having still room for improve-
ments considering higher quality factor substrates or the fabrication of bimorphs. Over-
all, our devices show good performances and promising outcomes for the implementa-
tion of LiNbO3 as energy harvesting transducer and as an affordable alternative to lead-

containing materials.
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Figure 5.19: Comparison of state of the art harvesters for low and high frequency applica-
tion. LiNbOs devices displayed with the following notation: LiNbO3 on silicon device for
high frequency application (LN/Si-HF); LiNbO3 on silicon device for low frequency appli-
cation (LN/Si-LF); LiNbO3; on brass substrate for low frequency application (LN/Brass). All
the references are given in the Tables 5.2 and 5.5.
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General Conclusion and Perspectives

In the framework of ITN ENHANCE, the work was done in collaboration with several part-
ners and institutions. While the fabrication part was mostly done at FEMTO-ST, other
work packages were completed in different institutions. For instance, the electronic in-
terface optimization for the harvesters at INSA Lyon, basic characterization of LiNbO3 at
EPFL, CVD and transducer simulations in both AIXTRON and CEDRAT, respectively, while
having interesting discussion online with other partners from ST-Microelectronics and
IMPERIAL College. This manuscript is the product of many exchanges also with people
from other teams and cities around Europe, from whom I have learned interesting new
concepts and thought about new ideas to improve the quality of my research. I have pre-
sented our work in 8 conferences, and we had many meetings between the partners to up-
date on the state of the works, and then share new information regarding most recent ad-
vancements, while contributing in a collective way to the progress of the project through
deliverables and work packages. Especially for me and other ESRs which are working on
the implementation of materials as energy harvesters, it was particularly important to
provide experimental data or devices in order to explore new significant research aspects

of the project.

We have started our work on a well known material, LiNbO3 , which was barely used
in energy harvesting, to explore new interesting possibilities and find an alternative for
applications that are efficient, eco-friendly and economically competitive. The EU reg-
ulation is banning lead containing materials from the market with few exceptions (bio-
medical and military applications), so the need of finding new materials is one of the first
concerns in this topic. We have accepted the challenge of working with LiNbOs3 , and we
have found interesting ways to introduce it in the vast landscape of energy conversion.

As a first step towards the implementation as energy harvesting material, we have
started the study from the orientation aspects, considering its anysotropy and the dif-
ference with the other well established materials. We have demonstrated that especially
in terms of coupling and figure of merit, LiNbO3 presents very interesting performances

which are well suited for energy harvesting applications. Previously the material proper-
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ties of LINbO3 were investigated mostly for acoustic and optic devices, and rarely as a har-
vester. In terms of electro-mechanical properties, for commercially available (YXI)/128°
LiNbO3 the transverse coupling is kp3=0.49, hence comparable or even higher than Pb-
based materials ( k3; for PZT-5A and PZT-5H is 0.34 and 0.44, respectively), and gener-
ally higher than Pb-free materials (AIN, KNN, ZnO etc.). Also the FOMs, both for strain
or stress driven harvesters, are comparable to Pb-based materials, for instance LiNbOs3
has FOM" of 0.61 MJ.cm~2 while PZT-5A has 0.51 MJ.cm 2. The following step was the
implementation and the fabrication of the piezoelectric films. First we have considered
the MOCVD growth of thin films but with limited thickness of the samples (50-500 nm).
Therefore we have moved to the integration of single crystal LiNbOj3 films with optimized
fabrication route, considering thick films (5-100 pm). The thickness, and especially orien-
tation, were considered in this part of the study to match and improve the harvester per-
formances. We have investigated both theoretically and experimentally different LiNbO3
single crystal cuts, and we have identified (YX1)/128° as the best option for piezoelec-
tric transduction (FOM/=26.6 GJ/m3). Moreover, we have demonstrated the pyroelectric
capabilities of LiNbQOj tilted cuts, but further developments are required for implemen-
tation in energy harvesting. On the other hand, we have considered during the design
phase, key aspects such as capacitance of the piezoelectric films and electronic interfac-

ing, in order to move towards a global optimization approach.

With the first design proposed of LiNbOj3 /Si, we have obtained state of the art results
(0.74 yW.cm™3.g72.Hz™!), but still the prototypes needed further optimization in terms
of acceleration levels and frequency response. Consequently, we have introduced other
step in micro-fabrication process and changed geometry in order to reduce resonance
frequency for matching vibration spectra of cars, and to increase the electro-mechanical
coupling of the system, achieving a normalized power density of 149.3 uyW.cm3.g~2 . Hz L.
Even though the results at his point were excellent, we have moved towards metal sub-
strates, trying to further increase coupling and to reduce frequency, while having more
robust structures. Therefore, we have optimized a new fabrication route implementing
metal foils as a substrate, and obtaining LiNbOj3 thick films (from 10 um to 80 um) on brass
in form of unimorph cantilevers. Finally, we have attained the best results in terms of nor-
malized power density (371.2 uW.cm™~3.g72.Hz"!) among the samples fabricated and we
have improved system robustness and reliability. If now we consider the state of the art,
we can see that the designed and fabricated LiNbO3 prototypes are generally comparable
or even better than both Pb-based (like PZT) and Pb-free materials. Some exception still
have better performances, but they implement very expensive materials like PZN-PT or
are designed as bimorph structures, hence effectively doubling the volume of the piezo-

electric layer under strain.

However, we can still elaborate and investigate more aspects of the work so far dis-

cussed. For instance, more progress can be achieved in the fabrication of LiNbO3 on
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metal substrate. In fact, we have optimized the parameters to implement stainless steel
as a host material, and the fabrication of unimorphs is a work in progress. Moreover, we
are also working on the implementation of two LiNbO3 wafers Au-Au bonded to the same
metal shim, for fabricating a bimorph structure. In virtue of FEA and FEM simulation
results, we have confirmation that coupling would increase for such a structure, theo-
retically improving also the performances. Anyways, we should carefully consider the
clamped capacitance of the piezoelectric layers, in order to obtain optimized impedance
matching conditions. So particular attention will be given to the thickness optimization of
the LiNbOj3 thick films. Besides, new exciting opportunities are arising from the first tests
on MEMS scale LiNbO3 /Si devices, where we are reducing the scale of LiNbO3 proto-
types and exploring new device topologies. Furthermore, on the field tests will take place
in collaboration with PSA Group using the fabricated LiNbO3 harvesters with optimized

electronic interface, to ensure the possibility of final device integration.
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Résumé: Cette these fait partie du projet EN-
HANCE (Piezoelectric Energy Harvesters for Self-
Powered Automotive Sensors : from Advanced
Lead-Free Materials to Smart Systems) du réseau
de formation innovant Marie Sklodowska-Curie,
qui est lié a la récupération d’énergie pour les ap-
plications automobiles, en particulier de I'énergie
vibratoire et thermique pour les capteurs autoal-
imentés. Dans cette thése, nous avons étudié
le matériau piézoélectrique sans plomb LiNbOs3
comme transducteur pour les applications de
récupération d’énergie, en mettant’accent sur ses
propriétés matérielles optimisées et son interface
électronique. Nous avons exploré toutes les voies
possibles de micro-fabrication des films LiNbO3
, avec des approches top-down ou bottom-up,
afin d’obtenir des films LiNbO3 de haute qual-
ité. Nous avons présenté a la fois des films PI-
MOCVD qui peuvent étre développés de maniére
texturée sur des substrats de silicium, et des films
épais de monocristaux LiNbO3 Au-Au colleés au
silicium ou au métal. Nous avons optimisé le

Titre: LiNbOs films: intégration pour la récupération de I'énergie piézoélectrique et pyroélectrique.

Mots clés: Récupération d’énergie, niobate de lithium, piézoélectricité, pyroélectricité

couplage et les propriétés électro-mécaniques des
transducteurs LiNbO3 par des simulations par élé-
ments finis et 'étude de l'orientation. Finale-
ment, nous avons démontré expérimentalement
que LiNbOj3 (YX1)/128° est la meilleure orientation
pour les applications de récupération d’énergie vi-
bratoire. Enfin, nous avons atteint une densité de
puissance normalisée de 371,2 pW.cm3.g2. Hz !
en utilisant la structure composite proposée qui
vibre a la fréquence de résonance, ce qui est
parmi les meilleures valeurs méme par rapport
aux matériaux a base de plomb (et autres matéri-
aux sans plomb) disponibles dans le commerce.
En outre, nous avons satisfait I'objectif de fournir
une tension de sortie redressée dans la gamme
1-3 V a partir de transducteurs sans plomb, ob-
tenant pour des systemes de dimensions com-
pactes (< 1 cm3), une figure de mérite piézoélec-
trique de 26,6 GJ/m® avec un facteur de qualité
mécanique considérable (> 100), et des fréquences
opérationnelles dans la gamme de 10-500 Hz
disponibles dans les véhicules.

Abstract: This thesis is a part of the Marie
Sklodowska-Curie Innovative Training Network
(ITN) ENHANCE project (Piezoelectric Energy Har-
vesters for Self-Powered Automotive Sensors: from
Advanced Lead-Free Materials to Smart Systems),
which is related to energy harvesting for auto-
motive applications, specifically for vibrational
and thermal harvesting for self-powered sensors.
In this thesis, we investigated lead-free LiNbOs
piezoelectric material as transducer for energy
harvesting applications, with special focus regard-
ing its optimized material properties and elec-
tronic interface. We explored all the possible
routes of micro-fabrication for LiNbOg films, with
top-down or bottom-up approaches, in order to
achieve high quality LiINbO3 films. We presented
both PIMOCVD films which can be grown tex-
tured on silicon substrates, and thick films from
single crystal LINbO3 Au-Au bonded to silicon or

Title: LiNbOs films: integration for piezoelectric and pyroelectric energy harvesting.

Keywords: Energy harvesting, lithium niobate, piezoelectricity, pyroelectricity

metal. We optimized the coupling and electro-
mechanical properties of the LiNbO3 transduc-
ers by finite element simulations and orientation
study. Eventually, we demonstrated experimen-
tally that LiNbO3 (YX1)/128° is the best orientation
for vibrational energy harvesting applications. Fi-
nally, we attained a normalized power density of
371.2 pW.cm~3.g72.Hz"! by using the proposed
composite structure vibrating at resonance fre-
quency, that is among best values even compared
to lead-based (and other lead-free) materials com-
mercially available. Furthermore, we fulfilled the
objective to provide rectified output voltage in 1-3
V range from Pb-free harvesters, achieving for sys-
tems of compact dimensions (< 1 cm®), a piezo-
electric figure of merit of 26.6 GJ/m? with consid-
erable mechanical quality factor (> 100), and oper-
ational frequencies in the range of 10-500 Hz avail-
able in vehicles.
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