
 

 

 

 

 

 

 

 

 

Dissertation 
 

 

Energy Harvesters and Low Power MEMS Strain 
Sensors for Wind Turbine Applications 

 

 

 

Zur Erlangung des akademischen Grades 

Doktor der technischen Wissenschaften (Dr. techn.) 

 

Institut für Sensor- und Aktuatorsysteme 

Technische Universität Wien 

 

 

 

Dipl. Ing. Matthias Schlögl 

Matrikelnummer 0626613 
 

 

 

Wien, 2023



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rigorosum: Wien, März 2023 

Betreuer: 

Univ.-Prof. Dr.rer.nat. Ulrich Schmid 
Technische Universität Wien, Österreich 

Gutachter: 

Prof. Dr.-Ing. Marc Christopher Wurz 
Leibniz Universität Hannover, Deutschland 

Univ.-Prof. Dr.sc. Silvan Schmid 
Technische Universität Wien, Österreich   



 

 

AAbbssttrraacctt  
This thesis is about the fabrication of a hybrid piezoelectric/electromagnetic energy harvester and a 
piezoelectric MEMS resonant strain sensor for wireless sensor nodes to monitor wind turbine rotor blades. 
In addition, piezoelectric materials, namely aluminum nitride and its alloyed variants AlScN and AlYN, are 
investigated for the piezoelectric energy harvesting component as well as for the low-power strain sensor. 

The optimal sputter deposition conditions of aluminum nitride alloyed with scandium and yttrium were 
studied by varying power, pressure and gas composition. The microstructure of the resulting thin films was 
analyzed by X-ray diffractometry, scanning electron microscopy, transmission electron microscopy and 
energy dispersive X-ray spectroscopy whereas the best thin films showed a highly c-axis oriented, columnar 
crystal structure for both alloying elements. Additionally, the piezoelectric coefficient 𝑑33 and the intrinsic 
thin film stress 𝜎 were characterized. For the first time, piezoelectric 𝐴𝑙0.91𝑌0.09𝑁 thin films were sputter 
deposited, showing an increased 𝑑33 of 7.79 𝑝𝐶 𝑁−1 compared to pure AlN and matching the theoretical 
predictions of density functional theory predictions. The 𝐴𝑙0.71𝑆𝑐0.29𝑁 thin films showed also increased 
piezoelectric values, similar to those published in research. Both alloying materials showed a very high 
compressive stress of more than 1 𝐺𝑃𝑎 which led to the development of a new stress tailoring sputter 
process. Through this process it was possible to reduce the compressive intrinsic stress by 76% for pure AlN 
and by 50% for 𝐴𝑙0.71𝑆𝑐0.29𝑁. Simultaneously, the piezoelectric coefficients were slightly increased by 14% 
and 9% for AlN and 𝐴𝑙0.71𝑆𝑐0.29𝑁, respectively. These material-related results were the basis for their 
integration into piezoelectric harvesters and the MEMS strain sensors. 

The hybrid energy harvester is specifically designed for the use in a rotor blade of a wind turbine with a 
targeted output power of 10 𝑚𝑊. It contains a piezoelectric harvesting element based on a cantilever 
structure including a magnetic proof mass, which gets excited through magnetic plucking initiated through 
the electromagnetic harvesting element containing a bigger movable permanent magnet. The piezoelectric 
harvester is fabricated at the institute´s cleanroom facilities. Next, the hybrid energy harvester is 
characterized in the lab by measuring the output voltage and output power of the two harvesting elements 
separately. Additionally, it was successfully tested in a real-world wind turbine over a period of four days. 

The MEMS strain sensor Is based on a piezoelectric microbridge resonator, whereas the piezoelectric 
material is used for excitation and sensing. Different MEMS microbridge designs were fabricated with 
varying length, width and thickness. The mechanical frequency spectra as a function of strain and the mode 
shapes of the sensor devices were characterized by laser Doppler vibrometry. Additionally, the devices were 
electrically characterized by impedance spectroscopy, with special focus on the conductance spectra as a 
function of strain. Both measurement techniques were compared to each other and the influence of the 
device dimensions on both measurement techniques were analyzed in detail. A frequency dependent gauge 
factor of the strain sensor was developed, showing very high values up to 6 500, representing a fourfold 
increase to current state-of-the-art strain sensors. The Q-factor as a function of strain was measured and 
showed an interesting behavior, especially for devices with increased width. Additionally, several effects like 
buckling due to the presence of a high, compressive thin film stress, curve veering due to the varying 
influence of strain on different modes and non-linear resonance phenomena were studied. Finally, the 
previously mentioned stress-tailoring sputter deposition process was integrated to fabricate low stressed 
sensor devices. Those devices showed an improved sensor behavior with an increased gauge factor of up to 17 000, which represents, to the best of the author`s knowledge, one of the highest measured gauge factors 
of strain sensors reported in literature. 



 

 

  



 

 

KKuurrzzffaassssuunngg  
Diese Arbeit beschreibt die Herstellung eines hybriden piezoelektrischen/elektromagnetischen Energy 
Harvesters und eines piezoelektrischen, resonanten MEMS-Dehnungssensors für den Einsatz in drahtlosen 
Sensorknoten zur Überwachung von Rotorblättern von Windturbinen. Zusätzlich wurde die Eignung von 
gesputtertem Aluminiumnitrid und entsprechende Legierungsvarianten auf Basis von Scandium und Yttrium 
auf ihren möglichen Einsatz in piezoelektrischen Energy Harvestern und low-power MEMS-
Dehnungssensoren hin untersucht. 

Die optimalen Abscheidebedingungen für gesputtertes Aluminiumnitrid, dem Scandium und Yttrium 
zulegiert wurde, wurde durch Variation von Plasmaleistung, Kammerdruck und Gaszusammensetzung 
ermittelt. Die Mikrostruktur der abgeschiedenen Dünnfilme wurde mittels Röntgendiffraktometrie, Raster-
Elektronenmikroskopie, Transmissions-Elektronenmikroskopie und Energiedispersive 
Röntgenspektroskopie untersucht, wobei die besten Dünnfilme ein kolumnares Schichtwachstum und eine 
hohe c-Achsenorientierung aufweisen. Zusätzlich wurden der piezoelektrische Koeffizient 𝑑33 und der 
intrinsische Dünnfilmstress 𝜎 charakterisiert. Zum ersten Mal wurden 𝐴𝑙0.91𝑌0.09𝑁-Dünnfilme mit 
piezoelektrischen Eigenschaften abgeschieden, wobei der 𝑑33 7.79 𝑝𝐶 𝑁−1 betrug, wie von der 
Dichtefunktionaltheorie Berechnung vorhergesagt. Die 𝐴𝑙0.71𝑆𝑐0.29𝑁-Dünnfilme zeigten erhöhte 
piezoelektrische Koeffizienten mit Werten für den 𝑑33, wie sie in der Literatur zu finden sind. Beide 
Legierungen zeigten sehr hohe, kompressive Stresswerte von über 1 𝐺𝑃𝑎. Dies führte zur Entwicklung eines 
modifizierten Sputterprozesses, mit dem es möglich ist den intrinsischen Stress zu verringern. Dadurch 
konnten Schichten abgeschieden werden, bei denen die Druckverspannung in AlN um 76% und bei 𝐴𝑙0.71𝑆𝑐0.29𝑁 um 50% reduziert wurde. Anschließend wurde versucht die Erfahrung aus diesem Teil der 
Arbeit in die Realisierung von piezoelektrischen Energy Harvestern und resonanten MEMS-Dehnungssensor 
zu integrieren. 

Der hybride Energy Harvester wurde speziell für den Einsatz in Rotorblättern von Windturbinen mit einer 
spezifizierten Ausgangsleistung von 10 𝑚𝑊 entwickelt. Er beinhaltet einen piezoelektrischen Harvester 
basierend auf einem Cantilever mit einer zusätzlichen magnetischen Masse an der Spitze des Cantilevers. Er 
wird durch eine magnetische Impulsanregung in Schwingung versetzt, die durch den elektromagnetischen 
Harvester, der einen größeren beweglichen Permanentmagneten beinhaltet, erzeugt wird. Die Herstellung 
des piezoelektrischen Energy Harvesters wurde im institutseigenen Reinraum durchgeführt. Die 
Charakterisierung der beiden Harvester erfolgte separat im Labor durch Messung der Ausgangsspannung 
und der generierten Ausgangsleistung. Zusätzlich wurde ein erfolgreicher Feldtest in einer Windturbine über 
einen Zeitraum von vier Tagen durchgeführt. 

Der MEMS-Dehnungssensor basiert auf einer piezoelektrischen, resonanten Mikrobrücke, welche in 
verschiedenen Dimensionen hergestellt wurde. Dabei wurde Länge, Breite und Dicke des Mikrobalkens 
variiert. Das mechanische Frequenzspektrum als Funktion der Dehnung und die Modenformen der 
Sensorelemente wurden mittels Laser-Doppler-Vibrometrie ermittelt. Zusätzlich wurde die elektrische 
Antwort des piezoelektrischen Materials durch Impedanzspektroskopie aufgenommen, wobei der Fokus auf 
dem Leitfähigkeitsspektrum als Funktion der von außen angelegten Dehnungswerte gelegt wurde. Beide 
Messtechniken wurden verglichen und der Einfluss der verschiedenen Geometriegrößen auf die 
Messergebnisse analysiert. Ein frequenzabhängiger Gauge Faktor wurde ermittelt, welcher sehr hohe Werte 
bis 6 500 zeigt, was einer vierfachen Erhöhung zu modernen Standard-Dehnungssensoren entspricht. Der 
gemessene Gütefaktor zeigte ein sehr interessantes und nicht vollständig erklärbares Verhalten, speziell bei 
Sensorelementen, welche sich in der Breite unterscheiden. Zusätzlich wurden Effekte wie das Beulen der 
Strukturen aufgrund des kompressiven Schichtstresses, Mode Veering aufgrund der unterschiedlichen 
Frequenzabhängigkeit der unterschiedlichen Moden von der Dehnung und nicht lineare Resonanzeffekte 
untersucht. Zum Abschluss wurde der vorher erwähnte Sputterprozess zur Herstellung von 
stressmodifizierten Dünnfilmen verwendet. Die modifizierten Sensorelemente zeigten einen erhöhten 
Gauge Faktor von 17 000, was einem Vielfachen der in der Literatur gemessenen Gauge Faktoren entspricht. 
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11.. IInnttrroodduucctitioonn  
In 1990 the Intergovernmental Panel on Climate Change (IPCC) released their first assessment 
report where they stated that since the second industrial revolution in the late 19th century the 
global mean surface temperature (GMST) has increased by 0.3 − 0.6 °𝐶 [1], an unprecedented fast 
rise in the last 10 000 years. The reason for this can be found in the natural greenhouse effect due 
to emissions of greenhouse gases like 𝐶𝑂2, methane, 𝐶𝐹𝐶𝑠 and other gases coming from human 
activities. For the years to come they predicted, under a “Business as usual” approach an increase 
of 0.3 °𝐶 per decade. Furthermore, they gave predictions of implications for an increase in GMST 
in the range of 1.5 °𝐶 to 4.5 °𝐶. Such an increase will lead to significant consequences in terrestrial 
ecosystems, water resources, human health, oceans and costal zones only to name the major areas. 
Over the following years the IPCC released several more assessment reports in 1995 [2], 2001 [3], 
2007 [4], 2014 [5] and 2022 [6] to reassess the situations and to include more areas of interest 
where research became available. 

During this time the assumption that manmade 
greenhouse gas emissions, especially 𝐶𝑂2 are 
mainly responsible for the current warming was 
more and more confirmed, compare Figure 1 with 
data taken from [7]. As a consequence, guidelines 
on how to counteract this threat were developed 
and as a reasonable goal a maximum increase of the 
GMST of 1.5 °𝐶 was set, which would keep the 
consequences on a manageable level. 

As of now the governments of this world recognized 
the importance of acting against climate change but 
failed yet to agree on how to turn the 
recommendations into action. In December 2019 
the European Commission announced the European 
Green Deal (EGD), which provides a roadmap for the 
European Union to translate their economy to achieve carbon neutrality by 2050 and fulfill their 
part to keep the GMST to 1.5 °𝐶 [8]. Beside the transformation of the transportation and 
agricultural sector, one of the key policies is the transition from carbon-based energy production 
like oil, coal or gas to sustainable energy sources like solar, wind, hydro or geothermal power only 
to name a few. Some forms of renewable energy sources have certain drawbacks, one of them 
being their non-continuous availability e.g., solar energy can only be generated during daytime if 
the sun is shining or wind energy is only available when there is wind. Therefore, a mix of several 
technologies including a significant increase in energy storage capacity is necessary. 

While the global primary energy consumption of renewable energy sources is estimated to be 27 870 𝑇𝑊ℎ in 2020, it only represents 12.5% of the total energy consumption, shown in Figure 2 
(a). One of the fastest growing energy sectors in the last decade was wind power with an annual 
share of 0.63% in 2010 and already 2.5% in 2020, compare Figure 2 (a) and (b) with data taken 
from [9]. For the close future the European Union released the “Fit For 55” package which targets 
an increased emission reduction of 55% by 2030 [10]. To realize this goal, it is estimated that EU 
total wind power capacity has to be increased to 451 𝐺𝑊 from 180 𝐺𝑊 in 2020 [11]. For the later 

 

Figure 1:  Yearly temperature anomalies, given as the 
deviation from 1951-1980 mean and 
atmospheric carbon dioxide concentration 
for the time period 1850-2020. Data taken 
from [7]. 
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future the European Commission anticipates an increase in offshore wind power from 23 𝐺𝑊 in 
2019 to 250 𝐺𝑊 by 2050. 

 

Figure 2:  (a) Total global primary energy consumption and (b) global primary energy consumption of 
renewable energy sources between 1900 and 2021 generated from data taken from [9]. 

To realize these goals, it is not only necessary to expand renewable energy generation, but also to 
increase its efficiency and operational lifetime. If thinking about time frames of 30 years and more, 
it also has to be considered that every wind turbine built today, most probably will not be in 
operation by 2050 due to its estimated average lifetime of 20-25 years [12], which is also true to 
some extend for photovoltaic based power generation systems [13]. Therefore, a compact system 
which continuously monitors certain key parameters of the energy generators would be most 
beneficial to circumvent premature end-of-live, to find inefficiencies due to wear as well as tear 
and to reduce costs for maintenance and service. 

11..11.. MMootitivvaatitioonn  
Wind turbines can be exposed to harsh weather 
conditions and therefore, must have a high 
tolerance to wear and tear. Additionally, regular 
maintenance is very important, due to various 
factors listed below, to keep the machines 
operational. However, not all wear and inefficiencies 
can be discovered by human inspection e.g., 
delamination or cracks inside the rotor blade 
material made of carbon-reinforced fiber. 
Additionally, the power and size of a single wind 
turbine increases every few years [15], [16]. In 2020, 1.5 𝑀𝑊 was state-of-the-art, whereas nowadays 
wind turbines with 10 − 12 𝑀𝑊 offshore and 5 −7 𝑀𝑊 onshore are built, compare Figure 3 taken from [14]. This also means that a reduction of 
lifetime or a reduction of power output through wear and misalignment of the turbine will also 
increase ten-fold. 

An extensive but not complete list of multiple sources of wind turbine wear effects is given in the 
following: 

 

Figure 3:  Historical and estimated wind turbine power 
and project size of offshore wind parks over 
a timeframe of 2000-2050 generated by the 
EU parliament [14] 
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• Delamination of rotor blade material [17]–[19] 
• Fabrication errors (bubbles) in rotor blade material [20]–[22] 
• Leading edge corrosion through precipitation [23], [24] 
• Damage through icing [23] 
• Lightning strikes [23] 
• Wear and tear on the foundation structure [23] 
• Corrosion (e.g. bolts of foundation or rotor blades) [25] 
• Wear on bearings [26] 
• Lubrication aging [27] 

Through maintenance, wear caused by all of these sources is regularly controlled but depending on 
the maintenance intervals or time between occurrence and discovery of a beginning deterioration, 
the consequential damage can significantly increase service and repair costs if not detected as early 
as possible [28]. 

Another factor reducing the efficiencies of wind turbines are misalignments of blade pitch and 
turbine yaw. The blade pitch refers to a method where the rotor blade angle of attack is varied 
depending on wind speed to maintain constant torque on wind turbines [29], [30], schematically 
depicted in Figure 2 (a). The pitch misalignment is mainly a calibration error, occurring during 
installation and commissioning at the wind site and leads to an increased torque on the wind turbine 
during high wind speeds – reducing its life time – and reducing the power output during low wind 
speeds [31]. Yaw misalignment refers to a deviation of the wind turbine’s nacelle orientation and 
the wind direction, shown in Figure 2 (b). This deviation can have multiple sources, one of them 
being a physical misalignment between the nacelle’s orientational axis and the weathervane or 
anemometer axes, typically installed behind the rotor blades. Another reason comes from the 
suboptimal placement of the anemometer, which measures wind directions behind the rotor 
blades, where the air is turbulent, which influences and often falsifies the measured wind direction. 
Wind turbine manufacturers account for that with a nacelle transfer function. As the turbine ages 
this transfer function must be adapted, otherwise the error leads to an increase in yaw 
misalignment with time. In an ideal case the wind direction and speed are measured several meters 
in front of the wind turbine, where it is not already altered by the wind turbine itself and the 
according parameters are calibrated against these measurements. This can be achieved by so called 
LiDAR measurement campaigns, where the LiDAR is installed on top of the nacelle and measures all 
possible wind conditions during a period of several weeks to months. Afterwards the LiDAR is moved 
to the next turbine and so on. This process is extremely time-consuming and therefore very 
expensive [32]. 

 

Figure 4:  Schematic representation of (a) pitch misalignment and (b) yaw misalignment of a wind turbine and 
its rotor blades. 
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One approach to all these problems could be a monitoring system containing sensor nodes 
measuring various physical quantities in the wind turbine and its rotor blades, like temperature, 
humidity, acoustic emissions [33], vibrational frequency spectra [34], [35] or dynamic strain 
characteristics [36]. With such a system aging effects or even small damages can be detected 
instantly and wind turbines can be stopped or maintenance schedules can be adapted to prevent 
further damage. This has been researched intensively in the last decade and showed promising 
results [33], [34], [37]–[39]. However, there are two main challenges when such sensor nodes are 
deployed, data transfer and power supply. For sensor nodes installed inside the tower or the nacelle, 
conventional cabling can be used. However, for sensor nodes installed inside a rotor blade, cabling 
becomes very challenging. While a sliding contact could be used for providing a connection from 
the turning rotor blade to the stationary nacelle, it is also prone to outages due to contact problems 
and wear of the contacts itself. Additionally, standardization guidelines make such a solution 
difficult. Furthermore, lightning strikes can lead to a destruction of the sensor nodes due to induced 
over-voltages [40]. 

A solution to all this could be wireless sensor nodes, where the node placed in the rotor blade 
transmits data to a base station in the nacelle without the need for cables between base station and 
sensor node. However, depending on the amount of data to transmit and the distance of the sensor 
node from the base station, a substantial amount of energy at least in the mW range or above is 
needed. Even big lithium-ion batteries cannot power such a sensor node for the required lifetime 
[34]. A solution to this problem is an energy harvester converting environmental energy into 
electricity and thus powering the sensor node. 

11..22.. OOuuttlliinnee  ooff  tthhee  TThheessiiss  
This thesis is about the fabrication of a hybrid piezoelectric/electromagnetic energy harvester and 
a piezoelectric micro electromechanical system (MEMS) resonant strain sensor for sensor nodes to 
monitor wind turbine rotor blades. In addition, piezoelectric materials, namely aluminum nitride 
with and without various dopants, are investigated for the piezoelectric energy harvesting 
component as well as for the low-power strain sensor. 

Chapter 2 gives an overview of state-of-the-art research for all three topics and analyses typical pros 
and cons for various competing alternatives. Chapter 3 describes in detail the MEMS fabrication and 
measurement methods used in this thesis. Chapter 4 describes the deposition and characterization 
of aluminum nitride as piezoelectric material, followed by an analysis of doping with scandium and 
yttrium to enhance the piezoelectric coefficient and other electrical parameters, such as the 
permittivity. In chapter 5 the hybrid piezoelectric/electromagnetic energy harvester is presented. 
First, a detailed explanation of the design and its fabrication is given, followed by a characterization 
in the lab where initial results were taken to further optimize the design. With this knowledge, a 
final prototype was built and tested in field measurements under real-world conditions in a wind 
turbine. Chapter 6 introduces a newly designed piezoelectric MEMS resonant strain sensor device. 
After an analysis of the design and its fabrication, detailed characterizations of the behavior are 
given and hypothesis of the root cause for certain unexpected results are made. At the end of the 
chapter a newly developed fabrication process for low-stress AlN deposition is introduced which 
improves the performance of the strain sensor substantially. Chapter 7 concludes the thesis and 
gives an outlook over further improvements of the two devices, also for other application areas. 
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22.. SSttaattee  ooff  tthhee  AArrtt  
This chapter gives a basic introduction on piezoelectricity and summarizes state-of-the-art research 
to piezoelectric materials used for the integration into MEMS devices. Specific applications areas as 
investigated in this thesis are in the field of wireless sensors nodes in wind turbines and for 
piezoelectric MEMS resonators enabling energy harvesting and low-power strain sensing. 

22..11 PPiieezzooeelleeccttrriicc  MMaatteerriiaallss  
Piezoelectricity is a property of certain solid materials to generate electrical charges when they 
experience mechanical strain, which is also called direct piezoelectric effect. In cases when materials 
are deforming as a result of applying an electric field, it is called indirect piezoelectric effect. 

The cause of this effect can be found in the 
point- or Centro symmetry of negative and 
positive partial charges, depicted in Figure 5. 
In an unstrained state (a), both negative and 
positive charge centers cancel each other out 
and the measured voltage between the 
opposing surfaces equals zero. In a strained 
state (b) the charge centers separate, which is 
measurable between the surface-electrodes 
as a polarization. In general, the piezoelectric 
effect can be described by four mutual related 
coefficients 𝑑𝑖𝑗, 𝑒𝑖𝑗, 𝑔𝑖𝑗  and ℎ𝑖𝑗  which relate 
the electrical to the mechanical material properties [41]. For materials like aluminum nitride the 
charge or strain coefficient 𝑑𝑖𝑗  is usually used. Depending on the directions of the applied force and 
the directions of the emerging polarization three piezoelectric coefficients can be defined, the 
longitudinal piezoelectric coefficient 𝑑33, the transversal piezoelectric coefficient 𝑑31 and the shear 
piezoelectric coefficient 𝑑15. 

In case the measured or applied electric field is in the same geometrical direction e.g., z-direction, 
as the mechanical strain, they are related through the longitudinal piezoelectric coefficient 𝑑33. The 
transversal piezoelectric coefficient 𝑑31 relates mechanical strains in the x- and y-direction to 
electric fields in the z-direction and the piezoelectric shear coefficient 𝑑15 relates share strains in x- 
or y-direction with electric fields in z-direction, shown in Figure 6 (a-c). 

 

Figure 6: Schematic of (a) longitudinal, (b) transversal and (c) shear piezoelectric coefficient. 

The transversal piezoelectric coefficient, the most important out of these three for the mentioned 
device applications, can be described by the piezoelectric constitutive equations (2.1) and (2.2) [42]: 

 

Figure 5:  Schematic of the (a) direct and (b) converse 
piezoelectric effect. 
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𝑆1 = 𝑠11𝐸 𝑇1 + 𝑑31𝐸3 (2.1) 𝐷1 = 𝑑31𝑇1 + 𝜖33𝑇 𝐸3 (2.2) 

With the elastic compliance coefficient 𝑠11𝐸  and the relative permittivity 𝜖33𝑇  relating the mechanical 
strain 𝑆, the mechanical stress 𝑇, the electrical displacement field 𝐷 and the electrical field 𝐸. The 
subscripts represent the geometrical directions and the superscripts 𝐸 and 𝑇 indicate constant 
electrical field conditions and constant mechanical strain conditions. For a more general 
mathematical description the reader is referred to [41], [43]. 

Lead zirconate titanate (PZT) is one of the most used piezoelectric material for MEMS actuators and 
energy harvesters, showing very high piezoelectric coefficients [44]–[47]. However, the piezoelectric 
coefficients alone are not sufficient to determine if a material is an optimal choice for an application. 
For sensing or energy harvesting, additionally the mechanical properties and the dielectric constant 
of the material are also important. Roundy et al. developed an analytical expression to estimate an 
upper boundary for the generated power of a cantilever type resonator, which is shown in equation 
(2.3) [48]. 

 

(2.3) 

The colored circles around parts of the equation show the impact of resonator parameters related 
to geometrical dimensions, mechanical parameters coming mainly from substrate material and the 
parameters specific to piezoelectric materials. The latter can also be summarized by the Figure of 
Merit (FOM) for piezoelectric materials, often used to estimate the performance of materials for 
piezoelectric energy harvesting and is described by equation (2.4) 

𝐹𝑂𝑀 = 𝑒31,𝑓2𝜀𝑟𝜀0   (2.4) 

While PZT and its variants show the highest piezoelectric coefficients, for sensing and energy 
harvesting applications, where a combination of piezoelectric and dielectric coefficients is crucial, 
AlN and its doped variants are competitive or even exceed PZT in their FOM, shown in Table 1. 
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Material 
𝒅𝟑𝟑 𝒑𝑪 𝑵−𝟏  

𝒅𝟑𝟏 𝒑𝑪 𝑵−𝟏 

𝒆𝟑𝟏,𝒇 𝑪 𝒎−𝟐 
𝜺𝟑𝟑 

 

FOM 

GPa 
Ref. 

PZT 60. .130 - −8 … − 12 300 − 1300 6 … 18 [44] 

PZT-5A 593 -274 n.a. 3400 n.a. [45] 

PMmN-PZT  -184 -14.9 834 30.0 [46] 

KNNS-BNZH 380 -140 -11.20 2000 12.5 [49] 

ZnO 5.9  -1.0 10.9 10.3 [44] 

AlN 5.53 -2.65 1.37 9.5 22.3 [47] 𝐴𝑙67𝑆𝑐33𝑁 18 -11 -3.0 17.5 31.1 [50]–[52] 

Table 1: Material parameters and references of various piezoelectric materials. 

22..22 EEnneerrggyy  HHaarrvveesstitinngg  
In general energy harvesting, also sometimes called energy scavenging, is the conversion of 
environmental energy into another, better useable form of energy – mostly electrical energy. 
Macroscopic forms of energy harvesters, like thermoelectric, hydroelectric or wind powerplants 
have been around for decades and are used to convert large amounts of energy into electricity to 
power industry and households. While the term energy harvester (EH) also comprises large power 
generating facilities like wind turbines or photovoltaic power stations in the 𝑀𝑊 − 𝐺𝑊 range, it is 
more commonly used for smaller forms of energy generators, capable of powering remote self-
depended electronic devices with a restricted energy demand, like wireless sensors [53], biomedical 
implants [54], aeronautic applications [55], structural health monitoring [56], watches [57], 
Bluetooth headsets [58] or other internet of things (IoT) devices [59]. 

Energy harvesters can be categorized by the different energy forms they convert [60]: 

• Gas or fluid flow 
• Thermal energy 
• Light 
• Radio frequency 
• Mechanical energy 

Obviously, not every energy source is always available or provides enough energy under all 
circumstances and therefore, the energy harvester must be specifically designed for a given energy 
source and application. Considering the use-case of a wireless sensor node inside a wind turbines 
rotor blade with a typical power consumption between 10 − 100 𝑚𝑊 [61], [62], we can determine 
the best type of energy harvesters. 

22..22..11.. GGaass  FFllooww  
As the rotor blade is a closed object, an energy harvester based on gas flow would not experience 
any flow if it were placed inside the rotor blade. Therefore, this form of energy harvesting is 
excluded from further investigations. 
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22..22..22.. TThheerrmmaall  
Converting thermal energy into electricity can be done via the thermoelectric effect, which 
separates electric charges resulting in an electric field at the junctions between different metals, 
when exposing the two materials to different temperature levels [63], [64]. In a wind turbine there 
are two forms of temperature differences. One is the difference between operational equipment in 
the nacelle e.g., generators, transformers, voltage converters and other objects like the frame of 
the nacelle. The other is the change in ambient temperature through the day and night cycle. 

For sensor nodes in the nacelle this could be a viable option, although those could also be supplied 
conventionally from the voltage generator in the nacelle. In the rotor blade the only temperature 
gradient comes from the change in ambient temperature, which changes slowly during the day. The 
temperatures are in the range of ±15°𝐶 under normal conditions as can be seen in [65]. 
Furthermore, the energy harvester has to be optimized for a bigger temperature range than the 
normal day cycle, due to the change of temperature during the year, which can span from −30 °𝐶 
to +50 °𝐶 [66] depending on where the wind turbine is located. Therefore, other forms of energy 
harvesting are preferred. 

22..22..33.. LLiigghhtt  
Converting energy in the form of light into electricity has been a big field of research since several 
decades, not only in the form of huge solar farms, generating mega- or gigawatts, but also for 
remote applications which only need small amounts of energy. Obviously, inside a rotor blade there 
is no possibility to harvest sun light directly, but a few studies have shown that it is possible to power 
sensor nodes with energy from laser-light, transferred via a fiber optical cable from the blade hub 
reaching powers of up to 177 𝑚𝑊 [67]. This circumvents the problems of metallic wiring which is 
prone to lightning strikes – a huge threat for wind power plants – but it still needs the additional 
expenses of cabling and additional educational costs for field engineers handling the fiber optics. 
However, this technique falls more into the category of power transfer than energy harvesting. 

22..22..44.. RRaaddiiooffrreeqquueennccyy  
Generating energy from radio frequency (RF) can either be achieved through harvesting ambient 
radiation or by transmitting power through intentionally directed radiation through air [68]. While 
ambient radiation is always present and has been shown to provide sufficient power to operate 
wireless sensor networks (WSN) [69], it cannot be guaranteed that there is always enough power. 
Especially in remote areas e.g., offshore locations or in mountainous areas the coverage is not 
always guaranteed. Intentional directed power transmission has shown great potential in recent 
years [38], [70]. However, for power transmissions in the field of WSN for wind turbine rotor blades 
there are several challenges to overcome. The transmitted power density decreases with the inverse 
of the square of the propagation distance and additionally depends on the targeted transmission 
frequency. Both factors limit the possible distance between transmitter and receiver. Other 
restrictions come from the national regulations about the maximum allowed radiated power, which 
differs substantially depending on the country but also differ on the used frequency range [71]. As 
a result, RF energy harvesting might be a viable option but cannot be the only energy source to 
power a WSN which should be always operational. 
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22..22..55.. MMeecchhaanniiccaall  EEnneerrggyy  HHaarrvveesstitinngg  
Mechanical energy harvesting, as the name suggests is the transfer of mechanical into electrical 
energy, whereas the mechanical energy can be categorized in periodically occurring events e.g., 
vibrations of a structure or machinery, and randomly occurring incidents like cars driving by a street 
or waves at sea and can be categorized in: 

• Vibrational EHs 
• Impact based EHs 

Another way of categorizing those devices is by the transduction mechanism: 

• Electrostatic 
• Electromagnetic 
• Piezoelectric 

First, the transduction mechanisms are explained, followed by the design categories and an 
extensive collection of examples from current research is given. 

EElleeccttrroossttaatiticc  TTrraannssdduucctitioonn  

The main principle in electrostatic transduction energy harvesters is based on a capacitor structure 
with two opposing electrodes and varying the gap distance between them. By biasing the electrodes 
with a constant voltage 𝑉, charges are moving from one electrode to the other when the capacity 
changes, according to the relation Δ𝑄 = Δ𝐶 ∙ 𝑉. Due to MEMS-technology the area covered by 
those electrodes can be made very large, while the overall volume of the device remains small. 
However, the voltage has to be generated permanently. Through leakage currents a loss of energy 
is occurring over time, which is a problem for periods without energy generation or start-up 
scenarios after longer idle periods. As this work targets an energy harvester used in a rotor blade of 
wind turbines, which naturally have longer idle periods, an electrostatic energy harvester is deemed 
not optimally suited. 

PPiieezzooeelleeccttrriicc  TTrraannssdduucctitioonn  

Piezoelectric transduction transforms strain into electrical charges which is explained in detail in 
section 2.1. Important to note is that the strain must change over time to continuously generate 
charges. This can be achieved by using mechanical resonators like cantilevers. Explanations of 
various designs of vibrational energy harvesters are given later in this section. 

EElleeccttrroommaaggnneetiticc  TTrraannssdduucctitioonn  

Electromagnetic transduction is based on a changing magnetic field inducing current in a coil. The 
magnetic field is generated through permanent magnets and the change in field strength is 
generated by either moving the coil or the permanent magnet. Designs of vibrational EHs or impact 
based EHs can be realized, similar to those mentioned in the piezoelectric transduction section. 

VViibbrraatitioonnaall  EEnneerrggyy  HHaarrvveesstteerrss  

In most cases the energy harvester has to be designed to the applications requirements, which 
means that no single energy harvester will fit every use case. In the case of structural health 
monitoring one possible method is to use resonators and tune their resonances to the same 
frequencies occurring in the underlying structures. 
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One of the most used geometrical designs for 
vibrational energy harvesting is a cantilever, which is 
a single side clamped beam structure, using a 
piezoelectric layer for energy conversion, as shown 
in Figure 7. Through bending of the cantilever in z-
direction, the piezoelectric material is strained in x-
direction, which is also referred to as a  𝑑31 
configuration. The advantage of cantilever type 
resonators compared to bridge-type or plate-type 
resonators of similar size is the much bigger 
displacement and strain and hence higher generated 
voltage for equal excitation force/acceleration. 
Several studies have shown that a further increase 
of the displacement and thus the generated power of a cantilever-type EH can be achieved with a 
proof mass fixed to the tip of the cantilever. A proof mass can either be glued to the cantilever or it 
can be realized by not removing substrate material below the cantilever during etching as reported 
in [72]. 

As already mentioned, the resonance frequencies of the resonator must be tuned to frequencies 
occurring in the environment. This can be achieved by varying the geometrical dimensions of length, 
thickness and shape of the cantilever or the weight of the proof mass [73]. To further enhance the 
generated power, Du et al. investigated varying the electrode coverage of the cantilever and showed 
that the optimum can be found at about 50% of the cantilever’s length. Another increase in power 
generation can be achieved by changing the shape of the cantilever. Instead of the conventional 
rectangular form, trapezoidal or concavely shaped single clamped beams have a higher amount of 
charge generation per volume, when the maximum tip displacement is kept constant [74], [74], [75]. 
Table 2 gives an overview of several mentioned vibrational energy harvesters including the device 
featured in this work in chapter 5 with the parameters power 𝑝, acceleration 𝑎 and their power 
density 𝑝𝑁𝑃𝐷. The power density is the power divided by the overall volume and the square of the 
applied acceleration and is used for better comparability between different types and shapes of 
energy harvesters. A more detailed explanation of the power density is given in chapter 5. 

Nr. Author Year 
Transduction 
Mechanism 

𝒑𝑵𝑷𝑫 𝒎𝑾 𝒄𝒎−𝟑𝒈𝟎𝟐 
𝒑 𝝁𝑾 

𝒇𝑹 𝑯𝒛 
Dimensions 𝒄𝒎𝟑 

𝒂 𝒈𝟎 
Ref. 

1 This work 2023 piezo 0.082 6.54 210 1.27 0.25 - 

2 S. Du 2017 piezo 0.001 0.222 1208 0.631 0.5 [76] 

3 L. Deng 2014 piezo 0.009 21.360 228 9.410 0.5 [77] 

4 D. Pan 2018 piezo 0.047 29300 22 153 403 2 [78] 

5 S. S. Chauhan 2019 piezo 0.009 1.03 205 0.648 0.4 [79] 

6 Y. Liu 2021 piezo 2.123 38.09 331 17.942 1 [80] 

7 X. He 2021 piezo 0.784 54.1 161 82.219 1 [74] 

8 I. Gablech 2020 piezo 0.861 10.33 2520 23.995 2 [72] 

Table 2: Comparison of vibrational piezoelectric energy harvesters and their properties. 

 

Figure 7: Schematic of a cantilever type vibrational 
energy harvester with proof mass and 
electrode/piezo stack. 
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IImmppaacctt  bbaasseedd  EEnneerrggyy  HHaarrvveesstteerrss  

MEMS resonators typically feature resonance frequencies of the fundamental mode in the range of 
several hundred Hz due to their small size. In larger structures like wind turbines or buildings, 
occurring frequencies are typically in the range of 0.1 − 50 𝐻𝑧, compare Figure 76 in chapter 5. 
Therefore, different approaches are needed for MEMS EHs in these applications. One approach is 
frequency-up-conversion, also called impact driven excitation. With this method it is possible to use 
the resonator’s own resonance frequencies independently of the available frequencies coming from 
the base structure. This is achieved through a plucking mechanism, whereas the plucking frequency 
is equal to the resonances of the underlying structure. Every plucking event acts as a rectangular 
impulse excitation of the cantilever and it starts to resonate in its own resonance frequency. One 
typical design comprises an object moving close to the cantilever in regular time intervals and 
plucking it either mechanically or through magnetic interaction. The objects trajectory can either 
be linear or circular [81]–[84]. Another design for frequency up-conversion consists of two 
cantilever beams, whereas one has a much lower resonance frequency, representing an ambient 
vibration source and the other cantilever having a much higher resonance frequency and being 
plucked by the former one, once or twice during each period [85]–[87]. Beside exciting the 
cantilever by displacing its tip, it can also be excited by displacing or hitting the base [88]–[91], which 
has been used for wearable energy harvesting devices [92]. A comparative summary of results of 
power 𝑝, power density 𝑝𝑁𝑃𝐷 and resonance frequency 𝑓𝑅 for impact based EHs is given in Table 3. 

Nr. Author Year Type 𝒑𝑵𝑷𝑫 𝝁𝑾 𝒄𝒎−𝟑 
𝒑 𝝁𝑾 

𝒇𝑹 𝑯𝒛 
Dimensions 𝒄𝒎𝟑 

Ref. 

1 This work 2023 EM 374  5  - 

2 Q. C. Tang 2011 Piezo 7 22.5 15 3.2 [81] 

3 H. Jung 2013 Piezo 450 - 33 - [83] 

4 W.-H. Wu 2017 Piezo 878 1230 25 1.4 [84] 

5 E. Fakeih 2021 Piezo 22 38 12 1.7 [84] 

6 Z. Xu 2017 Piezo 44 769 13 17.2 [86] 

7 L. Gu & C 
Livermore 2011 Piezo 26 429 8.2 16.8 [87] 

8 K. Fan 2018 Piezo 41 1500 6 36 [92] 

9 Q. Luo 2017 EM 256  8.5  [93] 

10 Y. Shen 2020 EM 748  4.5  [94] 

11 Z. Li 2019 EM 484  24  [88] 

12 A. 
Nammari 2018 EM 133  15.5  [90] 

13 K. Fan 2019 EM 98  7.5  [95] 

14 L. Zhang 2019 EM 41  3.1  [91] 

15 A. Luo 2020 EM 129  0.1  [89] 

Table 3:Overview of energy harvesters with an electromagnetic transduction mechanism operated with impact-based 
designs. 
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22..33 SSttrraaiinn  SSeennssiinngg  
As mentioned in section 1.1, monitoring the local strain distribution of wind turbine rotor blades at 
certain positions along the rotor blade [96], [97], the tower [98] or its foundation [99] would be 
highly beneficial. A typical sensor type used for this application is the conventional resistive strain 
gauge sensor, invented in the late 1930s [100], [101], which was a state-of-the-art strain measuring 
technique for many decades. Improvements have been achieved by introducing tailored materials 
and designs to overcome typical restrictions like a limited operational temperature range [102], a 
high cross-sensitivity to temperature [103], [104] or the impact of parasitic effects like a high 
transverse strain sensitivity [105], [106]. It is based on the change in electrical resistance when a 
conductive structure like a wire is deformed which can be electrically measured by e.g., an 
Wheatstone bridge [107]. They feature gauge factors of 2-12 for pure metal foil strain gauges [108]–
[111]. The low gauge factors can be overcome by using semiconductor strain sensors which are 
based on the piezoresistive effect providing gauge factors of up to 200 [108], [112], [113]. More 
recent research, also based on the piezoresistive effect resulted in enhancements of the gauge 
factor up to 3000 by exploiting effects arising in nanostructures like nanobelts [114] or nanotubes 
[115]. However, those sensors have certain disadvantages like high dependence on temperature 
and high non-linearity, making them unsuitable for most applications. 

Optical strain sensors are often based on fiber Bragg gratings which reflect certain frequencies of 
the transmitted light spectrum. This modified light spectrum is depended on the strain 𝜀 applied to 
the fiber changing the spacing of the Bragg gratings and hence, this technique enables mechanical 
strain sensing [116]. Due to the low internal losses and the possibility to fabricate long optical fibers 
with high precision, this technique is most beneficially applied to large structures having dimensions 
up to several kilometers. Furthermore, they are insensitive to interfering electrical fields and 
immune to chemical corrosion making them most suitable for harsh environmental applications 
[117]. 

Other forms of strain sensors are based on digital image correlation [118], electronic speckle pattern 
interferometry [119], integrated optical ring resonators [120] or the spintronic effect [121], just to 
mention a few of the recently emerging technologies. 

The recent rise of wireless sensor networks demands, however, reliable sensors with very low power 
consumption in the range of micro- or nano watts. Especially, when larger amounts of sensor data 
have to be collected and distributed wireless as e.g., the application of monitoring the rotor blades 
of wind turbines, compare chapter 5. Furthermore, lifetimes up to 20 years [122], [123] are 
necessary especially for e.g. automotive and structural health monitoring applications. MEMS 
sensors offer a most excellent and reliable technology platform to fulfill both key requirements. Due 
to their small size, they can be designed for exceptionally low power consumption. 

The last decade showed a strong trend towards piezoelectric MEMS sensors, due to their compact 
design and their low power consumption. Most often they are operated in resonance, with key 
mechanical building blocks for the resonating element such as beams, cantilevers or plates. 
Furthermore, the piezoelectric transducer enables to simultaneously stimulate the mechanical 
resonance electrically and read out the mechanical response by recording the electrical impedance 
spectrum. Specific resonances can be excited with different efficiency depending on resonator 
design parameters such as length, thickness and mass [124], but also electrode design [125]. By 
tracking the change of resonance frequency or quality factor the devices can be used to measure 
physical quantities such as viscosity of a liquid [126], mass of a particle [127] and much more. 
Double-clamped beam-like MEMS resonators also called microbridges, can be used to sense axially 
applied strain by measuring the frequency response, which depends on the stress/strain state of 
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the microbridge [128]–[130]. This principle and experimental prototypes are discussed in chapter 
6. 

The most common methods for electric actuation are by electrostatic forces, via capacitive 
structures [129], [131]–[133] and by piezoelectric forces [128], [130] which in turn reduces the 
necessary high voltages associated with the prior mentioned transducer principle [103]. Table 4 
gives a comparative overview of the mentioned strain sensing devices. 

Author Year Type 𝐌𝐚𝐭𝐞𝐫𝐢𝐚𝐥 Gauge 
Factor 

Sensitivity 𝑯𝒛 𝝁𝒎−𝟏 
𝜺 Range 

% 
Ref. 

This work 2023 Res. Piezo. MEMS Si/AlN 17000 n.a. ±0.1 - 

Gosh & Lee 2017 Res. Piezo. MEMS Si/AlN 2510 150 n.a. [128] 

Goericke 1996 Res. Piezo. MEMS Si/AlN 244 243 0.037 [130] 

Belsito 2016 Res. Cap. MEMS Si 539 164 0.063 [134] 

Do 2016 Res. Cap. MEMS Si 15 2.8 0.1 [129] 

Azevedo 2007 Res. Cap. MEMS SiC 318 66 0.0035 [131] 

Belsito 2019 Res. Cap. MEMS SiC 128 41.7 0.005 [132] 

Chan 2011 Res. Cap. MEMS Si 97 20.8 0.063- [133] 

Suster 2006 Cap. MEMS Si 400 n.a. 0.1 [135] 

Zhang 2021 Cap. MEMS Si 430 n.a. 0.1 [136] 

Song 2021 Piezoresistive SR/graphene 326 n.a. 10% [137] 

Smith 1953 Piezoresistive Si 155 n.a. n.a. [112] 

Edwards 1969 Piezoresistive Ge 100 n.a. 0.04 [113] 

Li 2020 Piezoresistive B-Doped SiC 
Nanobelts -1800 n.a. n.a. [114] 

Stampfer 2006 Piezoresistive Carbon 
Nanotubes 2900 n.a. 0.4 [115] 

Fuji 2017 Spintronic 
Co-Fe-B 

RL/Mg-O 
BL/FE-B 

5072 n.a. ±0.1 [121] 

Li 2020 Opt. Ring Res. CdS 
Nanowire 68 n.a. 5 [120] 

Schmid 2020 Metallic Pt/AlN 5 n.a. n.a. [109] 

Lu 2020 Metallic Zr 3.4 n.a. 1 [110] 

Lu 2020 Metallic Cu 1.4 n.a. 1 [110] 

Meyer 1967 Metallic Ni -12.2 n.a. n.a. [111] 

Table 4: Key parameters of various strain sensing MEMS devices. 
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33.. MMEEMMSS  FFaabbrriiccaatitioonn  TTeecchhnnoollooggiieess  aanndd  
EExxppeerriimmeennttaall  MMeetthhooddss  
This chapter gives an overview of the most important fabrication technologies and the experimental 
methods to characterize both the materials in chapter 4 and the sensor devices in chapters 5 and 6. 
Evaluation methods, if diverging from standard methods, are explained in more detail as well as 
standard parameters for different measurement equipment. 

33..11 SSppuutttteerriinngg  
Sputter deposition is a physical vapor deposition (PVD) 
process where a target material is bombarded with 
ionized particles and the sputter-ejected atoms are 
then deposited onto a substrate material e.g., a Si 
wafer. The ionized particles are generated by igniting a 
plasma in a vacuum chamber when applying a high 
voltage between target and substrate. The positively 
charged ions are accelerated towards the negative 
electrode (target) where the target atoms are ejected 
through collision cascades. To increase the yield a 
magnetron can be used, which consists of several high 
flux magnets placed above the vacuum chamber. The 
magnetic field leads to a lateral acceleration of the 
electrons and traps them close to the target surface, 
which increases the amount of ion generation for the 
same amount of electrons during the discharge and as 
result the sputter rate is increased. [138] 

The sputter gas can be an inert gas like Argon, which is used to deposit pure target materials. 
Another possibility is to reactively sputter deposited e.g. nitrides or oxides by using nitrogen or 
oxygen as sputter gas. In this process the sputter-ejected atoms react with the reactive gas radicals 
on the substrate surface. As nitrogen is smaller and lighter than argon, the sputter rate typically 
decreases which can be circumvented by a mixture of both gases. 

In this work a “Von Ardenne” LS730S magnetron sputter system is used to reactively sputter deposit 
AlN, AlScN and AlYN thin films. Additionally, metal thin films such as aluminum or gold, used as 
electrode material, were also sputter deposited if they are not vapor deposited. The purity of the 
gases was 99.9999%, the target to substrate distance during all sputter depositions was 65 mm and 
a constant pressure value was attained by using a flow controller. Other deposition parameters are 
varied and explained in detail in the according chapters. 

33..22 CChhaarraacctteerriizzaatitioonn  ooff  ppiieezzooeelleeccttrriicc  ccoonnssttaannttss  
The piezoelectric constant 𝑑33 was characterized by a piezometer PM300 from Piezotest Ltd., which 
is based on the Berlincourt method, shown in Figure 9 (a). For this measurement procedure a 
sample is clamped between two electrodes with a diameter of 1 𝑚𝑚 with a preloading force, shown 

 

Figure 8: Optical photograph of a sputter system 
“Von Ardenne“ LS730S. 
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in Figure 9 (b). Then an oscillating force is superposed and mechanically strains the device under 
test periodically. As a result, the piezoelectric material generates charges which are measured by a 
charge amplifier. The AC force is related to the corresponding charge signal and the piezoelectric 
coefficient 𝑑33 can be calculated [139]. To improve the electrical contact between the electrodes 
and the piezoelectric thin film, aluminum pads with a diameter of 1 mm and a thickness of 200 𝑛𝑚 
were sputter-deposited on top of the sample, compare Figure 9 (b). The bottom side was fully 
coated with 200 𝑛𝑚 of aluminum for the same reason. For every sample, nine pads have been 
measured, whereas the deviation from the average for all measurements was in the range of ±0.5 𝑝𝐶 𝑁−1 and is marked in the according plots with error bars. 

Figure 9: (a) Optical photograph of a piezometer PM300 from Piezotest Ltd. and (b) a 
sample with a piezoelectric thin film and several aluminum pads, clamped 
between the electrodes of the piezometer. 

33..33 XX--RRaayy  DDiiffffrraaccttoommeettrryy  
X-ray diffraction is a measurement technique making it possible to study the occurring 
crystallographic phases within a sample. This measurement method uses X-rays, coming from a 
radiation source and targeted at the sample surface under a certain angle 𝜔, where they are 
diffracted on the crystallographic planes. These diffracted X-rays can then be measured by a 
detector placed with an angle 𝛼 to the sample surface. The special case where 𝜔 = 𝛼 = Θ is called 
Bragg-Brentano configuration, which is mainly used in this work and is shown in Figure 10 (a). When 
the angle Θ is varied between 0° < Θ < 90° only diffracted X-rays which fulfill the Bragg equation 
(3.1) produce a measurable signal and are depicted with their intensity as peaks in a diffractogram. 𝑛𝜆 = 2𝑑 sin (Θ)  (3.1) 

The parameter 𝑛 is an integer, 𝜆 the wavelength of the X-rays and 𝑑 is the distance between the 
crystal planes parallel to the surface [140]. An exemplary diffractogram of an AlN thin film deposited 
on a (100) Si wafer is shown in Figure 10 (b) showing various existing crystal directions of both 
materials. 
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Figure 10: (a) Schematic of the working principle of an XRD in Bragg-Brentano configuration. (b) Sample plot 
of a Bragg-Brentano scan. 

To study single peaks from the Bragg-Brentano scan in more detail a rocking curve measurement 
can be used. This technique measures the deviation or tilt angle, which is the inclination of crystal 
axis from the ideal Bragg condition [141]. The angle between the X-ray source and the detector is 
therefore fixed at the angle where the peak appears in the Bragg-Brentano scan. Then the angle 𝜔 
between the X-ray source and the sample surface is varied to produce the rocking curve plot, shown 
in Figure 11 (a-b) 

While ideally aligned crystallites would appear as a single line in the rocking curve, misaligned 
crystallites are shifted by their deviation angle and the resulting peak shape can be best fitted by a 
pseudo-Voigt equation [142]. The full width at half maximum (𝐹𝑊𝐻𝑀) can then be used as a 
quantitative measure for the alignment of the crystallites. Typical values of the 𝐹𝑊𝐻𝑀 for AlN thin 
films grown in (002) directions lie between 1° − 8° [143, p.] with lower values meaning higher 
alignment. 

 

Figure 11: (a) Schematic of the working principle of an XRD for a rocking curve measurement. (b) Sample plot 
of a rocking curve of the second AlScN peak at 36° from Figure 10 (b). 

All Bragg-Brentano scans in this work are performed with a Malvern PANanlytical X’Pert PRO 
containing a copper tube, operated at 45 𝑘𝑉 and 40 𝑚𝐴. The sample source distance is set to 140 𝑚𝑚 and an X’Celerator detector with an active length of 2.546° is used. The incident beam is 
equipped with a 0.04 rad soller slit, a 2° anti scatter slit and a 0.5° divergence slit, whereas the 
diffracted beam is limited with a 0.04 rad soller slit. Bragg-Brentano scans are performed with 
angles between 2𝜃 = 20° … 80° to analyze which crystallographic phases are present. 
Subsequently, an additional rocking curve of the (002) peak is performed. When recording the 
rocking curve, the selected angle is set to the maximum peak between 34° − 38° of the Bragg-
Brentano scan, which correspond to the typical location of the (002) peak of AlN, which is at 36°. 
Then three measurements are performed, whereas the sample is rotated around the z-axis by 90° 
for each measurement. This was done to notice a possible misplacement of the sample. 
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33..44 EElleeccttrroonn  MMiiccrroossccooppyy  
This chapter gives a brief introduction and overview about the different electron microscopy 
techniques used in this work, which are scanning electron microscopy (SEM), transmission electron 
microscopy (TEM) and electron dispersive X-ray (EDX). 

33..44..11.. SSccaannnniinngg  EElleeccttrroonn  MMiiccrroossccooppyy  
Scanning electron microscopy refers to a 
method where an electron beam is focused 
towards a single point at the specimen and 
after interacting with it the generated 
electrons leaving the sample are detected 
[144]. The electron beam is raster scanned 
over the surface of the sample through 
which it is possible to produce an image of its 
surface. The acceleration voltage, which is 
used to accelerate the electrons towards the 
specimen ranges between 1 − 30 𝑘𝑉 with 
emission currents lying in the range of 5 − 20 𝜇𝐴. When the primary electrons hit the surface, they 
interact with the material and can either be backscattered or secondary electrons are emitted, 
coming from the material surface. Backscattered electrons provide information about the chemical 
composition of the material, meaning heavier atoms appear brighter in the SEM image. Secondary 
electrons provide higher lateral resolution than the backscattered electrons. The maximal 
magnification reaches approximately 106 in comparison to optical light microscopy providing a 
magnification of approximately 103 [144]. The SEM used in this work is a Hitachi SU8030 and the 
corresponding parameters are stated in the according chapters. 

33..44..22.. TTrraannssmmiissssiioonn  EElleeccttrroonn  MMiiccrroossccooppyy  
In contrast to SEM, in a transmission electron microscope the electron source and the detector are 
placed on opposite sides of the specimen and electrons transmitted through the sample are 
detected, compare Figure 13 (a). It is used to analyze the nanostructure of the specimen e.g., thin 
films. With high-resolution TEM (HRTEM), where sample thicknesses are in the range of 5 − 20 𝑛𝑚 
it is possible to visualize interference patterns of the incoming electron waves, which correspond to 
periodicity of the crystal lattice [144]. 

To reach the requested low thickness, the analyzed thin films in this work have been prepared by 
the following steps. First a sample is split into half and glued together with the surfaces of interest 
opposing each other, shown in Figure 13 (b). The resulting stacked sample is cut into several 1 𝑐𝑚 
wide and 100 𝜇𝑚 thick slices. The later pieces are then grinded down in multiple steps, to a 
thickness of ~20 𝑛𝑚. In the last step, a hole is cut into the middle of the slice with a focused ion 
beam reducing the thickness on the boarders around this hole to a few nanometers, making it 
possible to make HRTEM images, compare Figure 13 (c-d). 

The used HRTEM was a FEI Tecnai F20 offering a maximum lattice resolution of 0.14 nm and a 
maximum point resolution of 0.21 nm. 

 

Figure 12: (a) Schematic of a SEM from [144]. 
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Figure 13: (a) Schematic of a TEM from [144]. (b) Sample holder with a zoomed specimen and a schematic of 
the specimen. (c) and (d) images of a real AlYN sample. 

33..44..33.. EElleeccttrroonn  DDiissppeerrssiivvee  XX--RRaayy  
EDX is a technique where the emitted X-rays, when the primary electrons hit the specimen, are 
measured and analyzed. Since the electron shell configuration is element specific, the elemental 
composition of the specimen can be deduced from the energy spectrum of the detected X-ray 
spectrum. In this study, the EDX detector is either an Oxford X-Max integrated into the SEM Hitachi 
SU8030 or an Apollo XLT SDD from EDAX with a line resolution of 129 eV arranged in the TEM. 

33..55 VViibbrraatitioonnaall  EExxcciittaatitioonn  
One possibility to characterize MEMS resonators is by exciting them through harmonic mechanical 
shaking and measuring an output parameter e.g., displacement or electrical output voltage in case 
of a piezoelectric device. Therefore, a vibrational exciter (VE, type 4809) from B&K (I) is used. It 
contains a permanent magnet and an electromagnetic coil which is displaced when an AC signal is 
applied, similar to a conventional loudspeaker. It has a force rating of 45 𝑁 over a frequency range 
of 10 𝐻𝑧 − 20 𝑘𝐻𝑧 and can provide accelerations of up to 75 𝑔. The input signal is generated from 
a standard frequency generator amplified with a power amplifier of the type 2718 from B&K (II). To 
control the acceleration produced with the VE, an accelerometer of the type ADXL001 (III) from 
Analog Devices was mounted in between the mounting plate of the VE and the specimen (IV). It 
provides an acceleration range of ±70 𝑔0 and a sensitivity of 24.2 𝑚𝑉 𝑔0−1. Additional spacers (V) 
between the shaker and the specimen are placed to avoid possible influences between the magnetic 
core of the shaker and a magnetic specimen. The output signal is measured by a data acquisition 
box DN2.441-02 digitizerNETBOX from SPECTRUM instrumentation. The whole setup is shown in 
Figure 14 (a) and a close-up image of the accelerometer and the specimen is shown in Figure 14 (b). 
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Figure 14: Optical photograph of the vibrational exciter setup including the exciter 
stage, the power amplifier and a frequency generator. 

33..66 LLaasseerr  DDoopppplleerr  VViibbrroommeettrryy  
Laser Doppler Vibrometry (LDV) is a contactless, high precision measurement technique to measure 
displacements and velocities of a mechanically vibrating surface in the out-of-plane direction. It is 
an interferometer which measures the frequency difference of two laser beams, depicted in Figure 
15. This is achieved by splitting a laser beam into a so-called reference and a measurement beam 
both initially having a frequency 𝑓0. The measurement beam is guided towards the specimen, where 
it is reflected and its frequency is shifted depending on the movement velocity of the specimen, on 
basis of the Doppler effect adding a frequency shift of 𝑓𝑑. The reference beam is guided through a 
Bragg cell which shifts the frequency to 𝑓0 + 𝑓𝑏. The two beams with different wavelengths are than 
combined, through which interferences appear, detected by a photodetector. 

 

Figure 15: Schematic illustrating the working principle and the most important 
components of an LDV. 

LDVs are used in a wide field of applications, like detection of unwanted resonances [145], structural 
damage detection [146], on-line quality control [147], [148], biomedical applications [149] and in 
the modal analysis of MEMS/MOEMS/NEMS [150], only to name a few. Typically, an LDV measures 
only a single point on the surface, but by raster scanning approach (compare Figure 16 (a)) modal-
analyses of vibrational structures is also possible which makes it especially interesting in the field of 
MEMS/MOEMS/NEMS resonators [151]. 

The type of LDV used in this work to characterize the MEMS strain sensor in chapter 6, is a micro 
system analyzer (MSA) 400 from Polytec, shown in Figure 16 (b). It provides a bandwidth of 1.5 𝑀𝐻𝑧, a displacement resolution in the 𝑝𝑚-range and a velocity resolution of < 1 𝜇𝑚 𝑠−1. It has 
a built-in frequency generator, which among other modes provides a chirp signal. In this work, the 
chirp signal with a bandwidth of 1 MHz and a voltage amplitude of 100 𝑚𝑉 was used for all LDV 
measurements if not otherwise stated. 
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Figure 16: (a) Schematic of the measurement setup and an optical photograph of the 
LDV (IV), the strain measurement setup (V), which is explained in more detail 
in chapter 3.7. 

Important to note is that the LDV initially measures the velocity, from which it then derives the 
displacement. Therefore, it only gives information about the dynamic component of the 
displacement, ignoring the static deflection of the specimen e.g., buckling, compare chapter 6. 

When the LDV is operated in scanning mode a frequency response for the displacement 𝑑𝑛 or the 
velocity 𝑣𝑛 is generated for each scanned point 𝑛. In this mode it is possible to generate a three-
dimensional image of the measured mode shape, as illustrated in Figure 16 (a). In certain cases, it 
is advantageous to calculate the averaged frequency response 𝑑𝑎 = ∑ 𝑑𝑛𝑛  for each frequency when 
comparing the frequency responses of different states (e.g., applied strain) of the specimen. 

The frequency responses of the resonators measured in this work are characterized by one or more 
resonances. A sample plot of a frequency spectrum is given in Figure 17 (a). The typical parameters 
like resonance frequency 𝑓0 are obtained by fitting the function given in equation (3.2) to the 
spectrum, shown in Figure 17 (b). 𝐷𝑓𝑖𝑡(𝑓) = 𝐷04𝜋2√4𝜁2𝑓02𝑓2 + (𝑓02 − 𝑓2)2  (3.2) 

The parameter 𝜁 represents the damping coefficient which can be used to calculate the quality 
factor using equation (3.3) and 𝐷0 represents the maximum amplitude. 

𝑄 =  √1 − 2𝜁22𝜁  (3.3) 

 

Figure 17: (a) Exemplary frequency response of a MEMS resonator, measured with the LDV. (b) Frequency 
response of the 20-mode of an exemplary device, with fitted function 𝐷𝑓𝑖𝑡(𝑓). 
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33..77 SSttrraaiinn  MMeeaassuurreemmeenntt  SSeettuupp  
To apply mechanical strain over a broad range in a defined and reliable way to the resonant strain 
sensor discussed in chapter 6, a custom-built measurement setup is designed consisting of a 
deflectable cantilever made of aluminum (Al), shown in Figure 18 (a). Figure 18 (b) shows a 
schematic overview with the sensor device (I) and its connecting PCBs (II) glued onto the 
macroscopic Al cantilever (III). The tip of the Al cantilever was displaced by a stepper motor (IV) of 
the type Stepperonline Nema 17 with a spindle (V) which has a pitch of 1 mm rev-1. The stepper 
motor was controlled by an Arduino Mega with a motor driver board (VI) and provided a resolution 
for the spindle of 0.05 revolutions translating to 50 𝜇𝑚 for the tip displacement of the Al cantilever. 

 

Figure 18: (a) Optical photograph of the custom-made strain characterization setup with (1) the sensor device, (2) 
the connecting PCBs and (3) the Al cantilever, (4) the stepper motor connected to (5) the spindle and (6) 
the controller consisting of an Arduino Mega with a motor driver board. (c) Correlation between 
mechanical strain at the sensor position 𝑥 for different maximum tip displacements 𝑑0 of the Al cantilever. 
(d) Correlation between mechanical strain and tip displacement for various sensor positions 𝑥0. 

Based on the Al cantilever thickness ℎ𝐶, the sensor thickness ℎ𝑆 (including device layer, electrodes 
and the piezoelectric layer), the length 𝐿 of the Al cantilever and the tip displacement 𝑑𝐶  of the Al 
cantilever the strain sensor can be exposed to a certain strain 𝜀𝑥 at the position 𝑥0 depending on 
the local distribution of the latter parameter on the Al cantilever surface. It can be calculated by the 
Euler-Bernoulli beam equations [152] in general to  𝜀𝑥 = −3 𝑑𝐶𝑧𝐿3 (𝐿 − 𝑥)  , (3.4) 

whereas 𝑧 is the distance from the neutral axis to the point of interest and 𝑥 is the distance from 
the clamping point of the Al cantilever. They can be expressed with 𝑥 = 𝑥0, 𝑧 = ℎ𝐶 2⁄ + ℎ𝑆 , (3.5) 

which then leads to the strain at position 𝑥 of the MEMS sensor, given in equation (3.6). 𝜀𝑥 = − 32 𝑑𝐶(ℎ𝐶 + 2ℎ𝑆)𝐿3 (𝐿 − 𝑥0) (3.6) 

Figure 18 (c) shows the strain dependence on the sensor position along the Al cantilever for three 
different maximum tip displacements 𝑑𝐶. If the Al cantilever is bent down the sensor is stretched, 
resulting in positive values for 𝜀 and vice versa. Figure 18 (d) shows the strain dependence on the 
tip displacement for three different sensor positions. The closer the sensor is mounted to the fixed 
Al cantilever base (𝑥 = 0), the more strain is applied to the sensor. As the whole strain sensor chip 
including contact pads is 7.5 mm long, the minimal sensor position measured from the base of the 
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Al cantilever is half the chip length, therefore 3.75 mm and the maximal position is about 196 mm. 
The distance chosen for further characterizations in this work was 25 mm (orange curve in Figure 
18 (d)), which leaves enough space for connecting the PCBs for electrical read-out. 

The strain sensor was glued at an elevated temperature of 120°C for 20 minutes with a two-
component epoxy raisin EC101 from Polytec onto the Al cantilever. The pads of the device were 
connected with wire bonds to PCBs, which provide connectors to the electrical measurement 
equipment. 

33..88 IImmppeeddaannccee  SSppeeccttrroossccooppyy  
The electrical conductance spectrum G(f) was measured with a Zurich Instruments MFIA impedance 
analyzer (IA) while the sensor was excited with the built-in frequency generator providing a 
frequency sweep between 1 𝑘𝐻𝑧 and 1 𝑀𝐻𝑧 and a voltage amplitude of 100 𝑚𝑉. 

Similar to the optical measurements from section 3.5 the conductance spectra were fitted with the 
function 𝐺𝑓𝑖𝑡(𝑓) from equation (3.7), derived from a basic series LCR resonant circuit. 𝐺𝑓𝑖𝑡(𝑓) = 𝐺01 + 14𝜉2 𝑓02𝑓2 (𝑓2𝑓02 − 1)2 

(3.7) 

The parameter 𝜉 represents the damping coefficient and 𝐺0 the conductance amplitude at 𝑓 = 𝑓0. 
The quality factor of the conductance resonance peak can then be calculated with: 

𝑄 =  √1 − 2𝜉22𝜉  (3.8) 

Since equation (3.2) and (3.7) describe the same mechanical system, both damping parameters are 
identical in the absence of noise and measurement related drifts, thus 𝜁 = 𝜉. 

Figure 15 shows a sample conductance spectrum in (a) and a sample fit of one resonance in (b), 
which is corrected by a linear offset to account for the baseline prior to the fit. 

Figure 19: (a) Frequency response of a typical MEMS resonator, measured with the impedance analyzer. (b) 
Frequency response of the 20-mode of an exemplary resonator, with fitted function 𝐺𝑓𝑖𝑡(𝑓). 
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33..99 QQuuaalliittyy  FFaaccttoorr  
The Quality factor or Q-factor is a dimensionless parameter and can be obtained in three ways: 

The Bandwidth method relates the center frequency of a resonance to the peak width at half the 
power (or at 3 dB) also called full width at half maximum (FWHM), depicted in Figure 20 (a). This 
method is rather simple but has a few drawbacks, as it does not give equivalent results with respect 
to the two other definitions for low Q-factors, as explained below. For very high Q-factors (>10000) the precise measurement of the FWHM becomes more and more difficult as it highly 
depends on the frequency resolution of the measurement equipment and therefore results in a 
larger error. In this work this method has been replaced by the two methods explained below. 

As a second approach, 𝑄 can be derived from the damping coefficient which generally describes 
how underdamped a system is. It is most suited when attaining the Q-factor from an available 
frequency response and was done in sections 3.6 and 3.8 when fitting a function to the resonance 
curve and then deriving the Q-factor. 

Figure 20: (a) Frequency response of the 20-mode of an exemplary MEMS resonator with marked full width 
at half maximum (FWHM) and center frequency 𝑓𝑐  to attain Q-factor with the bandwidth method. 
(b) Ring down of an exemplary resonator and the fitted function 𝑓𝑓𝑖𝑡  fitted to the envelope. 

Finally, the Q-factor can be defined as the ratio of the energy stored in a resonating system to the 
lost energy in one cycle of its oscillation. It can be obtained by exciting the resonator, turning off the 
driving force and analyzing the ring down, shown in Figure 20 (b). It can be described by a linear 
homogeneous differential second order equation. The general solution to this differential equation 
is shown in equation (3.9) and consists of a sinusoidal part representing the oscillation with constant 
amplitude and an exponentially decaying part which is also referred to as the envelope 𝑓𝐸𝑛𝑣 and is 
used to attain the Q-factor. 

𝑓𝑅𝐷 = 𝐴0𝑒− 𝜔2𝑄𝑡 cos (𝜔𝑡√1 − 14𝑄2 + 𝜑) (3.9) 
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44.. PPiieezzooeelleeccttrriicc  TThhiinn  FFiillmm  MMaatteerriiaallss  
Parts of this chapter are published in [153], [154]. 

In this chapter piezoelectric aluminum nitride thin films and their variants, alloyed with scandium 
and yttrium are discussed. After analyzing the characteristic properties of AlN thin films and possible 
deposition techniques, the influences of the previously mentioned alloying elements on the 
microstructural composition, piezoelectric coefficients and the residual intrinsic stress are analyzed. 
Finally, a specific sputter process is presented, which makes it possible to tailor the intrinsic stress 
of AlN and alloyed AlN thin films, which facilitates their integration into a MEMS fabrication process. 

44..11 AAlluummiinnuumm  NNiittrriiddee  
Aluminum nitride (AlN) is a colorless solid material from the group III-V nitrides. Its exceptional 
properties like chemical resistance, thermal stability up to 1150 °𝐶 [155], a high thermal 
conductivity of 321 𝑊 𝑚−1 𝐾−1 [156], a high breakdown voltage of up to 2.6 𝑀𝑉 𝑐𝑚−1 [157], [158] 
and a high electrical resistivity of approximately 1014 𝛺 𝑐𝑚 [159] led to a broad range of 
applications like anticorrosive coatings [160], [161], passivation layers for semiconductor devices 
[162], [163] or as a substrate for high power electronics [164]–[166]. Its electromechanical 
properties, which are expressed through the piezoelectric coefficients 𝑑33, 𝑑31 and 𝑑15, its low 
dielectric constant 𝜀𝑟 and the compatibility to the CMOS process makes it a most interesting 
material for MEMS sensors [[126], [167]–[170]]. Values for the mentioned properties can be found 
in Table 5. 

 

Figure 21: (a) Hexagonal wurtzite crystal lattice of aluminum nitride with tetrahedron binding structure, taken from [168]. (b) 
Cross-sectional SEM micrograph of a tilted aluminum nitride thin film. 

Various deposition techniques e.g., molecular beam epitaxy [171], metal organic chemical vapor 
deposition [172], pulsed laser deposition [173] or radio-frequency [174], pulsed-DC [175] or DC 
[176] sputter deposition can be used to synthesize AlN thin film. As this work solely focuses on DC 
sputter deposited thin films, only information regarding this technique is mentioned in the 
following. 

In general, AlN crystallizes in a hexagonal wurtzite structure, whereas each Al atom is surrounded 
by 4 N atoms, forming a tetrahedron. In this pyramid-like structure the bond in c-direction differs 
from the other 3 bond directions [177], shown in Figure 21 (a) which is taken from [168]. Typical 
values of the c- and a-axis distance of the crystals can be found in Table 5. When sputter deposited 
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under the right conditions, AlN forms a columnar microstructure and the crystallographic c-axis is 
oriented perpendicular to the substrate surface (002), shown in the SEM micrograph in Figure 21 
(b). In this crystal phase AlN exhibits significant piezoelectric properties [168]. 

Parameter Value Ref. 

a / 𝒏𝒎 ~0.31 [168], [178] 

c / nm ~0.50 [168], [179]–[181] 𝒅𝟑𝟑  //  𝒑𝑪 𝑵−𝟏 5 − 6 [182]–[184] 𝒅𝟑𝟏  //  𝒑𝑪 𝑵−𝟏 −2.5 [185]–[187] 𝒅𝟏𝟓  //  𝒑𝑪 𝑵−𝟏 ~3.6 [188] 𝜺𝒓 ~10.5 [183], [189], [190] 

Table 5: Characterisitic properties of aluminum nitride thin films. 

Beside the microstructural and piezoelectric properties, another important parameter, especially 
when targeting MEMS applications is the intrinsic thin film stress. The residual stress in 
polycrystalline AlN thin films can range from compressive to tensile levels [191]–[193], depending 
on the deposition technique and its conditions. Compressive stress can lead to delamination of the 
thin film during fabrication [194] or warped structures like microbridges [195] or cantilevers [196], 
[197] whereas excessive stress can even lead to complete failure of the whole device. Tensile stress 
can lead to cracking of the thin film [198] which in turn can lead to electrical short cuts. As thin film 
stress may change over time through relaxation, the devices performance is also prone to parasitic 
drift effects [199], [200]. 

This residual stress can originate from various sources, e.g. lattice mismatch [197], [201], [202], 
atomic peening [203] or from different thermal expansion coefficients of substrate and the 
deposited thin films [204], occurring either due to temperature loads during fabrication or when 
operating the device. Additionally, AlN often exhibit a stress gradient along the thickness of the thin 
film [196]. One way to influence the residual stress of pure or alloyed AlN is by varying the thickness 
[193], [197], [205], sputter gas composition [197], [206], [207] or sputter pressure [176], [208] of 
the thin film and is studied in section 4.2 and 4.3 for AlScN and AlYN thin films, respectively. 
However, changing sputter conditions not only influence the residual stress but also other 
properties like the piezoelectric coefficients, which makes it necessary to monitor those properties 
simultaneously. 
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44..22 AAlluummiinnuumm  SSccaannddiiuumm  NNiittrriiddee  
As already mentioned, aluminum nitride can be alloyed by various other elements, whereas 
scandium is the most promising one up to date. While DFT simulations show the possibility of 
increasing the scandium content up to 50% and still preserve piezoelectric properties [209], [210], 
experimental work done by several authors showed different results, especially for higher scandium 
concentrations, shown in Figure 22. The maximum achieved increase in the piezoelectric 
longitudinal coefficient of approximately 500% to 27.6 𝑝𝐶 𝑁−1 for a scandium concentration of 
43%, was reached by Akiyama et al. [211] and Umeda et al. [52]. Higher concentrations of scandium 
content led to a change from the hexagonal to the cubic microstructure of scandium aluminum 
nitride (AlScN) thin films [212]–[214]. 

As a consequence, scandium aluminum nitride thin films were studied in the following for their use 
in piezoelectric MEMS energy harvesters and sensors. 

 

Figure 22: Piezoelectric constants 𝑑33 as a function of 
scandium content from Akiyama 2012 [211], 
Mertin 2017 [215] Umeda 2013 [52], Daoust, 
2021 [209] and this work. 

44..22..11.. DDeeppoossiititioonn  ooff  AAllSSccNN  tthhiinn  fifillmmss  
Scandium aluminum nitride thin films with an elemental composition of 71% aluminum and 29% 
scandium were synthesized from a 6’’ target, manufactured by a powder metallurgic sintering 
process, with 67% of aluminum and 33% scandium. The difference in the elemental composition 
of the sputtered thin film and the target material most probably originates from the different size 
and weight of the different elements. Scandium with a radius of 𝑟𝑆𝑐 = 162 𝑝𝑚 and a standard 
atomic weight of 𝐴𝑟(𝑆𝑐) = 44.95, is much bigger and nearly twice as heavy as aluminum with 𝑟𝐴𝑙 =143 𝑝𝑚 and 𝐴𝑟(𝐴𝑙) = 26.98. This reduction in Sc concentration in the deposited film was also 
observed by Akiyama et al. who sputter deposited an 𝐴𝑙62𝑆𝑐38𝑁 thin film from an 𝐴𝑙58𝑆𝑐42 target 
[51] and several others [216]–[218]. Furthermore, this effect could also be observed for 𝐴𝑙91𝑌9𝑁 
thin films sputter deposited from an 𝐴𝑙85𝑌15 target studied in section 4.3. It shows a larger 
difference in yttrium concentration compared to the 𝐴𝑙71𝑆𝑐29𝑁 thin films, which could be due to 
the even bigger and heavier yttrium atoms, again confirming this hypothesis. 

Several differently sputtered thin films were synthesized on wafer level and characterized for their 
differences in crystallographic structure (section 4.2.2), the piezoelectric coefficients and intrinsic 
stress (section 4.2.3). Details about various parameters including thin film thickness 𝐷 and thin film 
stress 𝜎 can be found in Table 6. 



 

28 Chapter 4: Piezoelectric Thin Film Materials 

No. Mat. 
Power 𝑾 

Pressure 𝑷𝒂 

Ar/N 𝒔𝒄𝒄𝒎 

Sputter rate 𝒏𝒎 𝒔−𝟏 

D 𝒏𝒎 

𝑹𝑪𝑭𝑾𝑯𝑴 (002) ° 

𝒅𝟑𝟑 𝒑𝑪 𝑵−𝟏 

𝝈 𝑮𝑷𝒂 𝑆1 Al0.71Sc0.29N 1000 0.2 0/40 0.60 258 4.50 4.66 -1.75 

S2 Al0.71Sc0.29N 1000 0.2 0/40 0.57 545 3.99 9.3 -1.45 

S3 Al0.71Sc0.29N 1000 0.2 0/40 0.58 1050 3.82 8.38 -1.03 

S4 Al0.71Sc0.29N 1000 0.2 0/40 0.56 2040 3.94 5.7 -0.71 

S5 Al0.71Sc0.29N 600 0.2 0/40 0,31 501 4.63 7.26 -1.13 

S6 Al0.71Sc0.29N 800 0.2 0/40 0,42 520 3.76 9.74 -1.30 

S7 Al0.71Sc0.29N 600 0.2 4/36 0,34 502 4.04 9.72 -0.95 

S8 Al0.71Sc0.29N 800 0.2 4/36 0,45 499 3.71 10.88 -1.17 

S9 Al0.71Sc0.29N 1000 0.2 4/36 0,60 512 3.52 11.98 -1.23 

S10 Al0.71Sc0.29N 600 0.2 6/36 0,35 518 4.04 9.90 -0.88 

S11 Al0.71Sc0.29N 800 0.2 6/36 0,44 489 3.59 11.52 -1.28 

S12 Al0.71Sc0.29N 1000 0.2 6/36 0,61 477 3.57 12.22 -1.35 

S13 Al0.71Sc0.29N 1000 0.6 0/40 0,48 553 8.796 2.70 -0.26 

S14 Al0.71Sc0.29N 1000 1.0 0/40 0,42 449 12.134 1.56 +0.02 

S15 Al0.71Sc0.29N 1000 1.4 0/40 0,37 450 15.86 1.10 +0.05 

Table 6: Deposition conditions for the sputtered AlScN thin films and results of their microstructural and electro-
mechanical characterization. 

44..22..22.. SSttrruuccttuurraall  CChhaarraacctteerriissaatitioonn  
In a first step, thin films varying in thickness from 250 𝑛𝑚 − 1000 𝑛𝑚 were analyzed. The Bragg-
Brentano scans from Figure 23 (a) show that all thin films exhibit a distinct (002) peak at ~35.8°, 
indicating the presence of the preferred crystallographic direction for piezoelectric thin films. 
However, while thicker films were expected to have a higher crystallinity, they also show a higher 
number of differently orientated crystals. This could also be observed in the SEM images in Figure 
24 (a-d). Especially the insets, representing images of the surface of the thin films show a higher 
density of those grains. The occurrence of those crystallites was observed by several different 
groups and it was shown that the relation between those abnormal grains and the crystallites in 
(002) direction depends strongly on the selected sputter parameters. Sandu et al. reported that a 
higher RF-bias led to a reduction in non-(002) oriented grains and thicker films developed larger 
grains with different orientations, which in turn replaced the (002) grains [219]. The FWHM of the 
rocking curve in Figure 23 (b), measured at the (002) peaks show that thicker films exhibit a lower 
FWHM and hence, better oriented (002) grains. A similar trend could be observed by Knisely et al. 
who received FWHMs between 5.85° − 1.34° for thicknesses of 14 𝑛𝑚 − 1100 𝑛 [220]. 
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Figure 23: (a) Bragg-Brentano scans for samples with varying thickness S1-S4 and (b) FWHM of the rocking 
curve as a function of thickness for the same samples. Lines in (b) serve as guide to the eye. 

Figure 24: SEM micrographs of the cross-section and the related surface of samples (a) S1, (b) S2, (c) S3and (d) 
S4. 

Another influencing parameter when depositing AlScN thin films is the sputter power. The Bragg-
Brentano scans of the studied samples are shown in Figure 25 (a-c), whereas equally colored curves 
represent equal gas compositions with a nitrogen content of 100% in blue, 90% in ochre and 85% in 
pink. For all three gas compositions the peak-intensity at 33° reduce with increasing power. 
Additionally, the rocking curve performed around the (002) peak showe lower 𝐹𝑊𝐻𝑀𝑠 for higher 
sputter powers independent of the gas composition. This confirms observations done by other 
groups [221], [222]. 

The addition of argon leads to a similar behavior, meaning that more argon content in the sputter 
gas composition reduces the intensity of the peak around 33° and additionally reduces the FWHM 
of the rocking curve of the (002) peak. This can be linked to the higher sputter rate due to the higher 
atomic weight of argon, in comparison to nitrogen. However, various groups showed that when 



 

30 Chapter 4: Piezoelectric Thin Film Materials 

increasing the argon content over a certain threshold, thin film quality reduces again [223]. One of 
the reasons might be the insufficient availability of nitrogen atoms when scandium or aluminum 
atoms react on the wafer surface, possibly leading to metal clusters in the deposited thin film. 

Figure 25: Bragg-Brentano scans for varying gas compositions and fixed sputter power of (a) 600 W (S5, S7, 
S10), (b) 800 W (S6, S8, S11) and (c) 1000 W (S2, S9, S12). (d) FWHM of the rocking curve as a 
function of sputter power for all previously mentioned samples. Lines in (d) serve as guide to the 
eye. 

The third parameter studied is the working pressure which shows the highest influence on the 
microstructure and on the thin film quality. Four different pressure levels between 2 − 14 𝜇𝑏𝑎𝑟 
were used. Beside the already discussed abnormal peak at 33° the Bragg-Brentano scans in Figure 
26 (a) show that in addition to the (002) peak at 35.8°, another peak at 36.5° forms and gets more 
pronounced with higher pressure values. A possible reason for the formation of this second peak 
might be a change in residual thin film stress during deposition, due to changed growth conditions. 
The formation of pure ScN crystals can most probably be excluded as diffraction patterns of pure 
ScN only exhibit peaks below 35° and above 40° [224], [225]. The ultimate explanation for the 
presence remains unclear and shows the need for further future studies. As expected, the 𝐹𝑊𝐻𝑀 
of the rocking curves illustrates increasing values with increasing sputter pressure, showing a high 
value of 8.8° already at 6 𝜇𝑏𝑎𝑟. This again confirms similar measurement results reported in [221], 
[226]. 
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Figure 26: (a) Bragg-Brentano scans for samples with varying sputter pressure S2, S13, S14 and S15 and (b) 
FWHM of the rocking curve as a function of sputter pressure for the same samples. Lines in (b) serve 
as guide to the eye. 

The SEM images of the cross-section of thin films in Figure 27 (a-d) and of the surface (insets) show 
an interesting observation. While the low-pressure sample exhibits big abnormal grains, as already 
discussed before, the higher-pressure sample shows similar structures but with a much finer grain 
size. Again, this indicates a change in the growth conditions under higher sputter pressure, when 
comparing to low pressure. 

Figure 27: SEM micrographs of the cross-section and the related surface for samples (a) S2, (b) S13, (c) S14 and 
(d) S15 sputtered with different pressure. 

44..22..33.. EElleeccttrroo--mmeecchhaanniiccaall  CChhaarraacctteerriizzaatitioonn  
Figure 28 (a-c) show the intrinsic stress 𝜎 (blue curves) and the piezoelectric longitudinal coefficient 𝑑33 (orange curves) for all previously presented samples. With increasing thickness, the intrinsic 
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stress changes from highly compressive to less compressive, while the 𝑑33 varies only slightly 
around 8 ± 2 𝑝𝐶 𝑁−1. These results show a similar trend as previously reported studies about pure 
AlN thin films [196], [202], [227], [228]. They also correspond to the trend of the FWHM of their 
according rocking curve from the previous chapter. 

 

Figure 28: Thin film stress 𝜎 and piezoelectric coefficient 𝑑33 as a function of (a) thin film thickness for 
samples S1-S4, (b) and (d) sputter power for samples S5, S6, S2 (N=100%), S7, S8, S9 (N=90%), S10, 
S11, S12 (N=85%) and (c) sputter pressure for samples S2, S13-S15. Lines in (a-d) serve as guide to 
the eye. 

The sputter power has an inverse effective on the intrinsic stress, meaning that higher power leads 
to higher compressively stressed thin films, although the absolute amount of change was the lowest 
within the given parameter range. This behavior is similar for all used gas compositions, except an 
outlier sputtered with 600 𝑊 and 90% nitrogen. The piezoelectric coefficient 𝑑33 increases by 
approximately 20% while increasing the power from 600 𝑊 − 1000 𝑊 and this effect is similar for 
all three gas compositions. These results are generally in good agreement with the rocking curve 
FWHMs which decrease with increasing power and increasing argon content. 

The sputter pressure 𝑝𝑆𝑝𝑢𝑡𝑡𝑒𝑟 showed the highest influence on the thin film stress and on the 
piezoelectric coefficient ranging from −1448 𝑀𝑃𝑎 to +49 𝑀𝑃𝑎 and 9.3 𝑝𝐶 𝑁−1 to 1.1 𝑝𝐶 𝑁−1, 
respectively for a pressure ranging from 0.2 𝑃𝑎 to 1.4 𝑃𝑎. This again confirms similar observations 
reported in literature [51], [221], [226]. 

When comparing the FWHM of the rocking curve to the piezoelectric coefficient shown in Figure 
29, it is clearly visible that a high FWHM correspond to a low 𝑑33, but measuring a low FWHM is not 
sufficient for having a high 𝑑33. This was also shown by Olivares et al. [229] for pure AlN thin films 
and will be discussed again in section 4.3.4 for AlYN thin films, which shows a similar behavior. 

In summary, it can be stated that thicker thin films sputtered with higher power and argon content 
increased by 15% in the sputter atmosphere, show increased thin film quality and a good 
piezoelectric coefficient, but also a high compressive intrinsic stress. The sputter pressure has the 
exact opposite effect – reducing the intrinsic stress to nearly unstressed thin films for a pressure 
above 1.0 𝑃𝑎, but at the same time the piezoelectric coefficient degrades to very low values. A 
method to circumvent this drawback being essential for the later integration into MEMS devices 
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(i.e., low film stress in combination with high piezoelectric coefficients) will be introduced in section 
4.4, where a stress tailoring method is developed for pure AlN and also tested on the same AlScN 
thin films presented in this chapter. 

 

Figure 29: Piezoelectric coefficient 𝑑33 as a function of 
the FWHM of the rocking curve. 
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44..33 AAlluummiinnuumm  YYttttrriiuumm  NNiittrriiddee  
Another alternative to scandium for alloying is yttrium, which belongs to the same group III 
transition metals as scandium and is located right below the latter element in the periodic table of 
elements. In its pure form yttrium is a silvery metallic rare earth metal and is chemically very similar 
to other elements in the lanthanides group. Its atomic radius 𝑟𝐴𝑡𝑜𝑚,𝑌 = 180 𝑝𝑚 is a lot larger than 
the radii of aluminum (𝑟𝐴𝑡𝑜𝑚,𝐴𝑙 = 143 𝑝𝑚) and scandium (𝑟𝐴𝑡𝑜𝑚,𝑆𝑐 = 162 𝑝𝑚), which already 
makes it obvious, that mixing yttrium and aluminum in the same crystal lattice is a challenging task.  

Mayrhofer et al. and Žukauskaitė et al. did ab initio density functional theory (DFT) simulations to 
estimate the mechanical and piezoelectric properties [230], [231]. They predicted, that AlN alloyed 
with yttrium can exceed the piezoelectric coefficients of AlScN with a maximum 𝑑33 = 35 𝑝𝐶 𝑁−1 
at 50% yttrium content. Furthermore, Mayrhofer et al. showed that it is possible to grow crystalline 
AlYN thin films by reactive co-sputtering. Although the lattice parameters calculated from the DFT 
simulations were in excellent agreement with the results of the XRD measurements, the layers 
underperformed with respect to the piezoelectric properties, which was attributed to an oxygen 
rich amorphous region in the AlYN thin film at the interface to the silicon substrate. Another 
contradictory result was found by Tholander et al. by their DFT simulations [232]. They studied a 
mixture of 𝐴𝑙50𝑌50𝑁 and argued that the high-volume difference between YN and AlN leads to high 
structural distortions within the wurtzite crystal lattice. This prevents the giant enhancement of the 
piezoelectric coefficients, compared to e.g., aluminum scandium nitride alloy, where the volume 
difference is less. These contradictory results indicate that there is a strong need for further 
experimental investigations on this promising alloying material, which will be addressed in the 
following. 

Due to the high affinity of yttrium towards oxygen [233], manufacturing high-quality yttrium 
aluminum alloy targets with low oxygen contamination is a very challenging task, especially if a high 
yttrium concentration is targeted. Therefore, we decided to investigate the impact of sputter 
parameters on basic properties of 𝐴𝑙0.91𝑌0.09𝑁 thin films, synthesized from an 𝐴𝑙0.85𝑌0.15𝑁 alloy 
target. In detail, the microstructure of the sputter-deposited layers and their piezoelectric 
properties are characterized. 

44..33..11.. DDeeppoossiititioonn  ooff  AAllYYNN  tthhiinn  fifillmmss  𝐴𝑙0.91𝑌0.09𝑁 with a thickness of 500 ± 50 𝑛𝑚 were deposited on 1.5 𝑥 1.5 𝑐𝑚2 sized snippets of 
(100) silicon. The 6’’ sputter target manufactured with a powder metallurgic sintering process at 
“RHP Technology”, consisted of 15 𝑎𝑡% yttrium and 85 𝑎𝑡% aluminum. To evaluate the best 
conditions for sputter deposition pressure, plasma power, gas composition plus the corresponding 
flow rates these parameters were varied and are listed in Table 7. The purity of the gases was N6, 
the target to substrate distance during all sputter depositions was 65 𝑚𝑚 and the base pressure in 
the sputter chamber was 1.2 ∙ 10−7 𝑃𝑎. Prior to the deposition, the substrate pieces were cleaned 
by an ultrasonic bath with acetone and isopropyl alcohol and finally rinsed in deionized water to 
remove any organic contamination. In order to remove any surface oxides and other surface 
contaminants from the target surface, the target was sputter cleaned at closed shutter position for 60 s under pure argon atmosphere before each deposition. As a reference, a pure aluminum nitride 
thin film (𝑆1) was first synthesized and characterized. 

https://www.sciencedirect.com/topics/materials-science/aluminum-alloys
https://www.sciencedirect.com/topics/physics-and-astronomy/yttrium
https://www.sciencedirect.com/topics/materials-science/sputter-deposition
https://www.sciencedirect.com/topics/physics-and-astronomy/ultrasonics
https://www.sciencedirect.com/topics/materials-science/oxide-surface
https://www.sciencedirect.com/topics/materials-science/aluminum-nitride
https://www.sciencedirect.com/topics/materials-science/thin-films
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No. Mat. 
Power 𝑾 

Pressure 𝑷𝒂 

Ar/N 𝒔𝒄𝒄𝒎 

Sputter rate 𝒏𝒎 𝒔−𝟏 

D 𝒏𝒎 

𝑹𝑪𝑭𝑾𝑯𝑴 (002) ° 

𝒅𝟑𝟑 𝒑𝑪 𝑵−𝟏 

𝝈 𝑮𝑷𝒂 𝑆1 AlN 800 0.2 0/40 0.533 500 3.90 5.02 -0.58 𝑆2 Y0.09Al0.91N 600 0.2 0/40 0.263 579 7.54 2.38 n.a. 𝑆3 Y0.09Al0.91N 800 0.2 0/40 0.356 570 5.72 2.82 -2.15 𝑆4 Y0.09Al0.91N 800 0.2 10/30 0.423 661 15.92 0.26 -2.07 𝑆5 Y0.09Al0.91N 800 0.2 6/34 0.397 579 7.74 2.73 -1.97 𝑆6 Y0.09Al0.91N 800 0.4 0/40 0.274 465 6.05 3.97 -1.66 𝑆7 Y0.09Al0.91N 800 0.6 0/40 0.250 500 6.41 2.09 -1.38 𝑆8 Y0.09Al0.91N 1000 0.2 0/40 0,452 543 6.16 5.24 -2.12 𝑆9 Y0.09Al0.91N 1000 0.4 0/40 0.385 460 5.73 7.79 -1.90 𝑆10 Y0.09Al0.91N 1000 0.6 0/40 0.304 480 10.14 0.64 -1.79 𝑆11 Y0.09Al0.91N 1000 0.2 6/34 0.477 512 n.a. n.a. -1.73 𝑆12 Y0.09Al0.91N 1000 0.2 10/30 0.494 532 n.a. n.a. -1.45 

Table 7: Deposition conditions for the sputtered AlYN thin films and results of their microstructural and functional 
characterization. Samples 𝑆11 and 𝑆12 were used for oxygen characterization under heat treatment. 

44..33..22.. SSttrruuccttuurraall  CChhaarraacctteerriissaatitioonn  
To investigate the film morphology, SEM images were recorded of both the film cross-section and 
of the surface of the 𝐴𝑙0.91𝑌0.09𝑁 thin films, as shown in Figure 30. The microstructure of the surface 
exhibits the presence of circularly shaped grains, comparable to AlN and AlScN samples [234], [235]. 
The average grain diameter can be estimated from the surface image to about 40 𝑛𝑚. Schneider et 
al. showed a slightly smaller grain diameter of about 20 𝑛𝑚 for similar layer thicknesses of pure AlN 
[157], whereas Akiyama et al. reached comparable grain diameters with 𝐴𝑙0.64𝑆𝑐0.36𝑁 layers of 
about 45 𝑛𝑚 [211]. They argued that a lower grain size leads to a film graining with a higher degree 
of ordering, which in turn results in enhanced piezoelectric coefficients. 

 

Figure 30: SEM images of the AlYN sample 10 with 30° tilted 
cross-section and the surface morphology given 
by the inset. 

To study the microstructure of the 𝐴𝑙0.91𝑌0.09𝑁 layer in more detail, the sample with the highest 
piezoelectric coefficient 𝑆9 was investigated by TEM. In addition, high spatially resolved EDX analysis 
provides information about the local chemical composition. Figure 31 (a) shows a dark field image 
of the cross-section of the entire 𝐴𝑙0.91𝑌0.09𝑁 layer. Figure 31 (b) is a high-resolution TEM image of 
the interface between the silicon substrate and the 𝐴𝑙0.91𝑌0.09𝑁 layer. It can be seen that there is a 

https://www.sciencedirect.com/topics/physics-and-astronomy/grain-size
https://www.sciencedirect.com/topics/materials-science/energy-dispersive-x-ray-analysis
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continuous layer of native 𝑆𝑖𝑂2 separating the silicon substrate and the 𝐴𝑙0.91𝑌0.09𝑁 layer, followed 
by a mixture of crystalline growth and amorphous regions, whereas the crystallite size increases 
with increasing layer thickness. 

The selected area electron diffraction (SAED) image, Figure 31 (c) has been taken from the center 
of the layer and the lattice constants have been calculated to 𝑐 = 0.515𝑛𝑚 and 𝑎 = 0.323𝑛𝑚. 
Compared to the previous mentioned DFT simulations the a lattice constant is in good agreement, 
while the c-lattice constant is higher than the predicted ones from several different DFT simulations 
[230], [231], [236], shown in Figure 32. In contrast, the experimental values of Žukauskaitė et al. 
and Mayrhofer et al. were lower than the calculated values, which might also be an indicator why 
the piezoelectric constants were lower than expected. 

 

Figure 31: TEM and SAED images of sample 9. (a) Dark field TEM image of the film cross-section. (b) High resolution image 
of the interface region between the silicon substrate and the AlYN thin film. (c) SAED image of the AlYN thin film 
taken from the center of the thin film. 

When calculating the Bragg-Brentano angle for the (002) peak from the measured c-lattice constant, 
we get 2θ = 35.1°, which is a reduction by ~1° compared to pure unstressed AlN [237]. The 
reduced angle indicates a compressively stressed thin film, which is typical for sputter deposited 
aluminum nitride thin films. More discussion about the thin film stress of 𝐴𝑙0.91𝑌0.09𝑁 will be done 
together with wafer bow measurements in section 4.3.4. 

 

Figure 32: Comparison of the lattice constants from DFT simulations and experimental data for (a) the a-axis lattice constant 
and (b) c-axis lattice constant. 

https://www.sciencedirect.com/topics/physics-and-astronomy/electron-diffraction
https://www.sciencedirect.com/topics/physics-and-astronomy/electron-diffraction
https://www.sciencedirect.com/topics/materials-science/thin-films
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To determine the chemical composition of the thin film, an EDX area scan was conducted. Figure 33 
(a-f) shows the complete area scan and the components of aluminum, nitrogen, oxygen and yttrium. 
The 𝐴𝑙0.91𝑌0.09𝑁 thin film in the middle is confined by the glue on the left side (pink) and by the 
silicon substrate on the right side (green). The line scan in Figure 34 is an integration along the y-
axis of the area scans and gives a better qualitative overview of the local distribution of the different 
elements in the thin film. The oxygen content in the 𝐴𝑙0.91𝑌0.09𝑁 layer remains on 30–50 counts in 
the EDX spectra which translates to 2.91% of oxygen contamination in the 𝐴𝑙0.91𝑌0.09𝑁 thin film, 
compare Table 8. The interface between the 𝐴𝑙0.91𝑌0.09𝑁 thin film and the 𝑆𝑖 substrate has a sharp 
peak of about 120 counts, which indicates the native oxide of the silicon substrate, as stated before. 
The high amount of oxygen on the left side of Figure 33 (f) is due to the chemical composition of 
the glue. The experimentally determined chemical composition from the EDX spectrum of the 𝐴𝑙0.91𝑌0.09𝑁 thin film in Figure 34 is given in Table 8. 

 

Figure 33: EDX area scan of sample 10. (a) shows the TEM image and (b) shows the complete EDX area scan with chosen 
elements carbon (pink), nitrogen (yellow), oxygen (grey), aluminum (red), silicon (green), yttrium (golden). Further 
area scans for single elements are (c) aluminum, (d) yttrium, (e) nitrogen and (f) oxygen. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Mayrhofer et al. argued that the incorporation of oxygen, predominantly in the initial film growth 
results in an amorphous region near the interface and affects the effective values of the 
piezoelectric coefficients negatively [230]. In contrast, our EDX measurement indicates a lower 
oxygen content in the film compared to Mayrhofer et al. [230] and hence, higher piezoelectric 
coefficients are expected. 

https://www.sciencedirect.com/topics/physics-and-astronomy/x-ray-spectra
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Figure 34: EDX line scan of sample 10. 

 

Elements 
Atomic % 

Measured 

Net Error % 

Measured 

Yttrium 4.15 0.76 

Aluminum 41.56 0.15 

Nitrogen 49.26 0.29 

Oxygen 2.91 1.98 

Table 8: Elemental composition of the AlYN thin film, extracted from the EDX spectra. 

The pure AlN shows a (002) peak around 36.15° with a 𝐹𝑊𝐻𝑀 of 3.90°, which indicates the 
presence of a wurtzite microstructure with the c-axis normal to the surface (Figure 35 (a-b)). (100) 
peaks around 33° indicate crystals growing with a different orientation, which do not contribute to 
the piezoelectric effect and are therefore unwanted. Žukauskaitė et al. showed that for yttrium 
contents up to 75% the wurtzite phase is the energetically preferred crystallographic phase in the 
growing film [231]. When neglecting additional effects on the XRD characteristics such as film stress, 
similar peak positions as for pure AlN are expected as a first approximation. 

 

Figure 35: (a) Bragg-Brentano scans and (b) rocking curves of pure AlN 𝑆1 and 𝑆9. 

The variation of sputtering power in Figure 36 (a) was done at a fixed pressure of 0.2 𝑃𝑎 in a 100% 
nitrogen atmosphere. We expected a better crystal growth at higher plasma power values during 
sputtering, due to an increased sputter rate, resulting in a higher self-heating of the substrate which 
provides more energy to the surface atoms as reported in literature for pure aluminum nitride 
[238]–[240]. While a higher sputter power led to a continuously decreasing formation of (100) 
peaks, the growth of (002) reaches a maximum at 800 𝑊. This also compares to the 𝐹𝑊𝐻𝑀 of the 
rocking curve in Figure 37 (a), which shows 5.72° and 6.16° for 800 𝑊 and 1000 𝑊, respectively. 
Only the thin film sputtered at 600 𝑊 shows an increased 𝐹𝑊𝐻𝑀 of 7.54°, which indicates worse 
growth conditions at lower sputter powers. 

https://www.sciencedirect.com/topics/physics-and-astronomy/wurtzite
https://www.sciencedirect.com/topics/physics-and-astronomy/piezoelectricity
https://www.sciencedirect.com/topics/physics-and-astronomy/yttrium
https://www.sciencedirect.com/topics/materials-science/aluminum-nitride
https://www.sciencedirect.com/topics/materials-science/thin-films
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Figure 36 (b) illustrates the influence of the gas composition on the crystallographic phase 
composition. In these experiments, the plasma power of 800 𝑊 and a pressure of 0.2 𝑃𝑎 in the 
deposition chamber were fixed. Higher nitrogen concentrations were preferred as these led to a 
more pronounced (002) and a less intense (100) peak characteristics, respectively. This is also 
confirmed by the rocking curve measurements in Figure 37 (b) with decreasing 𝐹𝑊𝐻𝑀𝑠 at higher 
nitrogen concentrations. Different studies have found a strong impact on the crystallinity of pure 
AlN [176], [241], [242] as well as AlScN [50], [243] thin films when admixing argon to the nitrogen 
atmosphere during sputtering. While higher argon content leads to a higher sputter rate due to its 
higher atomic weight [244], it additionally increases the specific sputter rate of the heavier yttrium 
compared to aluminum [245]. This increase in yttrium content could influence the growth process 
towards the less preferred (100) crystallographic direction. 

The variation of sputter pressure was done under 100% nitrogen atmosphere at 800 𝑊 and 1000 𝑊 of sputter power, as illustrated in Figure 36 (c) and (d). Both Bragg-Brentano scans show 
that with decreasing pressure, the (002) peak intensifies, while the (100) peak height decreases. 
This can be explained by the larger mean free path of the sputtered particles, which leads to a higher 
energy level for adatoms at lower sputter pressure. Other works have shown independently that 
lowering the sputter pressure leads to an enhanced growth of the (002) peak for sputtered AlN thin 
films [176], [207]. 

 

Figure 36: (a-d) show XRD measurements in Bragg-Brentano configuration of layers deposited with varying sputter 
deposition parameters. Independent of the parameters, all AlYN layers show a distinct (002) peak around 35.6°. 
The sharp double peak at 33° originates from the silicon substrate. The corresponding rocking curve 
measurements of the (002) peaks are given in Figure 37 (a-c). 

While the rocking curve measurements in Figure 37 (c) at a plasma power of 1000 𝑊 indicate only 
a minor influence on the 𝐹𝑊𝐻𝑀 with rising sputter pressure, the measurements of the 800 𝑊 𝐴𝑙0.91𝑌0.09𝑁 sample show the expected behavior, of rising 𝐹𝑊𝐻𝑀 values with increasing sputter 
pressure. 

The comparison of the Bragg-Brentano scans of pure AlN with the best 𝐴𝑙0.91𝑌0.09𝑁 sample in Figure 
35 (a) shows, that the (002) peak shifts to lower 2𝜃 values from 36.16° to 35.62°. By using Bragg ‘s 
law 2𝑑 ∙ 𝑠𝑖𝑛𝜃 = 𝑛𝜆 we can calculate the lattice constant of the c-axis to 0.507 𝑛𝑚, neglecting any 
impact on peak position e.g. by film stress. Comparing this to the DFT simulations of the lattice 

https://www.sciencedirect.com/topics/physics-and-astronomy/crystallinity
https://www.sciencedirect.com/topics/physics-and-astronomy/mean-free-path
https://www.sciencedirect.com/topics/physics-and-astronomy/adatoms
https://www.sciencedirect.com/topics/materials-science/diffraction-measurement
https://www.sciencedirect.com/topics/materials-science/sputter-deposition
https://www.sciencedirect.com/topics/materials-science/sputter-deposition
https://www.sciencedirect.com/topics/materials-science/lattice-constant
https://www.sciencedirect.com/topics/physics-and-astronomy/density-functional-theory
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constants from Mayrhofer et al. [230] we would estimate an yttrium content of 9% if we interpolate 
the values between his simulated values of 6.25 𝑎𝑡% and 12.5 𝑎𝑡% of yttrium content. 

 

Figure 37: FWHM of rocking curves of 𝐴𝑙0.91𝑌0.09𝑁 layers at the (002) peak when varying (a) the plasma power, (b) the 
nitrogen admixture and (c) the pressure values, including a pure AlN sample as reference. Lines in (a-c) serve as 
guide to the eye. 

44..33..33.. OOxxyyggeenn  CCoonnttaammiinnaatitioonn  ooff  AAllYY  aanndd  AAllYYNN  tthhiinn  fifillmmss  
Oxygen is a highly reactive element and can influence the properties of thin film materials if 
incorporated into the microstructure or it can disturb the crystal growth during sputter deposition 
[246]–[248]. Mayrhofer et al. found significant amounts of oxygen contamination in their thin films 
and argued that the low piezoelectric coefficients are caused by an amorphous, oxygen-rich layer at 
the interface to the substrate. As our samples also contained a considerable amount of oxygen, we 
analyzed our sputtered AlYN thin films and the target material with respect to the presence of 
oxygen. We defined three different sources of oxygen which have to be considered: 

(1) Oxygen contamination in the sputter gas 
(2) Surface oxide layer formed on top of the AlYN when exposed to air 
(3) Oxygen originating from the target material 

Based on the low base pressure of 1.2 ∙ 10−7 𝑃𝑎 and the high purity of both sputter gases nitrogen 
and argon of N6, it is reasonable to assume, that oxygen impurities of the sputter gas (1) will not be 
a major influencing factor. 

Surface oxidation (2) can occur as soon as thin films are exposed to air, but it is normally a self-
limiting process only affecting only the top most few nano meters [249]. However, to further study 
the impact of surface oxide on the AlYN thin films, EDX measurements were conducted with 
acceleration voltages 𝑈𝑎𝑐𝑐 of 3, 5, 6 and 10 kV. Increasing 𝑈𝑎𝑐𝑐 results in a larger X-ray emission 
plume during EDX analysis reaching further into the specimen. As a consequence, a surface oxide 
of only a few nanometers will produce a less intense signal with increasing 𝑈𝑎𝑐𝑐, which can be seen 
Figure 38 (a). The oxygen content in 𝑎𝑡% is decreasing when 𝑈𝑎𝑐𝑐 is increased from 3 to 6 𝑘𝑉. The 
increased amount of oxygen for the 10 𝑘𝑉 measurement lies within the error range of ±0.5% 
(compare Figure 38 (b)), but it could also be related to an oxygen layer originating from the silicon 
substrates surface. Additionally, the inset in Figure 38 (a) shows that all other elements show 
relatively constant values when varying 𝑈𝑎𝑐𝑐. 

https://www.sciencedirect.com/topics/materials-science/aluminum-nitride
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Figure 38: (a) Amount of oxygen in the AlYN thin film for different acceleration Voltages. The inlay shows the complete 
elemental composition of the AlYN thin film for different acceleration voltages. (b) Change of oxygen content and 
thin film stress over time during an elevated temperature of 220 °C for a different sample. 

Another way to exclude an increased oxygen contamination through surface oxidation at ambient 
temperature is to measure the change in the elemental composition of an AlYN thin film under heat 
treatment. Therefore, two AlYN thin films were sputter deposited on a wafer with parameters seen 
in Table 7. The wafers were then placed on a hotplate at an elevated temperature of 220 °𝐶 for 120 𝑚𝑖𝑛 under an ambient atmosphere, to increase the rate of surface oxidation. EDX 
measurements were performed in regular intervals to determine the elemental composition, shown 
in Figure 38 (b). Intrinsic stress measurements were also conducted, which additionally indicate a 
change in the thin film structure, if oxygen is incorporated. The oxygen content during the whole 
duration stayed within the 2 − 3% range indicating no major influence of oxidation originating from 
the ambient atmosphere even at an elevated temperature of 220 °C. The thin film stress showed a 
relaxation within the first 30 min. of the experiment from -2.06 𝐺𝑃𝑎 to −1.89 𝐺𝑃𝑎, where it then 
remained constant. This relaxation of thin film stress may occur through effusion of trapped gas 
molecules in the thin film, most probably nitrogen [250]. 

To estimate the influence of oxygen originating from the target material (3), a 10 𝜇𝑚 thin layer of 
pure 𝐴𝑙0.85𝑌0.15 was sputter-deposited in pure argon atmosphere with a sputter pressure of 0.3 𝑃𝑎, 
a flow rate of 50 𝑠𝑐𝑐𝑚 and a sputter power of 500 𝑊. The base pressure of the sputter chamber 
was the same as stated before and the sputter rate was 3.64 𝑛𝑚 𝑠−1. This layer was investigated by 
EDX within the SEM with an acceleration voltage of 3 − 20 𝑘𝑉 to estimate the chemical composition 
of the target. The peaks in the EDX spectra shown in Figure 39 (a) show different intensities of the 
present elements. The change in the background signal can be led back to 𝑈𝑎𝑐𝑐, as lower voltages 
also give lower signals for the same excitation voltage. Figure 39 (b) shows the oxygen content for 
all values of 𝑈𝑎𝑐𝑐, which resulted in a composition of about 83 𝑎𝑡% aluminum, 13 𝑎𝑡% yttrium and 4 𝑎𝑡% oxygen. The higher oxygen content for lower 𝑈𝑎𝑐𝑐 values most probably originates from a 
surface oxide layer. 
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Figure 39: (a) EDX spectra of a metallic 𝐴𝑙0.85𝑌0.15 thin film with a thickness of 10 𝜇𝑚 for acceleration voltages of 3, 5, 10, 15 and 20 𝑘𝑉. (b) Oxygen Content measured with the same acceleration voltages. 

As a rough estimate, 4 out of 100 sputtered target atoms are oxygen atoms. Given that 𝐴𝑙x𝑌1−x𝑁 
consists of 50 𝑎𝑡% nitrogen and assuming, that every sputtered oxygen atom which reaches the 
substrate replaces one nitrogen atom, we can expect to find approximately half the oxygen 
concentration of the target in the deposited thin film, which is in excellent agreement with our 
measurements of the AlYN thin film (shown in section 4.3.2). This leads to the conclusion that most 
of the oxygen incorporated in the AlYN thin film originates from the target material itself, again 
emphasizing the importance of a chemically clean, uncontaminated source material and the 
difficulties arising with the high affinity of yttrium towards oxygen during target fabrication. 

44..33..44.. EElleeccttrroo--mmeecchhaanniiccaall  CChhaarraacctteerriissaatitioonn  
The ab initio calculations from Mayrhofer et al. [230] predict an increase in the longitudinal 
piezoelectric coefficient 𝑑33 from 5 𝑝𝑚 𝑉−1 for pure aluminum nitride to 7.8 𝑝𝑚 𝑉−1 for an yttrium 
concentration of 9%. Figure 40 (a-c) shows the piezoelectric coefficient 𝑑33 for various sputter 
power values, gas compositions and sputter pressures. The dots represent the average value of 9 
measured pads, whereas the error bars represent the minimum and maximum measured value. It 
can be concluded that with increasing power and increasing nitrogen content during deposition, the 𝑑33 increases. The highest piezoelectric coefficient of 7.79 𝑝𝑚 𝑉−1 resulted with a pressure value 
of 0.4 𝑃𝑎 at a plasma power of 1000 𝑊 in a pure nitrogen atmosphere during sputter deposition. 

 

Figure 40: FWHM of rocking curves of 𝑌0.09𝐴𝑙0.91𝑁 layers when varying (a) the plasma power, (b) the nitrogen admixture 
and (c) the pressure values, including a pure AlN sample as reference. 

Compared to the experimental results from Mayrhofer et al. [27] we reached higher piezoelectric 
coefficients. Furthermore, our measured 𝑑33 of 7.79 𝑝𝐶 𝑁−1 is in excellent agreement with the 
predicted values from their DFT simulations. It is reasonable to assume that this improvement 
results from the lower amount of oxygen, especially on the interface region in the thin film 

https://www.sciencedirect.com/topics/physics-and-astronomy/oxygen-atoms
https://www.sciencedirect.com/topics/physics-and-astronomy/nitrogen-atoms
https://www.sciencedirect.com/topics/materials-science/sputter-deposition
https://www.sciencedirect.com/topics/materials-science/aluminum-nitride
https://www.sciencedirect.com/science/article/pii/S0921510721004980?via%3Dihub#b0135
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compared to the measurements from Mayrhofer et al. [27]. Furthermore, the quality, especially the 
oxygen content of the target material is of utmost importance, to receive thin films of highest 
quality. 

 

Figure 41: FWHM of rocking curves of Y0.09Al0.91N layers 
when varying (a) the plasma power, (b) the 
nitrogen admixture and (c) the pressure values, 
including a pure AlN sample as reference. 

Figure 41 shows the piezoelectric coefficient 𝑑33 as a function of the FWHM of the rocking curve. It 
indicates a correlation for high to medium FWHM values (𝐹𝑊𝐻𝑀 ≥ 7), which results in low to 
medium values in the piezoelectric coefficient up to 2 𝑝𝐶 𝑁−1. Below a value of 7°, however, this 
direct correlation vanishes and the thin films show a 𝑑33 between 2 and 7.79 𝑝𝐶 𝑁−1. We can 
conclude that a narrow rocking curve width is necessary but not sufficient to reach high 
piezoelectric coefficients. Olivares et al. showed that this behavior can result from the presence of 
crystals with a (101) orientation in the XRD scans. These crystals can also be clearly observed by the 
triangular shape, in the surface microstructure of their thin films [229]. In contrary, our samples do 
not show any (101) peaks, but a minor presence of (100) and (110) oriented grains. However, 
crystals exhibiting a triangular shape were not observed in any SEM images and might play a 
negligible role in AlYN thin films when low values of the 𝑑33 are measured. 

Figure 42 shows thin film stress as a function of pressure in (a) and of nitrogen content in the sputter 
gas in (b). In both plots samples sputtered at 800 𝑊 and 1000 𝑊 are shown. Independent of the 
selected parameters the film stress is highly compressive. Additionally, it is also highly dependent 
on the sputter pressure ranging from −2.15 𝐺𝑃𝑎 at 2 𝜇𝑏𝑎𝑟 to −1.38 𝐺𝑃𝑎 at 6 𝜇𝑏𝑎𝑟. While the 
sputter power does not have as much influence compared to the chamber pressure, the 800 𝑊 
samples show up to 27 % higher compressive stresses when varying the gas composition than the 1000 𝑊 sample especially for lower nitrogen contents. As a result, it can be concluded that lower 
nitrogen concentrations and higher pressures lead to lower compressive stress values. 

https://www.sciencedirect.com/science/article/pii/S0921510721004980?via%3Dihub#b0135
https://www.sciencedirect.com/topics/materials-science/aluminum-nitride
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Figure 42: (a) Film stress as a function of pressure and (b) as a function of nitrogen admixture for samples sputtered at 800 𝑊 and 1000 𝑊. 
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44..44 SSttrreessss  TTaaiilloorreedd  AAlluummiinnuumm  NNiittrriiddee  
In this chapter a modified sputter process is introduced, which allows to tailor the intrinsic thin film 
stress of AlN and its alloyed variants and simultaneously guarantee high piezoelectric coefficients. 
The work of Tabaru et al. served as a reference [251], who sputter deposited AlScN thin films in a 
two step process with low and high sputter pressure conditions. They showed thin films sputtered 
under low pressure conditions have high piezoelectric coefficients but suffer from high compressive 
residual stress, which is also common in pure AlN thin films as stated before. In contrast thin films 
sputtered under high pressure conditions showed low stress values but at the same time the 
piezoelectric performance diminished. To combine the advantages of both conditions, they 
introduced their two step process which had equally high piezoelectric values as the thin films 
sputter under low pressure conditions and at the same time showed stress values comparable with 
the thin films sputtered with high-pressure conditions. They attributed this effect to atomic peening 
during the first phase and a selective layer-by-layer adsorption of incoming atoms with lower energy 
levels during the second phase of the process. 

In this work a sputter process for pure AlN thin films with a continuously shifted pressure value 
during deposition is realized and the resulting material is compared with other thin films deposited 
with low pressure, high pressure and the two step process from Tabaru et al. [251]. Beside the 
measurements of thin film stress and the piezoelectric coefficient 𝑑33, the microstructural 
composition of all four differently sputtered thin films is studied with SEM, XRD and AFM. 

44..44..11.. DDeeppoossiititioonn  ooff  AAlluummiinnuumm  NNiittrriiddee  TThhiinn  fifillmmss  
AlN thin films were synthesized with a magnetron sputter system from “Von Ardenne LS730S” at a 
temperature below 100 °𝐶 on p-type (100) silicon wafers with different parameter sets listed in 
Table 9. 

 
Low 

Pressure 

High 

Pressure 
2 Steps 

Pressure 

Sweep 

Sample Nr. S41 S42 S43 𝑆44 

Sputter Pressure / 𝑷𝒂 0.2 0.6 0.2 + 0.6 0.2 + 0.2 to 0.6 

N2 Flow / 𝒔𝒄𝒄𝒎 50 50 50 50 

Target Substrate Distance / 𝒎𝒎 65 65 65 65 

Power / 𝑾 800 800 800 800 

Sputter Time / 𝒔 1465 1928 1756 (406 + 1350) 1544 (406 + 1138) 

Thickness / 𝒏𝒎 523 511 524 (148 + 376) 500 (150 + 350) 

Table 9: Sputter parameters for AlN thin films deposited with standard conditions and to achieve stress reduced thin 
films. 

Deposition parameters differ only in the back pressure of the pure nitrogen atmosphere in the 
sputter chamber while keeping all other parameters fixed such as plasma power, target-substrate 
distance, or gas flow rate. Within the first and second set constant pressure values of 0.2 𝑃𝑎 and 0.6 𝑃𝑎 were selected for a deposition time of 1465 𝑠 and 1928 𝑠. The third and fourth set target to 
fabricate stress-reduced AlN thin films, whereas the third contained an abrupt change from 0.2 𝑃𝑎 
(for 406 𝑠) directly to 0.6 𝑃𝑎 (for 1350 𝑠). In contrast, the fourth set consisted of two phases. First, 
the pressure was kept constant at 0.2 𝑃𝑎 for 406 𝑠 to create a seed layer. Then the pressure was 
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gradually increased from 0.2 𝑃𝑎 to 0.6 𝑃𝑎 over a time period of 1138 𝑠 without interrupting the 
sputter process. The timings and pressure values for all four sets are depicted in Figure 43. 

 

Figure 43: Pressure variation as a function of time for the AlN thin films 
sputtered under standard conditions and with modified 
pressure conditions for stress-reduced thin film 
synthetization. 

Additionally, a tailored substrate holder was used to enhance the thermal connection during 
sputtering between the substrate and the holder as reported in [252], [253]. This leads to more 
reproducible deposition conditions and allows to fine tune stress more reliably. Prior to the thin film 
deposition, the 6’’ aluminum target was sputter cleaned at a chamber pressure of 0.6 𝑃𝑎 in a pure 
argon atmosphere and at a power of 800 𝑊 with a closed shutter for one minute. For reasons of 
comparison, all AlN thin films were fabricated with a nominal thickness of 512 ± 12 𝑛𝑚. 

44..44..22.. MMiiccrroossttrruuccttuurraall  aanndd  eelleeccttrroo--mmeecchhaanniiccaall  cchhaarraacctteerriizzaatitioonn  ooff  AAllNN  
tthhiinn  fifillmmss  
To determine the crystallographic quality, Figure 44 shows the Bragg-Brentano scans of the X-ray 
diffraction measurements for 2𝜃 = 30° − 45° for all four parameter sets of the sputtered AlN thin 
films. High quality piezoelectric AlN thin films show a (002) peak indicating a wurtzite crystalline 
microstructure without the presence of any other peaks e.g., (100) or (101) [254], [255]. 

The thin film sputtered at a chamber pressure of 2 𝜇𝑏𝑎𝑟 shows a pronounced (002) peak, indicating 
c-axis oriented crystallites extending perpendicular to the device surface. This is also confirmed by 
the piezometer measurements showing a 𝑑33 of 4.14 𝑝𝐶 𝑁−1. The crystal growth along the (002) 
direction in AlN thin films is often accompanied with high intrinsic stress as already described above, 
in this case shown by a high compressive stress of 𝜎 = −722 𝑀𝑃𝑎, which makes the integration in 
MEMS devices challenging. 

In contrast, the sample sputtered with 6 𝜇𝑏𝑎𝑟 shows a substantially reduced compressive stress of 𝜎 = −102 𝑀𝑃𝑎, but also a reduced 𝑑33 of 0.61 𝑝𝐶 𝑁−1. The Bragg Brentano scan shows a (002) 
peak with reduced intensity and an additional peak at 38.1 ° indicating the presence of crystallites 
with a (110) direction, so that poor piezoelectric values result. 

When comparing the two processes selected for stress reduction, it is obvious that both show a 
distinct (002) peak but the two step process additionally shows a peak at 38.1 ° again indicating a 
mixed crystallographic phase configuration, similar to the sample sputtered with 6 𝜇𝑏𝑎𝑟. This 
shows, that while the process with the gentle pressure sweep takes up the crystal structure from 
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the underlying seed layer, in the two step process the crystal growth changes if the sputter pressure 
is modified abruptly. This impact can also be seen in other film parameters, such as biaxial stress 
and piezoelectric coefficients. While both processes reduce the compressive stress of the resulting 
thin film, the two-step process results in a d33 of only -1.47 𝑝𝐶 𝑁−1, while an enhanced d33 of 5.76 𝑝𝐶 𝑁−1 is achieved when applying the pressure sweep. 

 

Figure 44: Bragg-Brentano scans of sputtered AlN thin films 
with varying sputter pressure. 

Figure 46 shows SEM images in cross-sectional view as well as in top view of all four differently 
sputtered AlN thin films. While all four layers show a clear crystal structure in the upper part of the 
thin film only the low-pressure and the samples synthesized with a pressure sweep show crystal 
growth starting from the bottom. The high-pressure sample appears to have an amorphous starting 
layer leading to an irregular growth of grains of about 100 − 150 𝑛𝑚, before developing to the 
well-known regular, columnar growth in the top part. In contrast, the two-step sample shows a fine-
grained bottom layer of 148 𝑛𝑚 as intended and a larger grained top layer of 352 𝑛𝑚 with a clearly 
visible cut between those two layers. The thin film with the pressure sweep shows a very similar 
structure to the low-pressure sample with grains starting from the bottom and extending over the 
film cross-section to the top surface. 

Wafer 
Low 

Pressure 

High 

Pressure 
2 Steps 

Pressure 

Sweep 𝝈 / 𝑴𝑷𝒂 −722 −102 −389 −170 𝒅𝟑𝟑 / 𝒑𝑪 𝑵−𝟏 4.14 ± 0.3 0.61 ± 0.1 1.47 ± 0.3 5.76 ± 0.5 𝒅𝑨𝒍𝑵 / 𝒏𝒎 523 511 514 500 

XRD Intensity 18973 6224 17677 23170 

XRD 𝟐𝜽 / ° 36.079 36.225 36.214 36.161 𝑹𝑹𝑴𝑺 / nm 0.53 5.12 1.98 0.81 𝒅𝒈𝒓𝒂𝒊𝒏 / nm 19.2 ± 3.1 36.6 ± 12.5 32.9 ± 4.2 19.2 ± 3.7 

Table 10: Various measured parameters of all four AlN thin films. 

From the surface images one can see that the high pressure and the two-step sample appear similar 
and have larger grains with more extended dark areas between the grains, shown in Figure 46 (b) 
and (c). This originates from the higher surface roughness, which AlN thin films typically exhibit 
when sputtered at higher pressures [256]. The higher surface roughness is also confirmed by the 
AFM images in Figure 45 (b) and (d) with 𝑅𝑅𝑀𝑆 = 5.12 𝑛𝑚 for the high-pressure sample and 𝑅𝑅𝑀𝑆 = 1.98 𝑛𝑚 for the two-step sample. The samples sputtered with low pressure shown in 
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Figure 46 (a) and the pressure-sweep sample shown in Figure 46 (d) also show a similar 
microstructure with finer grains and less pronounced grain boundaries, which again might result 
from a lower surface roughness of 𝑅𝑅𝑀𝑆 = 0.53 𝑛𝑚 and 𝑅𝑅𝑀𝑆 = 0.81 𝑛𝑚 determined by the AFM 
measurements in Figure 45 (a) and (c), respectively. The measured grain diameters show a similar 
trend towards larger lateral mean grain diameters with higher scattering probability for the high-
pressure sample and the two-step sample than for the low-pressure and the pressure-sweep 
sample, which are in the expected range according to various published results [254], [257], [258]. 
More results of the measurements can be found in Table 10. They confirm the trend of various 
publications which showed that higher sputter pressure leads to both larger grains and higher 
surface roughness [254], [258], [259]. Furthermore, Kar et al. who studied AlN thin films sputtered 
under varied sputter pressure showed similar surface structures to our low- and high-pressure 
samples in their SEM analysis [258]. 

 

 

Figure 45: AFM images of thin films deposited with all four different parameter sets. 
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Figure 46: SEM images of the cross section and the surface in top view for all four samples, sputtered with different 
parameter sets. 
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44..44..33.. SSttrreessss  TTaaiilloorreedd  SSccaannddiiuumm  AAlluummiinnuumm  NNiittrriiddee  
The method developed in the previous chapter was also used to synthesize stress-reduced 𝐴𝑙71𝑆𝑐29𝑁 thin films and it was compared to a second thin film sputtered under standard 
conditions. Table 11 gives an overview of parameters and results of both thin films. 

Sample Nr 
𝝈 𝑴𝑷𝒂 

𝒅𝟑𝟑 𝒑𝑪 𝑵−𝟏 

𝒑𝑺𝒑𝒖𝒕𝒕𝒆𝒓 𝑷𝒂 

𝒕𝑺𝒑𝒖𝒕𝒕𝒆𝒓 𝒔 

𝒅𝑺𝒄𝑨𝒍𝑵 𝒏𝒎 𝑆1 −1030 8.38 2 1820 1050 𝑆2 −516 9.20 2 + (2 − 14) 455 + 1830 948 

Table 11: Various parameters of samples sputtered with constant and swept sputter pressure. 

Again, Bragg-Brentano scans and rocking curves around the (002) peak are performed to study the 
structural composition. The sample 𝑆2 sputtered with a pressure sweep shows a double peak at 36°, 
similar to the thin films sputtered with varying pressure in section 4.2.2. In contrast to the previous 
samples the microstructural quality, the intrinsic stress and the piezoelectric coefficient are 
improved compared to the sample 𝑆1.Therefore, the additional peak at 36.5° is not an indication 
for a deteriorated thin film quality. The SEM images in Figure 15 (a-b) again show a similar surface 
structure as observed for low- and pressure swept samples. While the sample sputtered with a 
constant pressure of 0.2 𝑃𝑎 shows the presence of grains grown in a non-(002) direction, the swept 
sample shows a finer surface structure with slightly bigger grains than the high-pressure sample in 
section 4.2.2. This could be led back to the thin film thickness which is twice the value of 𝑆15. 

 

Figure 47: Comparison of thin film stress 𝜎 and piezoelectric longitudinal coefficient 𝑑33 of the samples 𝑆1 and 𝑆2 sputter under constant and swept pressure conditions, respectively. 

The piezoelectric coefficient increased slightly, compared to the samples sputtered with standard 
conditions and the intrinsic stress increased by 500 𝑀𝑃𝑎 which is approximately the same value as 
for the stress tailored pure AlN thin film in the previous section. 

These results indicate that the stress-tailoring method from the previous section not only works on 
pure AlN thin films but could be a versatile sputter procedure used for varying dopants of AlN, 
including scandium and even yttrium. 
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Figure 48: SEM micrographs of the cross-section and the surface (inset) of a AlScN thin film with (a) the 
standard sputter process and (b) with the modified sputter process. 
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44..55 CCoonncclluussiioonnss  
This chapter started with a general overview about AlN followed by the characterization of 
scandium doped AlN thin films with a composition of 33% of scandium and 67% of aluminum in the 
sputter target. The AlScN thin films were sputter deposited with varying parameters such as plasma 
power, gas composition and chamber pressure to obtain the optimized sputter conditions. It was 
shown that the piezoelectric coefficient 𝑑33 was increased by 143% to 12.22 𝑝𝐶 𝑁−1. 
Simultaneously, the intrinsic compressive stress increases by 142% to −1.75 𝐺𝑃𝑎, making the use 
of AlScN in MEMS sensor elements almost impossible. While increasing the sputter pressure to 1.4 𝑃𝑎 led to a nearly unstressed thin film. But this measure also decreased the piezoelectric 
coefficient down to 1.1 𝑝𝐶 𝑁−1. 

After scandium as a dopant, the possibility of using yttrium was explored by using a target with 15% 
yttrium and 85% aluminum. By applying a similar approach, AlYN thin films were deposited under 
various sputter conditions by varying again plasma power, pressure and gas composition. Although 
the thin films showed a high contamination of oxygen – which can influence the growth conditions 
of aluminum nitride crystals – the piezoelectric coefficient 𝑑33 could be increased by 55% to 7.79 𝑝𝐶 𝑁−1, thus reaching the value, predicted by DFT calculations. Stress measurements of the 
samples showed even higher compressive stresses than for scandium as alloying element with 
values reaching up to −2.15 𝐺𝑃𝑎. 

The end of this chapter shows a newly designed stress tailoring sputter process for AlN thin films by 
continuously changing the sputter pressure value during deposition from lower to higher values. 
This combines the advantages of good piezoelectric coefficients and low compressive thin film 
stress. The conventionally sputtered thin films with low sputter pressure have a good 𝑑33 of 4.14 𝑝𝐶 𝑁−1 but suffer from high compressive thin film stress of −722 𝑀𝑃𝑎. In contrast thin films 
sputter with high pressure show low thin film stress of −102 𝑀𝑃𝑎 but have a poor 𝑑33 of 0.61 𝑝𝐶 𝑁−1. The thin films sputter with the modified process showed a reduced stress value of −170 𝑀𝑃𝑎 and a 𝑑33 of 5.76 𝑝𝐶 𝑁−1, proofing that this modified process is a promising approach 
to avoid high film stress values. 
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55.. EEnneerrggyy  HHaarrvveesstteerr  
Parts of this chapter are published in [260] 

In this chapter the design, fabrication and characterization of an energy harvester is presented. As 
already mentioned in chapter 2 the aim was to provide enough power to operate a sensor node, 
comprising one or more sensors, a readout circuit and a wireless transmission unit to send the 
collected data to a base station located in the nacelle. As the design of such an energy harvesting 
device greatly depends on its targeted output power, a conventional battery powered sensor node 
G-Link 200 from LORD, comprising an acceleration sensor was used to estimate the power 
consumption of such a system. Depending on the sampling frequency, the power consumption of 
the sensor node ranges up to about 50 𝑚𝑊 at 4 𝑘𝐻𝑧 for a transmission gain of 0 𝑑𝑏𝑚, which is 
shown in Figure 49 (a). Additionally, the power consumption also depends on the necessary 
transmission gain which depends on the distance between the sensor node and its base station 
providing a maximum distance with clear sight of 1 𝑘𝑚 at 20 𝑑𝑏𝑚, as illustrated in Figure 49 (b) for 
a sampling frequency of 64 𝐻𝑧. As a result of these measurements, a targeted power generation of 
the energy harvester of 5 − 10 𝑚𝑊 was specified covering a sampling rate of 64 𝐻𝑧 and a 
minimum sensor to nacelle distance of 10 𝑚. 

 

Figure 49: (a) Power consumption of a LORD G-Link 200 sensor node as a function of its sampling frequency. 
(b) Power consumption of the same sensor node as a function of its transmission gain. The inserted 
straight lines serve as guide to the eyes.  

55..11 BBaassiicc  CCoonnssiiddeerraatitioonnss  
In a first step the possibility to directly harvest energy from the vibrational frequency spectrum 
occurring at a wind turbine rotor blade is evaluated. A wireless sensor node of the type LORD G-
Link 200 including an acceleration sensor was installed and operated for a two-week period in a test 
wind turbine of the type Vestas V90, shown in Figure 50 (a). This wind turbine has a fixed nominal 
frequency of 0.3 𝐻𝑧 or 20 𝑟𝑝𝑚 under normal operating conditions. A sample plot of an acceleration 
spectrum is given in Figure 50 (b) and a spectrogram from a timeframe of 5 minutes in Figure 50 (c). 
As can be seen, the most dominant resonance frequency is at 0.3 𝐻𝑧 with an acceleration of 1 𝑔0, 
which represents the fundamental rotational frequency of the wind turbine. The next resonance is 
at 26.4 𝐻𝑧 and has an acceleration value of about 2ꞏ10−2 𝑔0. 
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Figure 50: (a) Picture of a Vestas V90 where the sample frequency spectrum was taken. (b) Frequency spectra of a rotor 
blade for all three directions of the blade in a cartesian coordination system. (c) Spectrograms of a rotor blade 
for a time duration of 300 s. 

Three technical limitations occur when considering designing a vibrational energy harvester tailored 
to the characteristics of this frequency spectrum: 

• The resonance frequencies are very low. Considering a MEMS cantilever type vibrational 
energy harvester, manufactured with CMOS technology, it is very difficult to reach 
resonance frequencies below a few Hertz. 

• The accelerations are very low, which inherently leads to very poor energy generation. 
• If the energy harvester is tuned to a certain resonance frequency, it will only perform well 

in a very narrow bandwidth around this center frequency. Considering that every rotor 
blade has a unique frequency spectrum, it is obvious that one would have to adapt the EH 
design for each rotor blade. Additionally, both aging and wear effects might change the 
characteristic frequencies of the rotor blade, making the EH less effective over time. 

These limitations led to the conclusion that a vibrational energy harvester is not an adequate 
solution. 

Due to the above-mentioned challenges, a more versatile design of an energy harvester is needed. 
It should be tailored to the requirements present in all wind turbines, no matter of its type, 
manufacturer, or place of operation. In the following sections, the design and implementation of a 
hybrid energy harvesting system which is independent of those limitations are presented and 
evaluated with a prototype operated under real world conditions in a wind turbine. 
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55..22 DDeessiiggnn  AAssppeeccttss  
One commonality inside a rotor blade of all wind turbines is, that the gravitational force acting on 
an object changes its direction periodically, depicted in Figure 51 (a-c). This boundary condition was 
taken as basis for the design and the development of an energy harvester. Furthermore, two 
different transduction mechanisms – piezoelectric and electromagnetic – were used to transform 
mechanical energy into electric energy, hence this sub-system was labeled as hybrid energy 
harvester (HEH). 

 

 

Figure 51: (a) Picture of a wind turbine and its rotor blades. (b). Location and direction of the HEH inside the rotor blade 
including the force vectors of gravitation and centrifugal force. (c) Movement of the HEH from an outside 
perspective. (d) Detailed schematic of the HEH. 

The hybrid energy harvesting device consists of two key components - an electromagnetic energy 
harvesting element (EMHE) and a piezoelectric energy harvesting element (PEHE), as schematically 
displayed in Figure 51 (d). The core element of the EMHE is a permanent magnet (PM) which is 
accelerated by a slowly rotating force vector, whereas the trajectory of the PM is restricted to a 
linear movement by a guiding tube which is placed within close proximity to the PEHE. This guiding 
tube is located tangential to the rotation circumference (see Figure 51 (c)). One or several coils are 
wound around the guiding tube, which convert the changing magnetic field caused by the moving 
PM into electric energy via Faradays law of induction. The PEHE are cantilever like vibrational energy 
harvesters, as shown in Figure 51 (d). They are fabricated by standard silicon micromachining and 
based on an electrode – piezo – electrode stack for energy conversion. A magnetic proof mass is 
mounted at the tip of the cantilever, also called tip magnet (TM) which is needed for the magnetic 
plugging mechanism. When the PM moves through the tube and passes a PEHE, it interacts with 
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the proof mass of the PEHE and pulls it down until the PM gets too far away, where it releases the 
PEHE and the cantilever starts vibrating with its intrinsic fundamental resonance frequency. 

Both parts can be scaled up to increase the generated energy by placing several EMHEs along the 
guiding tube and by placing several PEHEs along the tube’s length or around its circumference. 

FFEEMM  SSiimmuullaatitioonn  ffoorr  tthhee  EEMMHHEE  aanndd  tthhee  PPEEHHEE  

As an initial step and to estimate the output power of the hybrid energy harvester, time dependent 
FEM simulations with COMSOL were performed. To keep the necessary computation time of such 
FEM simulations on an acceptable level, both parts of the energy harvester were simulated 
separately. First the electromagnetic part with a PM (I) accelerated by 1 𝑔0 inside a guiding tube 
(III), surrounded by one electromagnetic coil (II) was simulated by an axial symmetric analysis, 
shown in Figure 52 (a). The dimensions and specifications of the individual parts are given in Table 
12. The mesh is shown in Figure 52 (b) and consist of two parts, a quadratic mesh with a maximum 
element size of 2 𝑚𝑚 for the tube and a automatically generated triangular mesh with the setting 
finer for the outer part, including the permanent magnet, the coil and surrounding empty space. To 
simulate the falling PM a moving mesh component has been added, with a prescribed z-
displacement given in equation (5.1) for the PM. 𝑑𝑧 = 12 √𝑔0 ⋅ 𝑡2 (5.1) 

The surrounding components were automatically adjusted by the software to fit the moving PM. 

 

Figure 52: (a) FEM model and (b) mesh for the EMHE with a guiding tube, a permanent magnet and a single coil. (c) 
Generated output power and energy after a fall from the permanent magnet. 

The excitation of the PEHE was realized by applying a force profile of the vertical force 𝐹𝑦 onto the 
tip of the cantilever. This force profile has been generated by a separate 2D-simulation, shown in 
Figure 53 (a) with one magnet (I), representing the permanent magnet in the tube passing by 
another magnet (II), representing the tip-magnet of the cantilever. The mesh of this simulation 
consisted of an automatically generated triangular mesh in the settings finer and a moving mesh 
component applied to the PM. The prescribed mesh displacement in z-direction for the PM is the 
same as for the previous simulation (compare equation (5.1)) To simplify the simulations for the 
PEHE only the vertical force component acting on the second magnet was taken as input excitation 
for the PEHE model, shown in Figure 53 (b). 
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Figure 53: (a) Model of the COMSOL simulation used for simulating the vertical force component 𝐹𝑦 on the tip magnet 
of the cantilever. (b) Vertical force component used to excite the cantilever (red) and cantilever tip 
displacement as a function of time (blue). 

Figure 54 (a) shows the FEM model of the cantilever (I) with its fixed base (II) and its proof mass (III). 
The used mesh was automatically generated by COMSOL with the settings “finer” Figure 54 (b) 
shows the simulated generated power and the accumulated energy as a function of time. Exact 
dimensions and used materials can again be found in Table 12. 

 

Figure 54: (a) FEM model of a cantilever (I) with a fixed base (II) and a proof mass (III) on the tip of 
the cantilever. (b) Generated power and energy over time after an initial excitation 
through magnetic plucking. 

In both cases, the ideal load resistor has been determined with parametric simulations, in which 
the resistor values are changed from 1 ∙ 10−3 to 1 ∙ 102 Ω for the EMHE and from 1 ∙ 102 to 1 ∙106 Ω for the PEHE. The ideal load resistor values for each EH were used to simulate the curves 
above. The reduced speed of the falling PM due to the slowly turning guiding tube as well as any 
friction losses have been neglected. 
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EMHE PEHE 

PM (L x W x H) 1𝑥1𝑥1 𝑐𝑚3 NdFeB Substrate 
(L x W x H) 40𝑥10𝑥0.35 𝑚𝑚3 Silicon 

PM magnetization 1.3 𝑇 - Piezo layer 
thickness 2 µ𝑚 AlN 

Guiding tube length 25 𝑐𝑚 - Proof mass L x W x 
H) 0.5𝑥1𝑥0.5 𝑐𝑚3 NdFeB 

Coil windings 100 Copper Resonance 
frequency 32 𝐻𝑧 - 

Load resistance 
(for max. power output) 100 𝑚Ω - Load resistance 

(for max. power output) 90 𝑘Ω - 

Table 12: Key parameters of the EMHE and the PEHE used in FEM simulations. 

Based on these FEM simulations representing a best case scenario the EMHE generates 8,44 𝑚𝐽 
(see Figure 52 (c)) and the PEHE (see Figure 54 (b)) 0,62 𝑚𝐽 per fall of the magnet and twice this 
value per full rotation. When assuming a rotational frequency of 0.3 𝐻𝑧 of the wind turbine which 
corresponds to 20 𝑟𝑝𝑚, it leads to an output power of 5,63 𝑚𝑊 and 0,41 𝑚𝑊 for the EMHE and 
the PEHE, respectively. These results indicate that the requested specifications for the power 
generation made at the beginning of this section can be reached and were used as a rough guideline 
in the fabrication of the prototype discussed in the next sections. 
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55..33 PPiieezzooeelleeccttrriicc  HHaarrvveesstteerr  
While the FEM simulations show that the PEHEs do not produce more energy than the EMHE it still 
is an interesting approach as the low-power strain sensor is fabricated with the same technology. 
Even more, it opens opportunities to further improve the PEHEs by advanced designs or by the 
integration of piezoelectric materials with enhanced piezoelectric constants. First, a model is 
presented which helps to analyze the cantilevered PEHEs with respect to their fundamental 
resonance frequency used for energy harvesting. Next, device fabrication is discussed, followed by 
the characterization of the PEHEs by harmonic excitation and by magnetic plugging. 

55..33..11.. CCaanntitilleevveerr  MMooddeell  
A central property of a resonator is its resonance spectrum. When it is excited at its resonances the 
resonators displacement is significantly increased compared to off resonance operation. The 
frequencies and the corresponding mode shapes at which those resonances occur can be described 
by the Euler-Bernoulli beam theory for one dimensional mode shapes and by Kirchhoff-Love plate 
theory for two dimensional modes. A detailed derivation for various kinds of resonators (i.e., double 
clamped beam, cantilever, plate, etc.) can be found in [261]. However, as this section is about the 
special case of a cantilever including a tip-mass operated at its first flexural mode, a short summary 
of the results taken from [262] is given in the following. 

An overview of the used model is shown in Figure 55 (a) and consists of a cantilever with the length 𝐿, mass 𝑚 and a moment of inertia 𝐼 fixed to a base. 

𝐼 = 𝐴ℎ212  (5.2) 

On the tip of the cantilever, a tip-mass is mounted with the mass 𝑀𝑡 and its rotary moment of inertia 𝐼𝑡, which can be set to 0 for certain simplifications as explained in the latter. The 𝑟𝑡ℎ mode shape 
can then be expressed by the following equation: 𝜙𝑟(𝑥) = 𝐶𝑟 [𝑐𝑜𝑠 𝜆𝑟𝐿 𝑥 − 𝑐𝑜𝑠ℎ 𝜆𝑟𝐿 𝑥 + 𝜁𝑟 (𝑠𝑖𝑛 𝜆𝑟𝐿 𝑥 − 𝑠𝑖𝑛ℎ 𝜆𝑟𝐿 𝑥)] (5.3) 

With 𝐶𝑟 being the modal amplitude and 𝜁𝑟 being defined as: 

𝜁𝑟 = sin 𝜆𝑟 − sinh 𝜆𝑟 + 𝜆𝑟 𝑀𝑡𝑚𝐿 (cos 𝜆𝑟 − cosh 𝜆𝑟)cos 𝜆𝑟 − cosh 𝜆𝑟 + 𝜆𝑟 𝑀𝑡𝑚𝐿 (sin 𝜆𝑟 − sinh 𝜆𝑟) (5.4) 

The eigenvalues 𝜆𝑟 can be obtained by solving the following equation for 𝜆𝑟: 1 + cos 𝜆𝑟 cosh 𝜆𝑟 + 𝑀𝑡𝑚𝐿 (cos 𝜆𝑟 sinh 𝜆𝑟 − sin 𝜆𝑟 cosh 𝜆𝑟) − − 𝜆3𝐼𝑡𝑚𝐿3 (cos 𝜆𝑟 sin 𝜆𝑟 + sinh 𝜆𝑟 cos 𝜆𝑟) + 𝜆𝑟4𝑀𝑡𝐼𝑡𝑚2𝐿3 (1 − cos 𝜆𝑟 cosh 𝜆𝑟) = 0 
(5.5) 

Depending on the structure of the cantilever, certain simplifications can be made e.g., in the case 
of a cantilever without tip-mass (𝑀𝑡 = 0 and 𝐼𝑡 = 0) equation (5.5) simplifies to: 
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1 + cos 𝜆 cosh 𝜆 = 0 (5.6) 

Or in presence of a tip mass, but excluding two dimensional flexural modes (𝐼𝑡 = 0) we get: 1 + cos 𝜆𝑟 cosh 𝜆𝑟 + 𝑀𝑡𝑚𝐿 (cos 𝜆𝑟 sinh 𝜆𝑟 − sin 𝜆𝑟 cosh 𝜆𝑟) = 0 (5.7) 

In both cases the eigenvalues 𝜆𝑟 can be obtained by numerical approximation applying e.g. 
Newton’s method. For a cantilever made from silicon (100) with a length of 30 𝑚𝑚, a thickness of 0.25 𝑚𝑚 and a tip mass of 0.446 𝑔, the first three eigenvalues 𝜆𝑟 are: 1.0991, 3.9877 and 7.1059. 
The resulting mode shape functions are shown in Figure 55 (b). 

The frequencies at which these eigenfunctions occur are called resonance frequencies and can be 
calculated with: 

𝜔𝑟 = 𝜆𝑟2√ 𝑌𝐼𝑚𝐿4 (5.8) 

With 𝑌 being the Young’s modulus and 𝐼 the moment of inertia. All used parameters are listed with 
their respective units in Table 13. 

Term Unit Description 𝐶𝑟 1 Modal Amplitude 𝐼𝑡 𝑚4 Rotary moment of inertia 𝑀𝑇 𝑘𝑔 Tip-mass 𝜆𝑟 1 Eigenvalue 𝜔𝑟  𝐻𝑧 Eigenfrequency 

A 𝑚2 
Area of cross section of 

cantilever ℎ 𝑚 Height of cantilever 

Y 𝑃𝑎 Young´s modulus 𝐼 𝑚4 Moment of inertia 𝐿 𝑚 Length of cantilever 𝑚 𝑘𝑔 Mass 𝑟 - Mode number 

Table 13: Cantilever model parameters 
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Figure 55: (a) Schematic of a cantilever with tip mass used in the model. (b) Mode shapes as a function of x for the first 
three fundamental bending modes. 

55..33..22.. FFaabbrriiccaatitioonn  
The PEHEs are based on a micromachined single sided clamped beam structure, as illustrated in 
Figure 56 (a-j). A standard phosphorus doped, (100) silicon wafer is used as substrate. The bottom 
electrode consists of 200 𝑛𝑚 gold and two 50 𝑛𝑚 chromium layers on top and bottom to increase 
adhesion. The gold is thermally evaporated, whereas the Cr is deposited via e-beam evaporation 
and all three materials were patterned by the same lift-off process, shown in Figure 56 (a-c). The 
piezoelectric active material consists of AlN and is reactively sputter deposited under pure nitrogen 
atmosphere. All sputter parameters for the AlN deposition are presented in Table 14. The top 
electrode is similarly deposited as the bottom electrode with a 50 𝑛𝑚 chromium layer and a 200 𝑛𝑚 gold layer and is patterned together with the AlN in one single lift-off process depicted in 
Figure 56 (d-f). After all layers are deposited, the wafer is DRIE etched from the backside to reduce 
locally the thickness for cantilever realization. The final release was done again by DRIE etching from 
the frontside through the whole wafer. To protect the other side during both DRIE etching steps a 
positive photo resist was used to cover the whole wafer shown in Figure 56 (g-j). 

 

Parameter Value 

Power 800 𝑊 

Pressure 0.2 𝑃𝑎 

N2 flow rate 50 𝑠𝑐𝑐𝑚 

Ar flow rate 0 𝑠𝑐𝑐𝑚 

Target/Substrate Distance 65 𝑐𝑚 

Table 14: Sputter parameters for the piezoelectric AlN thin film of the PEHEs. 

After fabrication, the single cantilever devices were cleaned with acetone and isopropyl alcohol. As 
the topside of the bottom electrode was fully covered with Cr and the connecting wires were 
soldered onto the electrodes, an additional chromium etch step with CR etch 200 from 
MicroChemicals was performed to open the pads of the bottom electrode. Connecting wires were 
soldered onto the pads and the whole cantilever was glued onto a 3D-printed PLA holder, which 
could then be fixed onto the shaker for the harmonic excitation or into the hybrid energy harvester 
setup, as illustrated in Figure 57 (a) to (c).At the end, a magnetic proof mass was glued onto the 
cantilevers´ tip. 
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Figure 56: Process steps for the fabrication of the cantilever based piezoelectric energy 
harvesting element. (a-c) Process steps necessary for the bottom electrode, (d-
f) top electrode and (g-j) etching steps for the final release of the cantilever. 

 

 

Figure 57: (a) Optical micrographs of a micromachined cantilever with 3D-printed fixation, mounted on the shaker (b) 
and in the hybrid energy harvester setup (c). 

55..33..33.. HHaarrmmoonniicc  EExxcciittaatitioonn  
Harmonic Excitation refers to the continuous excitation of the cantilever with a periodic acceleration 
at one of the cantilever’s resonance frequencies, whereas the amplitude is constant. Typically, the 
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amplitude is small in comparison to the cantilevers thickness to avoid non-linear effects and to limit 
the maximum bending moment of the cantilever. These dynamic investigations were performed on 
the shaker setup described in chapter 3. They were done to initially evaluate the performance and 
to study various characteristics like spectrum of resonance frequencies, optimal load resistance or 
generated output power (in this work the term output power refers to the maximal value in the 
frequency spectrum, which equals the amplitude), of the PEHEs compared to the less well defined 
boundary conditions during magnetic plugging, thus making the interpretation of the results more 
challenging. Several different sizes of cantilevers were fabricated with two different widths of 5 𝑚𝑚 
and 10 𝑚𝑚 and six different lengths from 20 𝑚𝑚 to 45 𝑚𝑚 in steps of 5 𝑚𝑚. 

The resonance frequency, the generated power output and the Q-factor of several cantilevers 
varying in length with a varying tip-mass, but with a constant width of 5 𝑚𝑚 and 10 𝑚𝑚 and a 
thickness of 250 𝜇𝑚 were measured at an acceleration amplitude of 1 𝑔0. Figure 58 (a) and (b) 
show the generated power as a function of frequency for both cantilever widths, respectively. To 
determine the resonance frequency 𝑓𝑅, the power at 𝑓𝑅 and the corresponding Q-factor, a 
Lorentzian was fitted to the frequency spectra to determine the first and the latter device 
parameter. The resonance frequencies, shown in Figure 58 (c) decrease with increasing cantilever 
lengths which is in very good agreement with the model from section 5.3.1. Furthermore, 𝑓𝑅 is 
independent from the cantilever’s width, which is not surprising as the model for Euler-Bernoulli 
beams does not show any dependence on the width. The Q-factors for the resonator lie within a 
range of 100 − 600 with decreasing values for increasing lengths, due to the increased mass and 
reduced spring constant which longer cantilevers typically exhibit [261]. These results are also in 
agreement with earlier publications like [263]. Figure 58 (d) represents the power generated at the 
cantilever’s resonance frequency. While it was expected to generate twice as much power for the 
broader cantilever, this could not be confirmed by the measurements. There could be various 
reasons for this finding. One maybe attributed to the load resistor which should be half the value 
for the broader cantilever when compared to the narrower device. According to the measurement 𝑅𝐿 is in all cases higher than the calculated values (black and grey lines). Another reason could be 
the properties of the piezoelectric AlN layer. Although all cantilevers in these measurements were 
fabricated on one wafer, important thin film properties like thickness and crystal quality may vary 
across the wafer surface, resulting in lower values towards the edge region. 
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Figure 58: Generated power output as a function of frequency at an acceleration amplitude of 1 𝑔0 of different 
cantilevers varying in length with a width of (a) 5 𝑚𝑚 and (b) 10 𝑚𝑚. (c) Generated power, (d) Q-factor, (e) 
resonance frequency and (f) load resistor as a function of cantilever length including theoretical values of the 
load resistor. 

IInnflfluueennccee  ooff  AAcccceelleerraatitioonn  aanndd  TTiipp--MMaassss  

Two other parameters which highly influence the power output are the acceleration with which the 
cantilever tip and the proof- or tip-mass of the cantilever is moved. Figure 59 (a) shows the 
generated power as a function of frequency for a cantilever which parameters can be found in Table 
15. It shows that the resonance frequency is independent of the acceleration, but the output power 
increases with increasing acceleration amplitude. The Q-factor is also independent from the 
acceleration amplitude, shown in Figure 59 (g) for different lengths. Similar to Figure 58 (a) the Q-
factor decrease for higher lengths but only ranging from 140 − 280, due to the increased mass. 
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Cantilever 
Properties Value 

Length 20 𝑚𝑚 

Width 10 𝑚𝑚 

Thickness 350 𝜇𝑚 

Proof-Mass Dim. 3𝑥10𝑥2 𝑚𝑚3 

Proof-Mass Weight 0.446 𝑔, 0.892 𝑔, 1.338 𝑔 

Table 15: Cantilever properties 

Figure 59 (b-d) show the power output for the same cantilever as before, but with different proof-
masses of 0.446 𝑔, 0.892 𝑔 and 1.338 𝑔 for accelerations ranging from 0.25 𝑔0 − 1.5 𝑔0. In 
general, higher proof masses reduce the resonance frequency and at the same time increase the 
generated output power. But Figure 59 (e) also shows that for a given proof mass the increase in 
output power levels off at a certain acceleration amplitude. This can be explained by the increasing 
non-Lorentzian shape of the power spectra for higher accelerations, as illustrated in Figure 59 (b-
d). While the curves for low acceleration amplitudes are still of Lorentzian shapes, the curves 
associated with higher accelerations have relatively lower maxima and broader peak shapes. This 
behavior can also be interpreted in another way, shown in Figure 59 (f) – at a fixed acceleration the 
output power can be increased by applying higher proof masses up to a certain threshold. 

Figure 59 (g) shows resonance frequency and Q-factor as a function of proof-mass. Similar to the 
cantilever’s length, an increased proof mass leads to a reduction in its resonance frequency which 
again is not surprising as this is predicted by the Euler-Bernoulli beam equations. On the contrary, 
the Q-factor initially increases with heavier proof masses before it decreases again. The reason for 
the decrease lies in the peak shape of the output power. As heavier proof-masses lead to a non-
Lorentzian peak shape with broader and relatively lower peaks, the Q-Factor has to decrease as 
well. Depending on the applied acceleration amplitude the peak of 𝑄(𝑚) lies closer to 𝑚 = 0 the 
higher the acceleration amplitude is. 
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Figure 59: Generated output power as a function of frequency for a cantilever with a proof-mass of (a) 0 g, (b) 
0.446 g, (c) 0.892 g and (d) 1.336 g for acceleration ranging from 0.25 g0 to 2 g0. (e) Generated 
power as a function of acceleration amplitude and (f) as a function of proof-mass. (g) Resonance 
frequency and Q-factor as a function of the cantilevers proof-mass. Inserted lines in (e-g) serve as 
guide to the eye. 

NNoorrmmaalliizzeedd  PPoowweerr  DDeennssiittyy  

As the generated power strongly depends on parameters like cantilever dimensions, weight of proof 
mass or acceleration amplitude it lacks comparison when evaluating the pure power output directly. 
Therefore, the normalized power density 𝑝𝑁𝑃𝐷 is used, which relates the output power to the 
overall volume of the harvester (cantilever + proof-mass) and the acceleration amplitude [264], 
described in equation (5.9). 𝑝𝑁𝑃𝐷 = 𝑝(𝑉𝐶 + 𝑉𝑃𝑀) ∙ 𝑔02 (5.9) 
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While a lot of published studies only use the volume of the cantilever (sometimes also only the 
volume of the piezoelectrically active material) to estimate the power density, in this work a 
rectangular volume enveloping all moving parts including the cantilever and the proof mass is used 
as representative volume, shown in Figure 60 (a) and (b) for top and side view, respectively. 
However, this approach does still not account for the additional space required for the movement 
of the individual parts, but it gives a more realistic comparison. 

 

Figure 60: Schematic side (a) and top view (b) for the defined volume of a cantilever with proof-mass to 
calculate the normalized power density. 

Figure 61 (a) shows the power densities of previously presented harvesters as a function of 
acceleration. The cantilevers with masses of 0 𝑔 and 0.446 𝑔 clearly indicate that 𝑃 is proportional 
to the squared acceleration as these devices show nearly constant values in 𝑝𝑁𝑃𝐷. When attaching 
larger masses, however, 𝑝𝑁𝑃𝐷 decreases for higher accelerations which is due to operation closer 
to the cantilever`s yield strength as also described before. 

 

Figure 61: (a) Normalized power density as a function of acceleration amplitude and (b) as a function of the 
cantilevers` resonance frequencies in comparison with state-of-the-art energy harvesters. 
Numbers correspond to the table in section 2.2). Inserted lines serve as guide to the eye. 

Figure 61 (b) shows 𝑝𝑁𝑃𝐷 as a function of frequency for all presented cantilevers and comparable 
state-of-the-art energy harvesters (compare chapter 2). Although the energy harvesters fabricated 
underperform with respect to those reported in literature, the results provide important 
information about the expected performance for the next part, where the cantilevers were used 
under a magnetic plugging excitation scheme which in the following leads to the final section, 
discussing the complete design and characterization of a hybrid energy harvester. 

55..33..44.. MMaaggnneetiticc  PPlluuggggiinngg  
Magnetic plugging is the selected approach for energy harvesting with the piezoelectric devices 
presented in this work. While the general mechanism was explained in section 5.2 this section 
explains in detail how the cantilevered PEHEs are excited through magnetic plugging. The prototype 
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setup is show in Figure 62 and consists of the PEHE (I) with its connectors (II), the guiding tube for 
the PM (III) and 4 threaded rods (IV) which were used to precisely alter the distance 𝑑0 between 
the PEHE and the guiding tube. 

 

Figure 62: Hybrid harvester prototype setup, consisting of the PEHE (1), its 
electrical connectors (2), the guiding tube for the PM (3) and 4 
threaded rods (4) which are used to alter the distance between the 
PEHE and the guiding tube. 

The cantilever is excited through the magnetic forces acting on the tip-magnet when the permanent 
magnet falling through the tube is passing by. Figure 63 shows the displacement characteristics and 
six key states of the cantilever giving insight into the detailed interaction between the two magnets. 
The cantilever starts at zero displacement 𝑦 = 0 (I) without any external forces. When the PM is 
approaching the cantilever, it gets bent towards the PM due to the attractive forces resulting in a 
positive displacement (II) restricted by the elastic spring constant of the cantilever. When the PM is 
just above the tip magnet it starts to drag the cantilever with it, passing by at 𝑦 = 0 (III) and pushing 
it to a maximum negative displacement 𝑦 = 𝑦𝑚𝑖𝑛 (IV). At this point the spring force exceeds the 
magnetic force and the cantilever snaps through (V), which excites the cantilever in its own 
resonance (VI), where it continues resonating until it stops due to damping or the next plugging 
event occurs. 
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Figure 63: Normalized displacement characteristics of the cantilever during magnetic plugging and detailed 
view of key states (I)-(VI) of the cantilever and the moving magnet. 

Several parameters must be considered to optimize the excitation of the cantilever and the 
generated energy, which will be discussed in the following. 

MMaaggnneett  ddiissttaannccee  

The distance 𝑑0 between the TM and the PM is a crucial parameter which has to be optimized, while 
taking the magnetic force and the maximum fracture strength of the cantilever into account. The 
magnetic force is reduced by the reciprocal of 𝑑03 [265], so that smaller values of 𝑑0 are favorable. 
The maximum fracture strength of the cantilever is influenced by the used material (silicon) and its 
shape – mainly length and thickness, whereas longer and thinner cantilevers break more easily. 
Figure 64 (a) (blue curve) shows the produced energy of a cantilever with varying distance from 4 𝑚𝑚 to 9 𝑚𝑚. 

MMaaggnneett  aalliiggnnmmeenntt  

The magnets can be aligned either in an attracting or a repelling configuration. Figure 64 (a) shows 
a comparison of an attracting and a repelling setup for various distances 𝑑0. It shows that attractive 
forces produce approximately 10 times more energy than repelling ones. This can be explained by 
the influence of the TM onto the PM. In the repelling alignment the accelerating movement of the 
PM is reduced by the repelling forces of the two magnets, which then leads to a reduced excitation 
intensity of the cantilever and vice versa. 
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Figure 64. Generated output energy as a function of cantilever 
to guiding tube distance for attractive (blue) and 
repelling (red) configuration of PM and TM. The used 
cantilever had geometrical dimensions of 
25x5x0.25 mm3. Inserted lines serve as guide to the 
eye. 

WWeeiigghhtt  RRaatitioo  
As explained before the magnetic forces act not only on the TM, but also on the PM. If the magnetic 
force on the PM exceeds the external forces (gravitation) the PM is caught by the TM and stops 
moving. Depending on the distance (contact, near field, far field) these forces can only be calculated 
numerically. To realize a reliable plugging mechanism, the weight of the PM has been increased by 
using multiple magnets stacked on each other. 

MMaaggnneett  VVeelloocciittyy  

 

Figure 65: Generated output energy as a function of fall height 
of the PM, with 𝑑0 = 7 𝑚𝑚. The used cantilever had 
dimensions of 25x5x0.25 mm3. Inserted lines serve 
as guide to the eye. 

The velocity of the permanent magnet defines how fast the magnetic field direction is changing and 
with it the pulling force on the TM of the cantilever. In the HEH design, the velocity can mainly be 
influenced by the length of the guiding tube. A longer tube results in a longer acceleration time and, 
hence in higher velocities of the magnet. Figure 65 shows experimentally generated output energies 
for four different tube lengths. In general, after the cantilever snapped through and starts 
resonating, it is additionally damped by the attracting (or repelling) forces of the PM. The amount 
of damping depends on the distance 𝑑0 between the PM and the TM and decreases while the PM 
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is moving away. Therefore, a higher velocity of the PM results in a faster decreasing damping 
coefficient and additionally increases the vibrational amplitude of the cantilever. 

MMaaggnneetiticc  FFiieelldd  SSttrreennggtthh  

The harvested energy directly correlates with the cantilever excitation amplitude and therefore, 
increasing the magnetic field strength of the PM seems to be a straightforward improvement. To 
confirm this, two cuboidal PMs with different lengths 𝐿𝑃𝑀, widths 𝑊𝑃𝑀, thicknesses 𝐻𝑃𝑀, volumes 𝑉𝑃𝑀 and their masses 𝑚𝑃𝑀 were used on two cantilevers with different dimensions 𝐿𝐶, 𝑊𝐶, 𝐻𝐶, 
their volumes 𝑉𝐶 and masses 𝑚𝑃𝑀. Exact values of the mentioned parameters and the horizontal 
distance 𝑑0 between the cantilever and the PM for all four combinations can be taken from Table 16. 
While the longer cantilever showed - as expected - an increased energy output when it is excited 
with the bigger and stronger magnet, the shorter cantilever showed the opposite behavior, shown 
in Figure 66 (a) and (b). One explanation is the duration of the change in magnetic field strength, 
which is far longer for the bigger than for the smaller magnet, especially after the PM has passed 
by the cantilever, where the magnetic field of the PM acts restraining on the cantilever oscillation. 
This can be seen in the inset of Figure 66 (a) where the static deflection of the cantilever takes two 
full periods of the cantilever’s vibration to revert (*). This does not happen for the smaller magnet. 
While in this presented case the longer cantilever C2 produces more energy for both PMs, these 
results also show that the length of the cantilever and the magnetic field strength of the PM have 
to be balanced. 

Figure 66: (a) Generated output voltage as a function of time for cantilevers 𝐶1 and 𝐶2 excited with two 
different permanent magnets 𝑃𝑀1 and 𝑃𝑀2. (b) Generated energy outputs after a time of three 
seconds for all combinations of cantilevers and magnets. 
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 𝐶1 𝐶2  𝑃𝑀1 𝑃𝑀2 𝐿𝐶  / 𝑚𝑚 15 25 𝐿𝑃𝑀 / 𝑚𝑚 15 40 𝑊𝐶  / 𝑚𝑚 5 10 𝑊𝑃𝑀  / 𝑚𝑚 15 40 𝐻𝐶  / 𝑚𝑚 0.25 0.25 𝐻𝑃𝑀 / 𝑚𝑚 8 20 𝑉𝑇𝑀 / 𝑚𝑚3 10x3x2 10x3x2 𝑉𝑃𝑀 / 𝑐𝑚3 1.8 32 𝑚𝑇𝑀 / 𝑔 0.445 0.445 𝑚𝑃𝑀 / 𝑔 13.5 240 𝑑0 / 𝑚𝑚 4 / 5 8 / 12    

Table 16: Dimensions of the cantilever, its proof mass and the distance between the guiding tube and the cantilever 
used in Figure 66. 

PPEEHHEE  qquuaalliittyy  ffaaccttoorr  

As explained in chapter 3 the quality factor can be defined by several methods, whereas the ring 
down method is regarded as most suitable when considering the excitation by magnetic plugging. 
Figure 67 (a) shows quality factors of several different cantilevers obtained during harmonic 
excitation with a fitting function according to section 3.6 and during magnetic plugging measured 
by the ring down method according to section 3.9. The Q-factors obtained with both methods 
diverge by up to 50%. This seems quite a lot considering that the Q-factors are sufficiently high to 
neglect divergences due to the deviations of the chosen method. When examining the ring down 
of the cantilever during magnetic plucking more closely, one can see that the fitting function does 
not match with the measured curve equally well at all times. By fitting the ring down characteristics 
at three different time intervals with a duration of 0.04 s (~10 periods) each, it becomes apparent 
that the damping within the system changes during the ring down procedure. This can be caused 
by three reasons: 

• At the beginning of the ringdown the cantilevers displacement is > 10 𝑚𝑚 which 
compared to the used lengths of 15 − 35 𝑚𝑚 is rather large. As the Q-factors are typically 
defined for displacements being small to the cantilever`s dimensions, other damping 
mechanisms must be considered. This additional damping source decreases as the 
displacement gets smaller, leading to an increase in the Q-factor during ring down. 

• The falling permanent magnet additionally adds damping to the vibration of the cantilever. 
As it falls further down the damping reduces, leading to a decaying damping coefficient 
over time and hence, increased Q-factors when fitting later intervals of the ring down curve. 

• Another effect coming into play is the frame of the prototype guiding the permanent 
magnet and holding the cantilevers in place. As it is 3D-printed with PLA filament, which is 
a rather soft material, it additionally adds damping as it bends and moves, while the 
cantilever is vibrating, especially for larger cantilever displacements. 

As all three mechanisms are dependent on the displacement, it can be expected that the Q-factor 
calculated from the ring down approaches the same value received during harmonic perturbation, 
while the ring-down progresses with time. This is confirmed by the inset in Figure 67 (b) which 
shows a Q-factor of 760 for the harmonic perturbation compared to 755 for the ring down. 



 

73 

Figure 67: (a) Q-factors of 4 different sized cantilevers for 3 excitation methods (harmonic perturbation, 
magnetic plucking with small and large PM). (b) Exemplary voltage output of a magnetic plucking 
event with fitted amplitude envelope to estimate the Q-factor for three different fitting intervals. 
The inset shows the output voltage as a function of frequency of the same cantilever with a fitted 
voltage curve and the corresponding Q-factors. 

The Q-factor together with the time interval between two plucking events also determines how 
much energy can be harvested. For low Q-factors the cantilever rings down to low displacements 
until the next plucking occurs, while for high Q-factors the displacement stays at high values in 
between different plucking events. Therefore, high Q-factors are desired. Figure 68 (a) shows the 
ring down of generated voltage for four different PEHEs. The curve C1 represents measured data of 
a cantilever with 𝑄 ≈ 1000, whereas C2 and C3 are simulated PEHEs with 𝑄 = 3000 and 𝑄 =9000, respectively to show the influence of the Q-factor onto the generated voltage. The curve C4 
is an ideal PEHE with 𝑄 ≈ ∞ representing the theoretical maximum of harvestable energy for the 
given cantilever dimensions and the given electromechanical coupling of the piezoelectric 
transducer. Figure 68 (b) shows the generated energy for four different time durations. It shows that 
not only the amount of harvested energy differs depending on the Q-factor, but depending on the 
time the differences in harvested energy vary. For very short durations below 1 𝑠 the Q-factor does 
not play a decisive role. However, the longer the harvesting time period the more important a high 
Q-factor is. This means that for the previously mentioned testing wind turbine with a nominal 
rotational frequency of 20 𝑟𝑝𝑚, converting into a plucking event every 1.5 𝑠 a Q-factor of 
approximately 1000 is sufficiently high. 
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Figure 68: (a) Generated voltages as a function of time for one measured cantilever with the dimensions 25𝑥5𝑥0.25 𝑚𝑚2 and three simulated cantilevers (same dimensions) with adapted Q-factors. (b) Harvested 
energies for different time durations for all four cantilevers. 

All those parameters are not independent from each other. If the distance 𝑑0 between the magnets 
is increased, the excitation strength of the PEHE would get reduced and if the magnetic field 
strength and velocity of the falling PM is increased, the PEHE would be excited stronger. Therefore, 
by carefully adjusting these parameters the generated energy could be optimized with respect to 
external parameters such as overall size or weight of the harvester. 
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55..44 EElleeccttrroommaaggnneetiticc  HHaarrvveesstteerr  
In this chapter the electromagnetic part of the HEH is studied. First the fabrication is explained 
followed by theoretical considerations about the dimensions, alignment and interconnections of 
the coils and the used magnet. At the end a detailed characterization of an optimized prototype is 
presented, which was also used in field measurements in a wind turbine. 

55..44..11.. DDeessiiggnn  aanndd  FFaabbrriiccaatitioonn  

 

Figure 69: Schematic drawing of the electromagnetic harvester comprising 
the guiding tube, end caps including end magnets, the PM and 
several coils 

The design of the electromagnetic harvesters (EMH) is shown in Figure 69 and consists of the guiding 
tube, the PM, several coils surrounding the tube and two endcaps with embedded end-magnets. 
The end-magnets are aligned so that they repel the PM, which softens the stopping of the PM and 
reduces wear and shock loads. The guiding tubes and the endcaps are made from polylactic acid 
(PLA) fabricated in a 3D-printer. 

The generated energy of the harvester mainly depends on the tube length (which was fixed to 200 𝑚𝑚 due to the limitations of the used 3D-printer), the PM and the circuitry of the coils, which 
will be discussed in the following. 

CCooiill  DDiimmeennssiioonnss  aanndd  PPeerrmmaanneenntt  MMaaggnneett  SSiizzee  

In the ideal case a bigger magnet with the same magnetization (same field line density) has a higher 
magnetic flux related to its perimeter. Therefore, a coil surrounding the magnet with the same 
diameter as the magnet will carry a higher induced voltage. Considering an ideal wire with zero 
resistance, an increased number of windings automatically leads to a higher generated energy if the 
magnet passes through the coil center. In a more realistic case, the magnetic field is not ideal due 
to the field lines not encircling the whole coil, reducing the induced voltage in windings which are 
further away from the coil center. Additionally, the resistance of the coil wire increases with its 
length and decreases with its diameter, which means that windings further away from the center 
add a higher resistance to the overall coil resistance, compared to windings closer to the center. 

To estimate the optimal number of windings for the two permanent magnets used before (Table 
16), FEM simulations have been performed with COMSOL. The model consists of one coil and a PM 
moving through this coil, accelerated by 1 𝑔0. Frictional losses are neglected as well as the reverse 
magnetic field generated from the coils, decelerating the PM. The load resistor was set equal to the 
resistance of the coil to achieve impedance matching for maximum power transfer. 

With the resistance of a coil with 𝑛 = 1 and 𝑚 = 1,2 … 4 windings, according to Figure 70 (a) 
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𝑅𝑛=1,𝑚=1 = 𝜌 (16𝑑𝑇𝑑𝑊2 𝜋 ) = 16𝜌𝑁 ( 1𝑑𝑇𝑑𝑊2 𝜋 + 0𝑑𝑤𝜋)  (5.10) 

𝑅𝑛=1,𝑚=2 = 𝑅𝑛=1,𝑚=1 + 𝜌 (16(𝑑𝑇 + 2𝑑𝑊𝑑𝑊2 𝜋 ) = 16𝜌𝑁 ( 2𝑑𝑇𝑑𝑊2 𝜋 + 2𝑑𝑤𝜋)  (5.11) 

𝑅𝑛=1,𝑚=3 = 𝑅𝑛=1,𝑚=2 + 𝜌 (16𝑑𝑇 + 4𝑑𝑊𝑑𝑊2 𝜋 ) = 16𝜌𝑁 ( 3𝑑𝑇𝑑𝑊2 𝜋 + 6𝑑𝑤𝜋)  (5.12) 

 

the overall coil resistance was finally calculated by the expression: 

𝑅𝑛=𝑁,𝑚=𝑀 = 16𝜌𝑁 (𝑀𝑑𝑇𝑑𝑊2 𝜋 + 𝑀(𝑀 − 1)𝑑𝑤𝜋 ) (5.13) 

With N being the number of windings in x-direction and M being the number of windings in y-
direction, 𝜌 is the specific resistance of copper, 𝑑𝑤 is the wire diameter and 𝑑𝑡 is the tube diameter, 
all shown in Figure 70 (a). This estimation presents a conservative way to calculate the coil`s 
resistance. More sophisticated methods, including random or helical winding can be found in [266]. 

The tubes diameter was taken from the diameter of the two magnet sizes plus an additionally few 
millimeters of material strength. With these parameters, a parametric sweep over the wire diameter 
can be performed, resulting in resistance values of the coils of 

𝑅15𝑥15 = 189 Ω 𝑅40𝑥40 = 678 Ω (5.14) 

The resulting number of windings are: 

𝑁15𝑥15,𝑡𝑜𝑡𝑎𝑙 = 2600 𝑁40𝑥40,𝑡𝑜𝑡𝑎𝑙 = 1800 (5.15) 

The necessary lengths of the coil wire can also be calculated with: 

𝐿𝑤 = 4𝑁 (𝑁𝑑𝑇 + 𝑑𝑤𝑀(𝑀 − 1)) (5.16) 

Which calculates to: 

𝐿𝑤,15𝑥15 = 196 𝑚 𝐿𝑤,40𝑥40 = 313 𝑚 (5.17) 

Figure 70 (b) shows the measured open circuit voltage of two manufactured coils after the 
permanent magnet has passed by and the inset is the corresponding generated energy from this 
time frame. The voltage output is about 10 times larger for the bigger magnet, whereas the energy 
is 20 times higher, confirming the assumption stated at the beginning. 
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Figure 70: (a) Detailed schematic of one coil and the parameters to calculate the optimal wire/length ratios. (b) 
Generated voltage of two optimized coils for two different sized PMs. 

CCooiill  CCiirrccuuiittrryy  

To increase the harvested energy per fall of the PM, a combination of multiple coils can be used. 
Figure 47 (a-g) show several multi-coil setups with four coils each. To analyze the resulting voltage 
curves only two of those four coils are wired to the output. In total, there are 6 possibilities to wire 
two coils together. Three configurations are in series, the other three are in anti-series. Figure 73 (a-
d) shows the produced ac-voltages and Figure 73 (e) the corresponding energy outputs. We can see 
that the total output voltage is a superposition of the single coil voltages. As the induced voltages 
depend on the timely derivative of the magnetic flux, the sign of the voltage depends on the 
movement of the PM and on the poling of the coil. Therefore, if the coils are wired in a clever way, 
the energy output can be increased. In the displayed case, the most harvested energy can be 
generated by a combination of coils one and four in an anti-series circuit. This can be explained by 
the opposite sign of the voltages for e.g., coil one and two, when the magnet moves through those 
coils. When the PM exits coil one, the sign of the harvested voltage gets negative. At the same time 
the PM enters the next coil, resulting in a positive sign for the voltage. Depending on the distance 
of the coils, the generated voltages add up or cancel each other out. 

 

Figure 71: Possible configurations for different multi coil setups for 
single coil (a), in series (b-d) and in anti-series (e-g). 

Details about the dimensions and characteristics of the used parts can be found in Table 17. 
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Furthermore, the usage of multiple PMs and their configuration and a fitting coil circuitry can also 
increase the generated voltages, which will be explained in the next section discussing the 
configurations of a multi-magnet setup in combination with the multi-coil circuitry. 

 

Object Value 

Single magnet 15𝑥15𝑥8 𝑚𝑚3 

Dual anti-series magnet 40𝑥15𝑥8 𝑚𝑚3 

Magnetization 1.3 𝑇 

Coil length 8 𝑚𝑚 

Coil resistance 189 Ω 

Coil windings 2600 

Wire cross section 0.15 𝑚𝑚2 

Load resistance 189 Ω,287 Ω 

Table 17: Magnet and coil dimensions used for estimating the output voltages and generated energy. 

 

PPeerrmmaanneenntt  MMaaggnneett  CCoonnfifigguurraatitioonn  

As already mentioned before, the PM can be modified, meaning two or more magnets are stacked 
onto each other. For simplicity, a single magnet (Figure 72 (a)) is compared with a two magnets 
arrangement aligned in series (Figure 72 (b)) and an anti-series configuration (Figure 72 (c)). In 
contrast to the series configuration, where the magnetic field is stronger with essentially the same 
shape, in the anti-series configuration the magnetic field is distorted and the direction of the field 
lines changes along the magnet configuration. 

Ideally, the magnets would be stacked without a gap between them, but the repelling forces are too 
strong for the used adhesive. Therefore, a 3d-printed spacer has been glued in between with twice 
the length as one magnet. This spacer considers the size of the coils, meaning that when one magnet 
is exactly in coil one, the other magnet is in coil four (compare Figure 47) 

 

Figure 72: Various configurations for the PM. (a) Single magnet, (b) two magnets in series and (c) two magnets in anti-
series configuration with spacer. 

In general, it would be possible to stack more than two magnets in anti-series configuration, which 
would further increase the generated energy per fall. Due to the limitations of the tube length of 
around 200 mm, the length of the stacked magnet was set to 40 mm, which provides enough room 
that the PM can enter and exit the coils completely and gives additional space for acceleration. 
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The generated output voltages and corresponding energies are given in Figure 73 (a-d) for a single 
magnet, in Figure 73 (f-j) for a combination of two stacked magnets in series configuration and in 
Figure 73 (k-o) for two stacked magnets in anti-series configuration. Figure 73 (e, j, o) shows the 
generated energies for one fall of the magnet. The in series stacking arrangement increases the 
generated energy by a factor of approximately five. The enhanced anti-series stacking can further 
optimize the generated energy to a maximum of ~10 𝑚𝐽 per fall of the PM, corresponding to a 
seven-fold increase compared to a single coil setup. 

 



 

80 Chapter 5: Energy Harvester 

 

Figure 73: Generated output voltages for different multi-coil configurations and all three magnet configurations 
described before (columns). (e), (j) and (o) display the generated energy, whereas curves and columns of the 
same colour are related to each other.  



 

81 

55..44..22.. CChhaarraacctteerriizzaatitioonn  
With the knowledge about magnet configuration and the influence of the coil circuitry from the 
previous sections a prototype was fabricated, as shown in Figure 74 (a). It was later also tested 
under real-world conditions in a wind turbine, see section 5.5.2. It has a dual guiding tube setup 
with a modified PM consisting of two magnets in anti-series configuration, as illustrated in Figure 
72 (c) before. Exact dimensions of the parts can be taken from Table 18 at the end of the chapter. 

In total, there were 12 + 18 coils whereas every third coil is connected in anti-series to the previous 
one and subsequently to a bridge rectifier, according to the best performing coil circuitry from Figure 
73 (o). The outputs of the rectifiers are connected in series to increase the output voltage level, 
which facilitates subsequent voltage conversion compared to a parallel circuit which increases the 
output current with lower output voltage. Figure 74 (b) gives an overview of the schematics 
including the rectifier circuit. 

 

 

Figure 74: (a) Photograph of the optimized electro-magnetic energy harvester comprising of two guiding tubes, 12 + 18 
coils and a read-out circuit. (b) Circuit schematic of the coils. (c) Testing procedure of the magnet when moved 
through the guiding tube. 

Figure 75 (a) shows the output voltage as a function of time for various load resistors starting from 1 𝑘Ω to 8.2 𝑘Ω. The curve with the highest load resistor is also the one producing the highest output 
voltage, but it is not the one generating the most energy. Figure 75 (b) depicts the generated energy 
as a function of the applied load resistor and confirms that the optimal load resistor is around 5.6 𝑘Ω. In the optimal case 22 𝑚𝐽 of energy could be generated for one fall of the magnet, which 
can be used to estimate the output power in a wind turbine with 20 𝑟𝑝𝑚 to 15 𝑚𝑊. 

Comparing the 22 𝑚𝐽 of generated energy to the 9.5 𝑚𝐽 of energy generated with the two-coil 
setup in Figure 73 (o) the increase seems moderate given the number of additional coils. This is a 
result of the increased load resistor when several coils are connected. Even if the PM is passing 
through only one coil, the current is flowing through the whole circuit including all inner resistances 
of the other coils. Considering the approximately fourfold increase of output voltage (10 𝑚𝐽 ⇒40 𝑚𝐽) which has to be squared for the energy, the fourteenfold increase in the load resistor 
(390 𝑚𝐽 ⇒ 5600 𝑚𝐽) and the doubling of the duration of output signal, a doubling of the output 
energy seems very reasonable. 
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Figure 75: (a) Generated voltage of the optimized electro-magnetic energy harvester for one fall of the PM for different 
load resistors. (b) Accumulated energy for different load resistors. Colors of both plots correspond to each 
other. 

It is worth mentioning, as referred to in a later section, that Figure 74 (c) shows data where due to 
measurements in the lab, the endcaps were removed, and the starting point of the PM was just 
above the guiding tube. After the fall of the PM, it had enough space to exit the tube without being 
decelerated which would not be the case if endcaps were present. The reason for this lies in the 
higher reproducibility of the measurements in the lab. 

Property Value 

PM size 15𝑥15𝑥8 𝑚𝑚3 

PM magnetization 1.3 𝑇 

Tube size 2𝑥 15𝑥15𝑥200 𝑚𝑚3 

No. of coils 12 + 18 

Coil windings 200 

Coil diameter 27 𝑚𝑚 

Wire cross section 0.15 𝑚𝑚2 

Total outer dimensions 
including endcaps 320 𝑐𝑚3 

Load resistance 5600 Ω 

Table 18: Magnet and coil dimensions used for estimating the output voltages and generated energy. 

NNoorrmmaalliizzeedd  PPoowweerr  DDeennssiittyy  

Similar as in section 5.3.3 for the PEHE in harmonic perturbation mode a normalized power density 
for impact-based energy harvesters 𝑝𝑁𝑃𝐷,𝐼𝑃 can be defined as: 

𝑝𝑁𝑃𝐷,𝐼𝑃 = 𝑝𝑉𝑡𝑜𝑡 (5.18) 
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whereas 𝑉𝑡𝑜𝑡 is the total volume of a rectangular box enveloping all parts of the EH. In this case 𝑝𝑁𝑃𝐷,𝐼𝑃 is not related to the acceleration. However, the generated power depends on the frequency 
of the falls. Considering that the peak is approximately 0.2 𝑠 long the peaks can occur with a 
frequency of 5 𝐻𝑧 at which the generated power calculates to 110 𝑚𝑊 and 𝑝𝑁𝑃𝐷,𝐼𝑃 = 373.75. 
Figure 76 shows 𝑝𝑁𝑃𝐷,𝐼𝑃 as a function of frequency for comparable impact-based energy harvesters 
from chapter 2. 

 

Figure 76: Normalized power density as a function of impact frequency in comparison with state-of-the-art energy 
harvesters. Numbers correspond to the table in section 2.2. 
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55..55 MMeeaassuurreemmeennttss  iinn  aa  WWiinndd  TTuurrbbiinnee  
To demonstrate that the previously presented design of a hybrid energy harvester not only works 
in the lab, but also in a real-world scenario, two prototypes were installed in a wind turbine and the 
results are presented in this chapter. In section 5.5.1 the results of a HEH prototype with one PEHE 
and one EMHE are shown, serving as a proof of concept. Next, in section 5.5.2 the field 
measurements of an electromagnetic-only harvester, optimized for enhanced power generation 
and consisting of several EMEHs are shown. 

55..55..11.. HHyybbrriidd  EEnneerrggyy  HHaarrvveesstteerr  
The HEH installed in the wind turbine consisted of three elements, a tube with the PM inside, one 
PEHE and one EMHE, shown in Figure 77 (a). The system installed in the wind turbine is shown in 
Figure 77 (b). The exact dimensions of the elements and their load resistors can be taken from Table 
19. 

EMHE PEHE 
PM 1x1x1 cm³ NdFeB Substrate 30x10x0.25 mm3 Si 𝑩𝑷𝑴 1.3 T - 𝒉𝒑𝒊𝒆𝒛𝒐 2 µm AlN 𝒍𝒕𝒖𝒃𝒆 20 cm - 𝒎𝑻𝑴 0.5x1x0.5 cm³ NdFeB 𝑵𝑬𝑴𝑯𝑬 1000 Cu 𝒇𝑹𝒆𝒔 32 Hz - 𝑹𝒍𝒐𝒂𝒅 42 Ω - 𝑹𝒍𝒐𝒂𝒅 330 kΩ - 

Table 19: Dimensions plus additional parameter associated with the EMHE and the PEHE. 

To measure the output voltages and the amount of generated energy in the wind turbine, a custom-
built measurement setup was designed consisting of a Raspberry Pi, a data acquisition board (DAQ) 
MCC118 DAQ from MC Computing and individual load resistors for the PEHE and the EMHE, shown 
in Figure 77. It operates on three packs of five 18659 lithium-ion batteries each, providing a total of 16 𝐴ℎ at 3.6 𝑉 which roughly lasts for two days. The Raspberry Pi runs a python script controlling 
the DAQ board and stores all the measurement data with an SQLite database on a USB flash drive. 
The setup can be controlled via WIFI to facilitate the access in the wind turbine. 
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Figure 77: (a) Prototype HEH for a real-world proof of concept including the wireless measurement setup, a guiding tube 
with the PM inside, a PEHE and an EMEHE. (b) Final prototype including the covers as it was installed in the 
wind turbine. 

RReessuullttss  

The measurement data from the wind turbine was analyzed and a representative sample of about 4000 𝑠 is shown in Figure 78 (a). It starts with the wind turbine being in full operation for about 700 𝑠, then the wind turbine decreases its rotational speed for about 3000 𝑠, until it finally stops 
after 3900 𝑠. Red curves correspond to the output voltage of the EMHE and blue curves correspond 
to the PEHE. Figure 78 (b) shows a time frame of 70 𝑠 while the turbine was in full operation. The 
EMHE produces continuous double peaks whenever the PM falls through the guiding tube for the 
whole duration. The PEHE gets excited whenever a double peak occurs, which is also shown in more 
detail in Figure 78 (c) for a single fall of the PM. In Figure 78 (d) the rotational speed of the wind 
turbine decreased so much, that the PM does not fall through the whole tube but gets caught due 
to the increased frictional forces between the PM and the side wall of the guiding tube and the 
attracting forces of the TM. This results in a single negative peak in the EMHE and a very low 
excitation amplitude for the PEHE. However, in the second half of the rotation the PM falls back into 
one end of the tube resulting in the small ripples in the output voltage of the EMHE. 
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Figure 78: Measurement data of the EMHE and the PEHE from the HEH prototype for various time durations. (a) Wind 
turbine going from full operation into stop, (b) a zoomed time duration during full operation, (c) a single 
double peak (0.5 rounds) and (d) three consecutive double peaks (1.5 rounds). 

In Figure 78 (b) it is already visible that the excitation of the PEHE is not always equally strong and 
three different cases can be identified. 

FFuullll  eexxcciittaatitioonn  

Figure 79 (a) shows two excitation events under optimal conditions, the PEHE always gets excited 
to approximately 1 𝑉, after which the output voltage is exponentially decaying until the next fall of 
the PM occurs. 

CCoonntitinnuuoouuss  ddeeccaayy  

Figure 79 (b) the first excitation is equally strong as in the previous case, but during the second 
excitation the cantilever does not change its amplitude, except a short but small peak and it decays 
with the same amplitude as before. The corresponding double peak from the EMHE shows an 
irregular pattern at zero crossing. This indicates that the attractive force of the TM catches the PM 
for a moment and pulls it back, just to release it shortly after. 

DDee--eexxcciittaatitioonn  

Similar to the previous case in Figure 79 (c) the first excitation starts with a full amplitude but when 
the second plucking event happens, the cantilever’s excitation is nearly stopped. Again, the double 
peak of the EMHE shows an irregularity at the zero crossing. 
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The reasons for the latter two cases are a combination of several factors like position of the 
cantilever as well as the speed and magnetic field strength of the PM and TM, respectively. The 
exact reasons resulting in the behavior are not fully understood and need more investigations in the 
future. However, the case of de-excitation only happened in 9% and the case of continuous decay 
in 21% of excitation events. Furthermore, by optimizing the weight and speed of the PM it most 
probably will be possible to prevent both cases. 

 

Figure 79: Output voltages of the EMHE and the PEHE from the HEH prototype for three different cases. (a) Normal 
conditions, where the PEHE gets completely excited at each fall of thePM. (b) The PEHE does not get excited 
at the second fall of the PM. (c) The PEHE gets de-excited and comes nearly to still stand at the second fall of 
the PM. 

Under full operation it was possible to harvest 200 − 600 𝜇𝑊 with the EMHE and 1.2 − 1.5 𝜇𝑊 
with the PEHE. Those numbers do not seem very high. However, the proof of principle was 
successfully accomplished. As the possibilities to increase the power output of the PEHE were 
limited, an electromagnetic-only energy harvester was scaled up to increase the amount of 
generated energy and tested again in the same wind turbine, which is discussed in the next section. 

55..55..22.. OOpptitimmiizzeedd  EElleeccttrroommaaggnneetiticc  HHaarrvveesstteerr  
The optimized electromagnetic energy harvester presented in section 5.4.2 was installed in a wind 
turbine to test this design under real world conditions, as illustrated in Figure 80 (a) and (b). 
Together with this energy harvesting module another prototype was installed including a bigger PM 
of 40𝑥40𝑥20 𝑚𝑚3. Unfortunately, this version failed and no proper measurements could be taken, 
as is visible in Figure 81 (a) and (b). The prototype was operated for two days and an exemplary 
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duration of one hour of data is presented in the following including a start-up and an emergency 
stop. 

 

Figure 80: Prototype of the optimized electromagnetic harvester installed in the wind turbine. 

 

 

Figure 81: Photographs of another prototype with a bigger permanent magnet with a dimension of 40𝑥40𝑥20 𝑚𝑚3, which unfortunately failed during transportation or installation. 

RReessuullttss  

Figure 82 (a-d) show the output voltage of the EH in red and the acceleration along the blade length 
measured by an accelerometer installed next to the EH in green. Figure 82 (a) shows a 
representative time frame of one hour, where a startup followed by an emergency stop (for testing 
purposes) and another startup occurred. Figure 82 (b) shows the start-up of the wind turbine. The 
acceleration shows that the turbine rotations increase over a time period of three minutes. In this 
time the EH responds with increasing amplitude peaks until it reaches full operation with a peak 
height of 15 𝑉. The reduced peak heights during the start-up phase result from reduced speed of 
the PM while falling through the guiding tube. The reason for this lies in the increased time, which 
the guiding tube needs to turn from horizontal to vertical. 

The emergency stop shown in Figure 82 (c) shows a very fast stopping of the turbine within 1.5 
rotations with an increased acceleration amplitude peak and the EH behaves accordingly, proofing 
that even during those non-standard conditions the EH works as expected. Figure 82 (d) shows one 
rotation of the rotor blade with two double peaks. While the peak shape is similar to the one 
measured in the lab, the peak duration 2.5 times as long and the peak voltage is a little bit less than 
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half of the measurements performed in the lab. The reason for this will be discussed in the next 
section. 

 

Figure 82: (a) Exemplary measurement data from the prototype of the optimized electromagnetic harvester for a time 
duration of one hour, including a start-up and an emergency stop. (b) and (c) shorter time frames of the start-
up and the emergency stop. (d) detailed view of two generated voltage peaks, corresponding with one 
rotation of the rotor blade. 

CCoommppaarriissoonn  llaabb  vveerrssuuss  fifieelldd--mmeeaassuurreemmeennttss  
The electromagnetic energy harvester could generate on average 6 𝑚𝑊 at a peak voltage of 15 𝑉 
during operation in the wind turbine, whereas in the lab 25 𝑚𝑊 were generated with a peak 
voltage of about 40 𝑉 for a rotational frequency of 20 rpm. The reason for this difference is twofold. 
First the rotational frequency of the test turbine was 16 rpm – a bit lower than the assumed 20 rpm. 
Second, the speed of the PM is reduced, due to frictional forces, generated by centrifugal forces in 
the rotor blade, and a straight down movement of the PM through the tube under lab conditions. 
Figure 83 shows the movement of the PM and the tube in the lab compared to the movement in 
the rotor blade. While in the lab the PM falls in a direct line from top to bottom, accelerated 
constantly with 1 g without friction, in the rotor blade the tube gets slowly turned from a horizontal 
into a vertical position. This creates additional friction for the PM while sliding, resulting in a reduced 
speed and hence, a reduced induced voltage. The generated energy goes with the square of the 
induced voltage, which explains the large difference in both values. 
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Figure 83: Comparison of the movement of the guiding tube and the PM between lab- and field-measurements. 

55..66 CCoonncclluussiioonnss  
Although the design of the presented hybrid energy harvester was successfully realized and tested 
in a real-world turbine, the energy output of the piezoelectric device was three orders of magnitude 
lower than its electromagnetic counterpart. Even if several PEHEs are combined or with other 
current state-of-the-art piezoelectric materials like AlScN, PZT or KNN providing 10-50 times 
increase in the FOM for energy harvesting, it cannot compete with the electromagnetic device. 
However, piezoelectric materials are an intensively researched field and new material combinations 
with increased piezoelectric coefficients are reported every few years. Therefore, it is possible that 
those materials could make a similar quantum leap providing another 10-to-100-fold increase. This 
would make the PEHE as good or even better than the EMHE for this design. 

The second optimized prototype of an electromagnetic-only energy harvester was successfully 
tested in a wind turbine and provided 6 𝑚𝑊 of continuous output power which is enough to power 
a wireless sensor node. The possibilities of optimizing and scaling up the design even further allows 
a versatile energy harvesting device for use in wind turbine rotor blades even for higher power 
demands. 
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66.. RReessoonnaanntt  MMEEMMSS  SSttrraaiinn  SSeennssoorrss  
Parts of this chapter are published in [154], [267]. 

This chapter presents a newly developed resonant MEMS strain sensor based on a double clamped 
beam structure, also called microbridge. First, some theoretical considerations will be presented on 
the operation principle and an analytical model taken from [268], which makes it possible to 
partially predict the behavior of the sensor. Next, a detailed description of the design and fabrication 
process is given, followed by the characterization of several sensor devices with varying properties. 
In detail, the responsivity or gauge factor – one of the main properties of a strain sensor – is 
analyzed. At the end of the chapter, a stress-tailoring process is introduced and the influence on the 
MEMS sensor performance and output characteristics is studied. 

66..11 BBaassiicc  SSeennssoorr  DDeessiiggnn  CCoonnssiiddeerraatitioonnss  
The MEMS sensor device in this work is based on a micromachined beam structure clamped on 
both ends, also called microbridge. It is operated as a resonator and is electrically excited with an 
integrated piezoelectric aluminum nitride thin film, shown in Figure 15 (a-b). Besides device- and 
ambient-related parameters, the resonance frequency spectrum of microbridge resonators 
depends on the intrinsic stress 𝜎 of the thin films and on the externally applied strain 𝜀. Positive 
values of 𝜀 are associated with a longitudinal expansion and an increased tensile stress of the 
structure which results in an increase in resonance frequencies for all specific modes. In contrast, 
negative values of 𝜀 lead to compression of the microbridge which results in a decrease in 
resonance frequencies. The latter statement only holds true, as long as the microbridge remains 
in a flat state. If the compressive stress exceeds a critical value, the microbridge starts to buckle. 
In this state, the resonance behavior is different resulting in a distortion of the mode shapes, which 
will be discussed in the “Experimental Details” section. 

Figure 84: (a) Schematic cross-section of a microbridge-type resonant strain gauge sensor. (b) Optical 
micrograph of a glued and wire-bonded MEMS strain gauge sensor. 
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66..22 AAnnaallyytiticcaall  MMooddeell  
Bouwstra et al. analyzed the frequency behavior of strained microbridges and developed an analytic 
expression to predict the frequency changes [268]. In the study, the authors started from the Euler-
Bernoulli beam equations and the standard equations for unstrained flexural modes (5.13). Next, 
they incorporated the dependence on an externally applied force 𝐹 and hence, the strain 𝜀 to cover 
buckled and non-buckled states of the microbridge. The strain value which separates those two 
states is called buckling point at the strain value 𝜀𝐶  and will be discussed in detail in the Results 
section. 

As we are interested in the frequency as a function of strain 𝑓𝑛(𝜀) for our devices, we start directly 
with this dependency and omit the force dependency. 

𝑓𝑛(0) = 𝑘𝑛22𝜋 √ Ê𝐼𝜌𝐴𝑙4            ∀𝜀 ≥ 𝜀𝐶  (6.1) 

  𝑓𝑛(𝜀) = 𝑓𝑛(0)√1 + 𝛾𝑛 𝜀𝐸𝐴𝑙212Ê𝐼            ∀𝜀 ≥ 𝜀𝐶  (6.2) 

  Ê = 𝐸1 − 𝜈2 (6.3) 

with the moment of inertia for a beam with a rectangular cross section 𝐼 = 𝐴 ∙ ℎ2 ∙ 12−1, 𝐸 being 
the Young’s modulus, 𝜈 being the Poisson ratio and Ê being the modified Youngs modulus to account 
for the suppression of the in-plane dilation accompanying axial strain. 𝑓𝑛(0) is the resonance 
frequency of mode n at zero strain. The coefficient 𝛾𝑛 accounts for the contribution of the applied 
axial force to the modal stiffness, relative to the contribution of the flexural rigidity and 𝑘𝑛 
represents the eigenvalues of the frequency equation for a double clamped Euler-Bernoulli beam 
[268]. This equation is only valid for values of 𝜀, where the expression below the square root is ≥ 0. 
The value of 𝜀 where the square root is exactly 0 is also called buckling point or critical strain value. 
At this point the microbridge changes its state from being buckled to being flat or vice versa, which 
will be discussed in more detail below when characterizing the fabricated microbridges. For 𝜀 < 𝜀𝐶, 
Bouwstra et al. found that the frequency of the first and second flexural mode behave according to 
equations (6.4) and (6.5), respectively. 𝑓𝑛(𝜀) = 𝑓𝑛(0)√− 𝜀 𝜀𝐶⁄ − 1           ∀𝜀 < 𝜀𝐶  (6.4) 

  𝑓𝑛(𝜀) = 1.98 ∙ 𝑓𝑛(0)           ∀𝜀 < 𝜀𝐶  (6.5) 
  

with 𝜀𝐶 = 4𝜋2Ê𝐼𝐸𝐴𝑙2 . (6.6) 

Furthermore, center deflections of the unloaded beam 𝑧 and the loaded beam 𝑦 are introduced in 
[268] which have an influence on the frequency in the range of −1.3 < 𝜀 𝜀𝑐⁄ < 1 as follows:  

𝑓𝑛(𝜀) = 𝑓𝑛(0)√1 + 𝛾𝑛 𝜀𝐸𝐴𝑙212Ê𝐼 + 0.12 𝐸𝐴𝑦2Ê𝐼  (6.7) 
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with 𝑦 = 𝑧1+𝜀 𝜀𝐶⁄ . (6.8) 

The values for the material properties used in the model were taken from literature and the 
geometric dimensions have been determined with scanning electron microscopy for the samples 
under test. Important parameters can be found in Table 20 and Table 21. The averaged values for 
the Youngs modulus E, the Poisson ratio 𝜈 and the density 𝜌 have been weighted by their thickness 
according to: 

𝑋 = ℎ𝑆𝑖ℎ 𝑋𝑆𝑖 + ℎ𝐴𝑙𝑁ℎ 𝑋𝐴𝑙𝑁 + ℎ𝐴𝑢ℎ 𝑋𝐴𝑢 + ℎ𝐶𝑟ℎ 𝑋𝐶𝑟 (6.9) 

With 𝑋 being a placeholder for 𝐸, 𝜈 or 𝜌, subscripts indicate the material, ℎ𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 is the thickness 
of the according material and ℎ is the total thickness of the microbridge. 

When combining equations (6.7), (6.8) and (6.9), the shift in resonance frequency at a given mode 
is plotted as a function of applied strain and discussed in Figure 88 together with measurement data 
of the fabricated devices. 

Parameter Description Value Ref. 

E Youngs modulus (YM) 182 𝐺𝑃𝑎 - 𝐸𝑆𝑖 YM of silicon 169 𝐺𝑃𝑎 [269] 𝐸𝐴𝑙𝑁 YM of AlN 252 𝐺𝑃𝑎 [192] 𝐸𝐴𝑢 YM of gold 69 𝐺𝑃𝑎 [270] 𝐸𝐶𝑟 YM of chromium 210 𝐺𝑃a [271] 𝜈 Poisson ratio (PR) 0.28 - 𝜈𝑆𝑖 PR of silicon 0.27 [272] 𝜈𝐴𝑙𝑁 PR of AlN 0.24 [192] 𝜈𝐴𝑢 PR of gold 0.42 [273] 𝜈𝐶𝑟 PR of chromium 0.21 [274] Ê Modified YM to account for the suppression of 
the in-plane dilation accompanying axial strain. 197 𝐺𝑃𝑎 [268] 𝜌 Overall density 5993 𝑘𝑔 𝑚−3 - 𝜌𝑆𝑖 Density of silicon 2300 𝑘𝑔 𝑚−3 [275] 𝜌𝐴𝑙𝑁  Density of AlN 3100 𝑘𝑔 𝑚−3 [276] 𝜌𝐴𝑢 Density of gold 19000 𝑘𝑔 𝑚−3 [275] 𝜌𝐶𝑟 Density of chromium 7190 𝑘𝑔 𝑚−3 - 

h Microbridge thickness 1.57 𝜇𝑚 - 𝑙 Microbridge length 1500 𝜇𝑚 - 

w Microbridge width 100 𝜇𝑚 - 𝑧 Center deflection of the unloaded beam 1.68/21.83 𝜇𝑚 - 

Table 20: List of all parameters used in the model including description, units and values with references when taken 
from literature. 
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n 𝒌𝒏 𝜸𝒏 𝒇𝒏 𝒇𝟎⁄  

1 4.730 1.000 0.295 

2 7.853 2.757 0.145 

>3 (𝑛 + 12) 𝜋 ( 𝑘𝑛4.73)2 12(𝑘𝑛 − 2𝑘𝑛3 ) 

Table 21: Eigenvalues of the frequency equations 𝑘𝑛, the coefficients 𝛾𝑛 and the frequency ratios of higher flexural 
modes related to the first flexural mode at zero strain condition according to [268]. 

66..33 DDeessiiggnn  aanndd  FFaabbrriiccaatitioonn  AAssppeeccttss  
The fabrication process is based on an SOI (silicon-on-insulator) wafer with either 680 𝑛𝑚 or 2 μm 
device layer and a 400 μm handle layer, separated by a 0.5 μm thin buried oxide (BOX). The top 
surface of the wafer is passivated by a stress-compensated combination of 0.25 μm thermally 
oxidized SiO2 followed by 0.08 μm of stochiometric Si3N4 synthesized by low-pressure chemical 
vapor deposition. The bottom electrode consists of a 0.18 μm thick gold electrode layer in 
combination with a 0.02 μm thick chromium thin film as adhesion promoter underneath, deposited 
by e-beam evaporation. The piezoelectrically active material is made of 0.7 μm aluminum nitride 
sputter deposited by a “Von Ardenne” LS 730S at 800 W of plasma power and 0.2 Pa chamber 
pressure under pure nitrogen atmosphere. The sputter target was a 6’’ pure aluminum target and 
the substrate-target distance was 65 mm. Top and bottom electrodes are designed such that they 
cover the same AlN related area on the microbridge, thus forming a typical capacitive structure. 
Both electrodes were patterned with a standard lift-off process. The piezoelectric aluminum nitride 
layer was also patterned by a photoresist-based lift-off process. Deep reactive ion etching was 
applied to pattern both the device and handle layer followed by a hydrofluoric acid dip to remove 
the BOX. The wafer was diced with a wafer saw and finally cleaned in acetone and isopropanol 
baths. To investigate the influence of the geometrical dimensions the length, width and thickness 
of the microbridges was varied. A schematic of the cross-section of the microbridge can be seen in 
Figure 15 (a). Exact dimensions can be taken from Table 22. 

Nr Microbridge Dimensions Process 

S1 1000 x 100 x 3 𝜇𝑚3 Std. 

S2 1000 x 200 x 3 𝜇𝑚3 Std. 

S3 1000 x 400 x 3 𝜇𝑚3 Std. 

S4 1500 x 100 x 3 𝜇𝑚3 Std. 

S5 1500 x 100 x 1.5 𝜇𝑚3 Std. 

S6 1500 x 100 x 1.5 𝜇𝑚3 Modified 

Table 22: Microbridge dimension. 

66..33..11.. BBuucckklliinngg  
Due to the intrinsic compressive stress which sputtered aluminum nitride thin films at a thickness 
of 700 nm exhibit when deposited under the mentioned conditions with the available sputter 
equipment, the microbridges are buckled after the manufacturing process. The deflection shape 
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due to buckling has been studied with a Fries Research Technology MicroProf MPR 1261 white light 
interferometer and is shown in Figure 85 (a). 

Figure 85: 3-dimensional measurement with a white light interferometer of a buckled microbridge after 
fabrication in (a) and a deflection profile along the beam length in (b). 

Figure 85 (b) shows a deflection profile along the microbridges length and the maximum deflection 
can be measured to 𝐷 = 23.8 𝜇𝑚. The buckling could also be visualized with a Hitachi SU8030 
scanning electron microscope (SEM) with an acceleration voltage of 5 kV and an emission current 
of 20 mA. Figure 86 (a) shows the microbridge after the manufacturing process in the buckled state, 
whereas in Figure 86 (b) the microbridge has been stretched to reach the non-buckled state, by pre-
straining it when the sensor is glued onto the measurement setup, which is explained in more detail 
in section 3.7. 

 

Figure 86: SEM images of the microbridge in a buckled state in (a) and in a non-buckled state in (b) when fixing 
the device with tensile pre-preloading. 

66..33..22.. EElleeccttrrooddee  DDeessiiggnn  
When exciting the microbridge in a specific mode 
shape, positive and negative charges are generated 
at different locations along the microbridge, 
depending on the corresponding sign of the 
emerging strain field. If those generated charges are 
collected by a full area electrode on top and bottom 
of the piezo-active material, the positive and 
negative charges cancel each other out and only the 
net charge difference can be measured. Therefore, 
designing an electrode configuration which matches 
the occurring distribution of charges, can increase 
the measurement signal significantly. 

 

Figure 87: (a) Electrode configurations for a 
symmetric and antisymmetric polarization 
of the applied electrical field and (b) their 
corresponding mode shapes. 
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The same holds true when the microbridge is excited via an electric field applied at the electrodes. 
An easy and intuitive way to name modes follows the convention of Leissa’s nomenclature [277]. 
The vibrational modes are called XY-modes whereas X equals the number of nodal-lines parallel to 
the fixed anchor and Y equals the number of nodal-lines perpendicular to the anchor. Depending 
on the electrode design, depicted in Figure 9 (a-b) certain mode shapes 𝜙(𝑥) are excited more 
efficiently than others. For symmetrically polarized electrodes, the excitation of even modes such 
as 20 and 40 is preferred, for which 𝜙(𝑥) = 𝜙(−𝑥). They feature an even number of nodal lines 
along the length of the microbridge. For antisymmetrically polarized electrodes, the odd modes like 
30 and 50 with 𝜙(−𝑥) = −𝜙(𝑥) are excited more efficiently. Those modes feature an odd number 
of nodal lines along the length. 

  



 

97 

66..44 LLDDVV  MMeeaassuurreemmeennttss  ffoorr  MMEEMMSS  SSeennssoorr  EEvvaalluuaatitioonn  
In this chapter the characteristic behavior of MEMS microbridges is analyzed by performing optical 
measurements with an LDV. Starting from a simple frequency response of the displacement and its 
resonances, followed by a simultaneous variation of the externally applied strain, the frequency 
behavior as a function of strain is studied. Afterwards various effects like non-linearities, which arise 
when the microbridge is excited too strong, or the influence of the adhesive on the resonance 
spectrum are analyzed. 

66..44..11.. RReessoonnaannccee  SSppeeccttrruumm  
The strain sensors are characterized by attaining the frequency responses of the displacement and 
the according mode shapes for a broad range of applied strain values with the LDV and the strain 
measurement setup, introduced in sections 3.6 and 3.7, respectively. An exemplary frequency 
response and the according mode shapes are shown in Figure 88 (a). Figure 88 (b) shows the 
mechanical displacements 𝑑𝑎 averaged over the resonator surface for the resonance peak of the 
20-mode. As expected, not only the resonance frequency depends on the applied strain, but also 
the peak height. Next, the resonance frequency values are plotted as a function of the applied strain 𝜀, as yielded in Figure 88 (c) which also includes illustrations of selected mode shapes. 

Figure 88: (a) Resonance response spectra of a resonantly operated microbridge-type strain sensor excited in 
two different electrode configurations and measured optically with the LDV. (b) The vibrational 
displacement around the resonance frequency for the 20-mode for different strain values both in 
the buckling and the non-buckling regime. (c) Selected resonance frequencies measured with the 
LDV as a function of the applied strain and corresponding mode shapes. 

Bouwstra et al. [268] studied the resonance frequency spectra of strained micromachined clamped-
clamped beam structures. They started with both flat and initially buckled microbridges and 
investigated the behavior of the first and second flexural as well as of the first torsional mode, 
respectively. Starting from the general Euler-Bernoulli beam theory they developed an expression 
to estimate the resonance frequencies in the buckling and the non-buckling regime. They found out, 
that while the even 20-modes resonance frequency changes in the buckling regime, the odd 30-
mode is not affected by the buckling induced strain. They explained this with the orthogonality 
between the symmetric deflection shape of the buckling and the anti-symmetric vibration shape. 

Another type of modes are torsional modes which contain one or more nodal lines along the length 
of the microbridge. Torsional modes can also be classified into even and uneven modes, with the 
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same behavior as their non-torsional counterpart. They are less suitable for strain sensing as shown 
below but are discussed for the sake of completeness. 

66..44..22.. DDiissppllaacceemmeenntt  
As already noticeable in Figure 88 (b) the height of the resonance peaks changes depending on the 
applied strain. Figure 89 (a) shows the peak maxima 𝑑𝑎,𝑚𝑎𝑥 of the frequency spectra averaged over 
the surface for the modes 20 and 30. The x-axes in the following plots have been shifted such that 
the critical strain 𝜀𝑐 is at 𝜀 = 0. Two different regimes were defined, depending on whether the 
microbridge is buckled or not. In the latter regime both modes show a similar decaying amplitude 
with increased strain for both modes, with the usual expected mode shapes, compare Figure 89 (b) 
and (e). In the buckled regime, however, the mode shapes measured by the LDV are distorted 
(Figure 89 (c)) and can only be interpreted when the static displacement due to buckling is 
superposed onto the measurement, shown in Figure 89 (d) and (g). This distorted mode shape also 
makes it obvious why the averaged amplitude over the whole measured surface gives a better 
understanding of the general behavior of the displacement compared to a single point 
measurement. While the amplitude of the resonance peak for the 20-mode decreases rapidly with 
increasing compressive strain, the 30-mode is less affected, compare Figure 89 (f). 

 

Figure 89: (a) Averaged mechanical displacement 𝑑𝑎  over applied strain for the 20 and 30-mode, (b) mode shape of 
the 20-mode at the buckling point, (c) in the compressively stressed regime at 𝜀 = −0.9 𝑚𝑚 𝑚−1 but 
below the critical stress value causing buckling and (d) in the buckled regime, meaning above the critical 
stress value causing buckling of the microbridge. (e-g) Mode shapes of the 30-mode under the same 
circumstances as in (b-d). 

This behavior has already been observed in experimental studies in several publications [278]–
[280]. Nayfeh et al. [281] developed an analytical expression to estimate the form of the mode 
shapes depending on the buckled deflection. They showed that even mode shapes are distorted, 
while odd mode shapes are not affected by the buckling. However, our measurements show that if 
the strain exceeds a certain value – in this case −0.5 𝑚𝜀 – then the odd mode shapes also get 
distorted which explains the decrease in the amplitude for very high negative strain values (see 
point 4 in Figure 89). 
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Important to note is that the initial deflection due to buckling reaches several micrometers, while 
vibrational displacements are in the pico-meter range. Therefore, in Figure 89 (d) the buckling 
deflection has been scaled down to give a qualitative view on the vibrational behavior in the 
buckling regime. 

66..44..33.. NNoonn--LLiinneeaarr  EEffffeeccttss  
The displacement in general is dependent on the amplitude of the excitation voltage [282]. Higher 
amplitudes lead to higher displacement until a certain value, where the normal linear resonance 
behavior is changed into a non-linear behavior [283], which can be described by a Duffing resonator 
[284]–[286]. This can be seen in Figure 90 (a-b), showing frequency responses of the modes 30 and 
31 of a sensor device with dimensions of 1000𝑥100𝑥3 𝜇𝑚3. For this measurement a frequency up-
sweep immediately followed by a down-sweep was performed on the LDV, for four different 
excitation voltages between 0.01 V to 1.0 V. The resonance measured with an excitation voltage of 
0.1 V showed the highest displacement, while showing no non-linear distortions. As the focus in 
this work lies in the frequency behavior of the sensor device as a function of strain, a linear 
resonance behavior was preferred. Therefore, an excitation voltage amplitude of 0.1 V was applied 
in all measurements with either optical or electrical readout, thus avoiding non-linear effects. 

 

Figure 90: Exemplary frequency spectra of the modes 30 in (a) and 31 in (b) of a device with dimensions of 1000𝑥100𝑥3 𝜇𝑚3 during a frequency up-sweep, immediately followed by a down-sweep for four 
different excitation voltages, showing non-linear effects. 

66..44..44.. IInnflfluueennccee  ooff  tthhee  AAddhheessiivvee  
A common method to mount metallic foil-type strain gauges to the device under test is by inserting 
an adhesive between the sensor and the underlying surface, respectively. Because of the strong 
difference in elasticity of the adhesive in comparison to the sensor device materials as well as the 
specimen a creeping effect can occur which changes the transferred strain characteristics over time. 
Figure 91 (a) shows the resonance frequency of sensor device S1 for five different applied external 
strain values. The given strain value is then kept constant for 15 𝑚𝑖𝑛 and afterwards the strain is 
reverted back to the initial value and again kept constant for 15 𝑚𝑖𝑛. After an initial frequency jump 
of Δf𝜀 the resonance frequency drifts slowly back by Δf𝐶  due to creeping resulting from the 
viscoelastic nature of the polymer-based adhesive. This behavior can be described by Burger’s 
mechanical model, which usually describes the time dependent strain behavior of a material under 
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stress [287], [288]. It consists of a static component 𝜀𝑠, a time dependent linear component 𝜀𝑙(𝑡) 
and a time dependent, exponentially decaying component 𝜀𝑒(𝑡) shown in equation (6.10). 𝜀 = 𝜀𝑠 + 𝜀𝑙(𝑡) + 𝜀𝑒(𝑡) (6.10) 

Figure 91 (b) shows the frequency shift Δf𝐶  due to creeping without the frequency shift Δf𝜀 
originating from the externally applied strain. If we compare the graph to the model in equation (4) 
we have to consider that creeping of the adhesive is relaxing the strain transferred to the specimen, 
thus reducing the nominal mechanical load. Comparable to the adhesive the measured frequency 
shift can be described by three components: a static, a time dependent linear and a time dependent 
exponential component, as given in equation (6.11). Δ𝑓𝐶 = Δ𝑓𝐶,𝑠 + Δ𝑓𝐶,𝑙(𝑡) + Δ𝑓𝐶,𝑒(𝑡) = Δ𝑓𝐶,𝑠 + 𝑙𝑡 + 𝑑 + 𝑒1 ∙ exp (𝑒2𝑡) (6.11) 

The value of Δf𝐶,𝑠 cannot be evaluated as it is not possible to distinguish this latter quantity from Δf𝜀 generated by the externally applied strain. The inset in Figure 91 (b) shows a representation of 
the time dependent components for one curve and the model with fitted parameters 𝑙, 𝑑, 𝑒1, 𝑒2, 
indicating that our adhesive is well represented by Burger’s Model. This creeping behavior 
influences the frequency measurements and cannot be easily compensated as the strain and creep 
history of a polymer-based adhesive is included in its actual behavior. Nevertheless, if we compare Δf𝐶  to Δf𝜀 and estimate the reduction in responsivity for the sensor device we obtain a value of 1 −2% plus the reduction due to the static component of the creep Δf𝐶,𝑠. 

 

Figure 91: Resonance frequency of the first flexural mode over time for five different applied strain values. (b) Frequency 
shift of sensor device S1 over time at room temperature due to creeping arising from the high elasticity of the 
adhesive for five different applied strain values. 

In order to achieve a better reproducibility in the frequency domain, we estimated the dwell time 
to stabilize Δf𝐶,𝑒(t) to about 600 𝑠 per 1 𝑚𝜀 of applied strain before starting a mechanical load 
measurement. 

Methods to reduce the influence of creeping range from decreasing the overall thickness of the 
sensor device by polishing the handle layer of the SOI wafer [289] to the substitution of the polymer 
based adhesive by an eutectic bonding process [290]. Both methods do not only reduce creeping, 
but also showed increased reliability due to a better match between the stiffness of the sensor 
material, the specimen and the adhesion layer, respectively. 
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66..55 EElleeccttrriiccaall  CChhaarraacctteerriizzaatitioonn  
Besides the optical readout via an LDV, the piezoelectric sensor devices can also be read out 
electrically via a self-actuating and self-sensing approach. This is realized by an impedance analyzer, 
whereas the built-in function generator provides the excitation voltages with varying frequencies, 
through which strain is created in the piezoelectric layer and the resonator starts to oscillate. At the 
same time charges are generated in the piezo-active material, which are used together with the 
excitation voltage to calculate a conductance spectrum. This approach has the advantage that only 
a single piezoelectric layer can be used for both – actuation and sensing – and no other additional 
measurement instrumentation e.g., LDV is necessary. A more detailed explanation about the self-
actuating/self-sensing approach can be found in [291], [292]. 

Figure 92 (a) shows frequency responses of the displacement measured with the LDV and in 
comparison, the conductance spectra of the same device, with symmetrical and asymmetrical 
electrode configurations. Figure 92 (b) shows the resonance frequencies for the 20- and 30-mode 
as a function of strain. As expected, the resonance frequencies obtained by both measurement 
approaches fit very well together. 

 

Figure 92: (a) Frequency response of a device with symmetrical and asymmetrical electrode configuration measured 
with the LDV (red and orange curves) and with the IA (dark blue and light blue). (b) Frequency of the resonance 
peaks as a function of strain for the modes 20 and 30 measured with both methods. 

A more detailed comparison of those two measurement approaches is given in section 6.6.3, when 
discussing the influence of the width of the microbridge on the output signal height. 
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66..66 DDeessiiggnn--ddeeppeennddeenntt  MMEEMMSS  SSeennssoorr  PPeerrffoorrmmaannccee  
In this chapter the influence of the geometrical dimensions of the microbridge on the frequency 
behavior and the averaged displacement of the 20-mode is analyzed. The parameters length, 
thickness and width are varied and the frequency as a function of strain is measured for several 
exemplary sensor devices. When varying the device width, the modes 30, 21 and 31 are also studied 
to evaluate the influence on optical and electrical readout. Additionally, the model presented in 
section 6.2 is fitted to the data and deviations to the data are discussed. 

66..66..11.. LLeennggtthh  
The frequency response of the 20-mode for the two devices 𝑆1 and 𝑆4, with a length of 1000 𝜇𝑚 
(blue) and 1500 𝜇𝑚 (ocher) are plotted in Figure 93 (a). The other geometrical parameters of the 
devices can be taken from Table 22. The fitted models 𝑆1,𝑀𝑜𝑑𝑒𝑙 and 𝑆4,𝑀𝑜𝑑𝑒𝑙 were also plotted in 
black and grey, respectively. In the non-buckling regime, the longer device shows lower frequency 
values in general, the slope of the frequency as a function of strain is lower than for the shorter 
device and the model fits the data very well. These results are in line with the general expectation 
of longer beams having lower resonance frequencies than those being shorter. Figure 93 (b) shows 
that the averaged displacement 𝑑𝑎 for the longer beam is approximately 60% higher, which is a 
result of the longer microbridge, fitting well to the general expectation. 

In the buckling regime the data shows the same tendencies with the shorter microbridge having 
higher resonance frequencies compared to the longer microbridge, which is in contrast to the 
results predicted by the model. The data also diverges quite strongly from the predicted model. 
While 𝑆1 seemingly approaches the model for very low strain values, the divergence gets stronger 
for 𝑆4. Those differences will be discussed in more detail in section 6.8 with regards to the thin film 
stress. 

 

Figure 93: (a) Resonance frequency of the first flexural mode as a function of strain for the two devices 𝑆1 
and 𝑆4 plus the theoretical predictions 𝑆1,𝑀𝑜𝑑𝑒𝑙 and 𝑆4,𝑀𝑜𝑑𝑒𝑙. (b) Displacement averaged over all 
scan points as a function of strain for the same samples as in (a). Lines in (b) serve as guide to the 
eye. 

66..66..22.. TThhiicckknneessss  
The influence of the thickness on the resonance frequency as a function of strain is shown in Figure 
94 (a) for the devices 𝑆4 and 𝑆5 with silicon thicknesses of 2000 𝑛𝑚 and 680 𝑛𝑚, respectively. The 
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other dimensional parameters can again be found in Table 22. Similar as in the previous section, the 
model is fitted to the data and plotted in black for 𝑆4 and in grey for 𝑆5. 

The model matches the measured data again very well in the non-buckling regime, with the thinner 
microbridge having slightly lower frequency values and a lower slope than the thicker device. 

In the buckling regime the measured values of device 𝑆5 fit better to the model than in the previous 
case, but the model again overestimates the measured frequencies. One of the reasons for this 
could be curve veering, which is not incorporated in the analytical model and is analyzed in more 
detail in section 6.7. 

The averaged displacement, shown in Figure 94 (b), shows higher values for the thinner beam. This 
can be explained by the fact that the forces produced by the piezoelectric layer are equal for both 
devices as the piezo-active material is deposited under the same conditions and the excitation 
voltage is the same in both cases. At the same time the thinner device can be strained more easily 
due to its lower stiffness in axial direction, thus being displaced stronger when applying the same 
force. 

 

Figure 94: Resonance frequency of the first flexural mode as a function of strain for the two devices 𝑆4 and 𝑆5 plus the theoretical predictions 𝑆4,𝑀𝑜𝑑𝑒𝑙 and 𝑆5,𝑀𝑜𝑑𝑒𝑙. (b) Displacement averaged over all scan 
points as a function of strain for the same samples as in (a). Lines in (b) serve as guide to the eye. 

66..66..33.. WWiiddtthh  
Next the influence of the microbridge’s width on the frequency and the averaged displacement is 
studied as a function of strain for the modes 20 and 30. Therefore, three microbridges 𝑆1, 𝑆2 and 𝑆3 
having widths of 100 𝜇𝑚, 200 𝜇𝑚 and 400 𝜇𝑚, are analyzed. Additional to the optical 
measurements, electrical measurements of the conductance spectra as a function of strain were 
performed and compared to their optical counterpart at the end of this subsection. 

Figure 95 (a) shows that the frequency of the 20-mode in the non-buckling regime does not change 
substantially with width, which is in good agreement with the analytical model. However, in the 
buckling regime the three microbridges diverge from each other and from the model. On the other 
hand, Figure 95 (b) shows that the width does not have a substantial influence on the averaged 
displacement. Any deviations are most likely resulting from manufacturing uncertainties. 
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Figure 95: (a) Resonance frequency of the first flexural mode as a function of strain for the three devices 𝑆1, 𝑆2 and 𝑆3 plus the theoretical predictions  𝑆 𝑀𝑜𝑑𝑒𝑙. (b) Displacement averaged over all scan points 
as a function of strain for the same devices as in (a). Lines in (b) serve as guide to the eye. 

The measurements of the 30-mode show similar results with the resonance frequency in Figure 96 
(a) being in good agreement in the non-buckling regime and diverging slightly in the buckling 
regime. The averaged displacement in Figure 96 (b) shows more variation of the displacement, 
especially in the buckling regime. It is reasonable to assume that inaccuracies in the manufacturing 
process and the differences in intrinsic stress of the different layers are responsible for this 
behaviour. 

 

Figure 96: Resonance frequency of the second flexural mode as a function of strain for the three devices 𝑆1, 𝑆2 and 𝑆3 plus the theoretical predictions 𝑆𝑀𝑜𝑑𝑒𝑙. (b) Displacement averaged over all scan points 
as a function of strain for the same devices as in (a). Lines in (b) serve as guide to the eye. 

Figure 97 (a-b) and Figure 98 (a-b) show the frequency and the conductance of the same modes for 
all three microbridges measured with the impedance analyzer. The frequency as a function of strain 
shows very much the same values and behavior as from the optical measurements, again confirming 
the equivalence of both measurement techniques. The conductance shows higher peaks for devices 
with higher widths, due to the larger area which in turn leads to a higher amount of generated 
polarization charges, when the microbridge is vibrating. This leads to the conclusion that wider 
microbridges are preferable when measured electrically, due to the increase signal strength. 
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Figure 97: (a) Resonance frequency of the first flexural mode as a function of strain measured with the 
impedance analyzer, for the three devices 𝑆1, 𝑆2 and 𝑆3 plus the theoretical predictions 𝑆 𝑀𝑜𝑑𝑒𝑙. 
(b) Conductance peaks as a function of strain for the same devices as in (a). Lines in (b) serve as 
guide to the eye. 

 

 

Figure 98: (a) Resonance frequency of the second flexural mode as a function of strain measured with the 
impedance analyzer, for the three devices 𝑆1, 𝑆2 and 𝑆3 plus the theoretical predictions models 𝑆 𝑀𝑜𝑑𝑒𝑙. (b) Conductance peaks as a function of strain for the same devices as in (a). Lines in (b) 
serve as guide to the eye. 

However, the increased microbridge width also results in a drawback. Figure 99 (a) shows the 
frequency as a function of strain for the torsional modes 21 (colored curves) and the model of the 
20-mode for all three microbridge widths, measured with the LDV. In general, the torsional modes 
have higher frequency values, but by increasing the microbridge width the frequency of those 
modes drops down to the point, where they come very close to their corresponding non-torsional 
counterpart. This has also been observed for cantilever type resonators [124] and has some 
consequences. One of them is the so-called curve veering effect, where modes seemingly cross over, 
but instead of crossing they veer away. In this veering zone, the displacement, the resonance 
frequency and the Q-factor of both modes are affected, making it more difficult to provide correct 
readouts when used as a sensor device. This will be discussed in more detail in sections 6.7 and 6.8. 
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Figure 99: (a) Resonance frequency of the first torsional mode (21) as a function of strain measured with the 
LDV, for the three devices 𝑆1, 𝑆2 and 𝑆3 plus the theoretical predictions 𝑆 𝑀𝑜𝑑𝑒𝑙. (b) Resonance 
frequency of the second torsional mode (31) as a function of strain for the same devices and under 
the same conditions as in (a). 

  



 

107 

66..77 CCuurrvvee  VVeeeerriinngg  
Another effect coming into play occurs when the resonance frequencies of different modes get 
shifted in a way that they seemingly cross-over. But instead of crossing they veer away, so that this 
phenomenon is called curve veering or avoided crossing [293]. The region where those modes veer 
is typically referred to as “transition zone” [294]. Several publications have experimentally validated 
the curve veering effect for microbridge-type resonators [295]–[298], but it also has been shown 
for other resonator designs [299], [300]. 

Figure 100 (a) shows the frequency response for 5 different strain values, covering the modes 20 
and 30 of a device with dimensions of 1000𝑥400𝑥3 𝜇𝑚, using an antisymmetric electrode 
configuration. The modes 20 and 30 are highlighted in blue and orange, respectively. Figure 100 (b) 
shows the measured mode shape of the resonance at lower frequencies and Figure 100 (c) the 
mode shape at higher frequencies. The mode shapes change depending on the strain and on the 
distance in frequency between the two resonance peaks. In the transition zone the mode shapes 
are distorted and cannot be clearly identified, indicated with grey highlighting. 

 
Figure 100: (a) Frequency spectra of a microbridge for five different strain values showing the resonances of 

the 20-mode (marked in blue) and 30-mode (marked in orange) close to their veering point. The 
areas marked in gray show mode shapes where a clear assignment to a certain mode is not 
possible, due to the mixing of the two mode shapes. (b) Mode shapes measured with the LDV of 
the lower resonance and (c) of the higher resonance. 

Figure 101 (a) shows the resonance frequency as a function of the applied strain for both modes. 
The mode shapes are indicated by the blue and orange areas for the modes 20 and 30. The grey and 
black curves are the actual measured resonance peaks. As explained before, they approach each 
other, but instead of crossing they veer away and exchange their mode shape. Figure 101 (b) shows 
the maximum values for the displacement of the two modes and it is obvious that the modes not 
only exchange their shape, but also their amplitudes. 
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When this device concept is exploited as strain sensor, curve veering might affect the accuracy of 
the measurement results in these transition zones in two ways. First, the wrong mode can be 
followed when crossing the transition zone, which would lead to false result interpretations e.g., 
decreasing instead of increasing frequency with increasing strain, as shown in Figure 101 (a) for 
mode 30 (orange area). Second, when following the correct mode, an abrupt change occurs from 
one to the other mode, leading to higher and difficult to predict values of the responsivity. A simple 
possibility to avoid both cases is to define a working point in the frequency spectrum which avoids 
any transition zones. Another approach is to simultaneously measure the resonance frequency and 
its amplitude, as this changes together with the mode shape. In this case, the mode with the higher 
amplitude (i.e. mode 30) would be the mode of choice, as depicted in Figure 101 (b). 

 

Figure 101:  (a) Shift of resonance frequency as a function of strain for the 20- and the 30-mode of a 
microbridge around the buckling point, clearly showing the avoided crossing phenomenon. The 
blue and orange marks indicate how the modes would behave without the veering effect. (b) The 
corresponding displacements of the 20- and the 30-mode. Inserted lines serve as guide to the eye. 
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66..88 QQ--FFaaccttoorr  
The quality factors of all modes were determined by using equations discussed in chapter 3.6 and 
3.8, for the displacement measured with the LDV and the conductance measured with the 
impedance analyzer. In general, the Q-factors of all modes exhibit reasonable values between 200 
to 400 being in excellent agreement with those reported in literature [103], [301] for microbridge 
type resonators at room temperature in air. However, the change in Q-factor when the external 
applied strain is varied shows interesting behavior and is analyzed in the following. 

Figure 102 (a-c) show the Q-factor for the 20-mode for both measurement methods. The higher 
data scatter of the Q-factor determined by the impedance analyzer for the sample 𝑆1,𝐼𝐴 most 
probably is caused by the very low signal of this resonance and hence, the low signal to noise ratio 
making the fit very difficult. However, the fitted results from the impedance analyzer match on 
average well to the results from the LDV. For microbridges with widths of 200 𝜇𝑚 and 400 𝜇𝑚 the 
results fit exactly in a range of −0.25 … 0.25 𝑚𝑚 𝑚−1 and diverge only slightly for higher strain 
values, which again is caused by the lower output signal strength for higher strain values, compare 
Figure 95 (b) and Figure 96 (b). 

The comparison of the LDV measurements of the three devices in Figure 102 (d) shows that the Q-
factor of microbridges with different width behaves differently when strain varies. For the 20-modes 
the Q-factor of the thinnest microbridge shows rising values with increasing strain values, which is 
expected and agrees to results already reported in literature. The wider microbridges also show 
rising Q-factor values up to a strain value of approximately 0.2 𝑚𝑚 𝑚−1. Above, the values start to 
decline, whereas the widest microbridge shows typically lower values than the thinner one. Schmid 
et al. showed that one of the reasons for reduced Q-factors of wider microbridges stems from the 
increased drag-force and squeeze-film air damping due to the increased width [302]. However, this 
does not explain the differences when the microbridges experience higher strain values. One reason 
for this might be an effect called dissipation dilution where the mechanism which normally 
dissipates energy due to the intrinsic loss mechanisms is “diluted” and therefore higher Q-factors 
can be achieved [303], [304]. This has been experimentally validated with highly strained 𝑆𝑖3𝑁4 
nanosized mechanical resonators [305]–[307]. 
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Figure 102:  Q-factor as a function of strain of the 20-mode for microbridge-widths of (a) 100 𝜇𝑚, (b) 200 𝜇𝑚 
and (c) 400 𝜇𝑚 for LDV and IA measurements. (d) Comparison of the Q-factors measured with the 
LDV for all three microbridge widths. Inserted lines serve as guide to the eye. 

Another explanation is that for larger width microbridges, the higher order torsional modes are 
shifted towards lower frequencies. Comparing Figure 102 (d) with Figure 99 (a) shows, that 
approximately at the same strain value at which the Q-factors begin to decline, the torsional modes 
get very close in frequency to their non-torsional counterparts. As stated in the previous section, 
these modes might veer with each other and partially exchange their energy and hence, the 
Q-factor declines. However, to prove this hypothesis further experiments are necessary.  
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Figure 103: Q-factor as a function of strain of the 30-mode for microbridge-widths of (a) 100 𝜇𝑚, (b) 200 𝜇𝑚 
and (c) 400 𝜇𝑚 for LDV and IA measurements. (d) Comparison of the Q-factors measured with the 
LDV for all three microbridge widths. Inserted lines serve as guide to the eyes. 

Figure 1 (a-c) show the 30-mode of the same devices as before, again measured with both 
techniques and Figure 1 (d) depicts the comparison of the LDV measurement. Similar to the 
measurements of the 20-mode, the IA measurements show a high data scatter compared to the 
LDV measurements. The Q-factors increase up to a strain value of approximately 0.2 𝑚𝑚 𝑚−1, and 
decrease afterwards. In contrast to the 20-mode, Q-factors of the narrowest microbridge also 
decline for very high strain values. Another interesting observation is that in the buckling regime 
narrower microbridges show lower Q-factors for the 30-mode, while for the 20-mode the ordering 
is reversed. The reason for this could be different intrinsic stress levels in the microbridges. 
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66..99 RReessppoonnssiivviittyy  aanndd  SSeennssiititivviittyy  
A central key figure when analyzing the performance of sensors in general is their responsivity or in 
the special case of a strain sensor their gauge factor 𝑘. For resistive strain gauges the dimensionless 
gauge factor 𝑘𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑒 is defined as the slope of the relative resistance change depending on 𝜀 and 
is calculated according to 𝑘𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑒 = 𝜕𝜕𝜀 Δ𝑅(𝜀) 𝑅0⁄  (6.12) 

where Δ𝑅 is the change in resistance for a given strain 𝜀 and 𝑅0 is the resistance at 𝜀 = 0. Similar, a 
dimensionless gauge factor for resonant strain sensors 𝑘𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡 can be defined with 𝑘𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡 = 𝜕𝜕𝜀 Δf(𝜀) 𝑓0⁄  (6.13) 

where Δ𝑓 is the change in resonance frequency for a given strain 𝜀 and 𝑓0 = 𝑓(𝜀) is the resonance 
frequency in the defined reference point. Due to the non-linear behavior of 𝑓(𝜀) and reasons given 
in previous sections like curve veering or buckling, the definition of a working point is important. 
Figure 104 (a) shows the gauge factors of a representative sample 𝑆1 for the even modes 20, 40 and 
60 and in Figure 104 (b) for the odd modes 30, 50 and 70. In the non-buckling regime all modes 
show positive values for the gauge factor, with very high values of up to 5000 for the 20-mode and 
up to 4000 for the 30-mode. In the buckling regime, even modes show negative gauge factors with 
slightly reduced values compared to the non-buckling regime, whereas the gauge factors for odd 
modes almost vanish. Lower order modes have a higher gauge factor than higher order modes 
making them the better choice for an application as strain sensor. 

 

Figure 104:  Gauge factor as a function of strain for (a) the even modes 20, 40 and 60 and (b) the uneven 
modes 30, 50 and 70. 

When comparing samples 𝑆1 and 𝑆4 which have different lengths of 1000 𝜇𝑚 and 1500 𝜇𝑚, the 
20-mode shows equal gauge factors but slightly shifted curves. One of the reasons might by 
inaccuracies coming from the fit. The 30-modes show higher values for the gauge factor, close to 
the buckling point, which could be a measurement error as the curve from 𝑆1 looks slightly 
disformed with a flat top in the non-buckling regime. 
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Figure 105:  Gauge factor as a function of strain for two different microbridges differing in length for the (a) 
20-mode and (b) the 30-mode. 

Samples 𝑆4 and 𝑆5 which have different thicknesses of 3000 𝑛𝑚 and 1500 𝑛𝑚 show that thinner 
microbridges have higher gauge factors. In this case the gauge factor is 39% higher with ~6500 for 
the 20-mode and 17% higher with ~8300 for the 30-mode. 

Obviously, the highest gauge factors can be achieved close to the buckling point, which is also the 
area where the data diverges from the model the most. One of the root causes for this divergence 
is intrinsic stress in the deposited thin films and will be analyzed in the next section, where a 
modified stress tailoring deposition technique is used to lower intrinsic stress and improve the 
gauge factor in the vicinity of the buckling point. 

 

Figure 106:  Gauge factor as a function of strain for two different microbridges differing in thickness for the 
(a) 20-mode and (b) the 30-mode. 

Although such high gauge factors were predicted for resonant strain sensors with finite element 
simulations [308], most previous experimental work only reached gauge factors of up to 500 (see 
Table 4 in section 2.3), making our device approximately one order of magnitude more responsive 
than most of the current state-of-the-art. Even compared to other types of strain sensors (see Table 
4 in section 2.3) e.g., piezoresistive materials like carbon nanotubes or strain sensors based on 
spintronic technology, our MEMS sensor shows a competitive gauge factor. 

Obviously, if operated as a strain sensor the device has to be operated at a working point, so that if 
negative strain is applied the sensor does not change its buckling regime, as in that case, the gauge 
factor changes its sign and it would not be possible to distinguish positive from negative strain 
values. The smaller the range of possible applied strain, the closer the working point can be set to 
the buckling point, which results in higher gauge factors. 



 

114 Chapter 6: Resonant MEMS Strain Sensors 

This working point can be set by pre-straining the MEMS sensor before or during the mounting 
process. In the featured measurement-setup the macroscopic Al cantilever beam was bent upwards 
before the sensor was glued onto its surface. The subsequent release into the Al cantilevers zero 
position acts as a pre-straining moving its buckling point to the left in (compare section 3.7). In a 
real-world application this pre-straining process is difficult to achieve as it is not often possible to 
pre-bend the surface of the test object. In this case, the pre-straining can be done during the 
packaging process, which must be done anyway to protect the sensor from damage. 
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66..1100 IInnflfluueennccee  ooff  IInnttrriinnssiicc  TThhiinn  FFiillmm  SSttrreessss  
The previous sections have shown that the microbridges show various effects e.g., shift of the 
buckling point or a reduced responsivity for low strain values which cannot be predicted properly 
by the analytical model introduced in section 6.2. One reason is the residual intrinsic stress of the 
deposited thin films which is analyzed in the following sections. Therefore, two sensor devices of 
equal dimensions but with different residual stress levels of their piezoelectric layers are compared, 
regarding their buckling, resonance frequencies and responsivity as a function of strain. 

66..1100..11.. BBuucckklliinngg  
To determine the impact of the developed stress-reduced AlN thin film from section 4.4 on device 
level, two sensor devices – 𝑆5 and 𝑆6 from Table 22 – based on SOI wafers were fabricated with two 
different sputter conditions, whereas one comprises the standard constant low pressure and the 
second the adapted pressure sweep process steps. 

After fabrication, the devices sputtered with low pressure AlN show buckling with a deflection of 
the bridge center in the range of 10 − 15 𝜇𝑚, as demonstrated by the white light interferometric 
measurements in Figure 107 (a). In contrast, microbridges where the functional AlN layer is 
sputtered with the adapted pressure sweep show no buckling and remain flat, as depicted in Figure 
107 (b). The insets show a 2D scan over the whole surface of the microbridge, while the plotted 
data represent the line scan along the axis of the microbridge. The irregularities along the line scan 
marked with a (*) most likely result from phase modifications of the reflected white light due to the 
presence of transitions between materials with different optical properties on the surface (i.e., from 
AlN to Au) [309]. 

Figure 107:  White light interferometer images and line scans along the microbridge axis for the low-pressure sample (a) 
and the pressure sweep sample (b). 

The bottom and top electrodes show a tensile stress of 177 𝑀𝑃𝑎 and 164 𝑀𝑃𝑎, respectively. The 
residual stress of the full stack can be calculated by the sum of the individual stress values of each 
layer multiplied by its relative thickness in %. This results in a compressive stress for the low-
pressure sample with a value of −293 𝑀𝑃𝑎 and for the pressure-sweep sample the stress changes 
to a tensile value of 6.6 𝑀𝑃𝑎, explaining the white-light interferometric measurements with one 
microbridge being buckled, while the other is not, although both piezoelectric layers are 
compressively stressed. 

The mechanical stress state of the microbridge represented either by a buckled or flat topography 
has a huge influence on the frequency behavior of the resonator, which will be discussed in the 
following. 
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66..1100..22.. FFrreeqquueennccyy  RReessppoonnssee  
Figure 108 shows the resonance frequencies as a function of strain of both devices for modes up to 
the 6th order, whereas the 50-mode could not be measured, due to the low output signal height. 
The curves have been shifted so that 𝜀𝐶,𝑝𝑠 = 𝜀𝐶,𝑙𝑝 = 0 for reasons of comparison. Additionally, the 
predictions of the analytical model given by equations (5.13) and (6.2) are inserted. The resonance 
frequencies of the modes 20 and 30 for both devices overlap for 𝜀 > 0.05. For higher order modes 
the device with higher intrinsic stress shows higher resonance frequencies in comparison to the 
stress-reduced device. Additionally, the deviation of the 60 modes is higher than for the 40 modes, 
which leads to the assumption that stress has a larger impact on higher compared to lower order 
modes. Comparing the model to the measured data we can see that while the model fits nearly 
perfectly to the data of the 20 modes, the agreement gets worse for higher order modes. A possible 
explanation for this difference is the error made with the introduction of 𝛾𝑛 which is a coefficient 
for the contribution of the applied axial force to the modal stiffness, relative to the contribution of 
the flexural rigidity and 𝑘𝑛 which represents the eigenvalue when solving the frequency equation 
of an Euler-Bernoulli beam [268]. These values are estimated at zero axial force and neglect effects 
like shear deformation, dynamic elongation of the beam due to the vibration and different forms of 
damping, therefore represent an additional error source for higher order modes and higher values 
of strain. 

For 𝜀 < −0.05 the mode shapes are difficult to identify for two reasons: mode veering (compare 
section 6.7) and the influence of the static buckling deflection (compare section 6.4.2) onto the 
dynamic vibrational displacement. 

 

Figure 108:  (a) Comparison of the resonance frequencies as a function of strain for the low pressure and the 
pressure sweep device, including the predicted resonance frequencies of the model. 

For the strain range −0.05 < 𝜀 < 0.05 the first and second flexural mode are investigated 
separately, as depicted in Figure 109 (a-b). The 20-mode of the pressure sweep sample has lower 
frequency values around and at 𝜀𝐶  compared to the low-pressure sample. This has been explained 
in the model of Bouwstra et al. by an initial deflection 𝑧, which shifts the value of the frequencies 
around 𝜀𝐶  to higher values (compare equation (6.7)) [268]. Although their extended model, which 
includes the initial deflection, shows qualitatively the same behavior as our microbridges, the model 
is only valid in a very narrow range around 𝜀: 
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−1.3 < 𝜀𝜀𝑐  < 1. (6.14) 

Our data suggests that the influence of the initial buckling is much stronger than predicted by the 
model and as a result we could not fit the data to the extended model. 

For 𝜀 < −0.05, both curves seem to approach the model as far as this can be evaluated due to the 
difficulties of identifying the modes as described before. The pressure-sweep sample approaches ~8 𝑘𝐻𝑧 which is in good agreement with the model, whereas the low-pressure sample approaches ~18 𝑘𝐻𝑧. This deviation indicates that the modelled initial deflection is not sufficient to explain all 
effects of thin film stress, especially in the buckling regime. 

For higher modes we can see that in the non-buckling regime the data for the two different devices 
increasingly diverges from the model with increasing mode order. In the buckling regime we see a 
similar behavior, but due to mode veering it is even more difficult to estimate the correct frequency 
behavior and to give proper explanations. 

 

Figure 109:  Frequency of the resonance peaks for the 20-mode (a) and the 30-mode (b) for low-pressure and 
the pressure sweep sensor devices. 

66..1100..33.. RReessppoonnssiivviittyy  
As the microbridge is initially buckled after fabrication, which shifts 𝜀𝐶  towards higher values of 𝜀 
compared to unbuckled microbridges, the initial working point 𝜀𝑊𝑃 is in the buckled regime of the 
sensor device which is not suitable for strain sensing as the frequency is ambiguous when crossing 𝜀𝐶  and gauge factors in the buckling-regime are lower. One way to circumvent this as described 
before, is by pre-straining the device when mounting it to the structure under test or during 
packaging, both of which are challenging tasks. Obviously, another way is to adapt the thin film 
stress in a way that 𝜀𝐶  is modified such that its working point is set to a desirable value. 

Figure 110 (a) shows the responsivity 𝑅(𝜀) for the modes 20, 30, 40 and 60 for the pressure sweep 
device and for the model. Although higher modes have a higher slope, lower mode numbers show 
higher relative responsivities due to their lower frequencies. For 𝜀 > 0.1, the data is in good 
agreement with the model, but for values 𝜀 < 0.1 the model diverges from the calculated data as 
the initial deflection is not incorporated in the model. 

Figure 110 (b) shows the comparison of the mode 20 of the pressure sweep device (orange), the 
low-pressure device (blue) and the model (black). Similar to 𝑓(𝜀) (compare Figure 108) where the 
frequency at the critical strain value reached a lower minimum for devices with lower initial buckling 
or stress, the responsivity reaches a higher maximum. For the 20-mode this makes the pressure-
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sweep device more than twice as responsive as the low-pressure sample with 𝑅𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒−𝑠𝑤𝑒𝑒𝑝 ≈17000 compared to 𝑅𝑙𝑜𝑤−𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ≈ 6500. 

Comparing the results with the ones from section 6.9, where all devices were fabricated using the 
same standard low-pressure sputter process, the responsivity could be increased by a factor ~4. 
This shows that the device performance in case of a MEMS resonant strain sensor strongly depends 
on the residual stress. 

 

Figure 110:  (a) Responsivity of various modes for the pressure sweep device. (b) Comparison of the 
responsivity of the 20-modes for the low pressure and the pressure sweep device. 
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66..1111 CCoonncclluussiioonnss  
The resonant MEMS strain sensor presented in this chapter can be measured optically and 
electrically and has shown to be a versatile tool in the area of strain sensors showing highly 
promising results. 

The resonance frequency, displacement and the Q-factor of multiple modes of several microbridges, 
differing in their geometrical dimensions are analyzed and show a characteristic dependence on the 
applied external strain. While the change in length and thickness directly have an effect on all three 
measurement parameters, the width only influences the Q-factor. However, wider devices produce 
a higher electrical signal due to their bigger surface area, which in turn generates a higher number 
of electrical charges, making them favorable when an electrical readout is necessary. 

Additionally, the measurements have been compared to an analytical model from [268]. In the non-
buckling regime, the model predicts the behavior very good, whereas in the buckling regime the 
measurements deviate strongly from the predicted values. 

The Q-factor shows a unique behavior, when microbridges with different widths are compared. 
Hypothesis of the cause are developed and compared with state-of-the-art literature, but a final 
model including all effects is still missing, showing future potential research opportunities. 

Various other effects like buckling, non-linearity, creeping and curve veering on the shift of 
resonance frequencies are also studied and show the restrictions of the microbridges when used as 
a strain sensor. However, the responsivity shows very high values, three orders of magnitude higher 
than conventional resistive strain gauge sensors with values up to 6500. 

By introducing sensor devices manufactured with the stress tailoring sputter process introduced in 
chapter 4, the amount of residual intrinsic stress in the device is decreased and the frequency 
behavior of the microbridges significantly improved. As a result, the responsivity can be increased 
by a factor of 2.6 from already very high values of 6500 to 17000. 

   



 

120 Chapter 6: Resonant MEMS Strain Sensors 



 

121 

77.. CCoonncclluussiioonnss  aanndd  OOuuttllooookk  
In this work a piezoelectric resonant MEMS strain sensor and a piezoelectric/electromagnetic hybrid 
energy harvesting device for the use in a sensor node mounted in wind turbine rotor blades was 
studied. Additional, detailed investigations of sputter deposited piezoelectric aluminum nitride 
alloyed with scandium and yttrium were performed for the use in the hybrid energy harvester and 
the MEMS strain sensor. 

Optimal deposition conditions of alloyed AlN were attained by varying the parameters power, gas 
composition and pressure. The results from XRD, SEM, TEM and EDX measurements showed that 
under optimal deposition conditions, the thin films exhibit highly c-axis oriented crystal grains, 
which is a necessity for good piezoelectric coefficients. The piezometer measurements of the 
longitudinal piezoelectric coefficient 𝑑33 of 𝐴𝑙0.71𝑆𝑐0.29𝑁 showed comparable values to those 
attained from literature. The 𝐴𝑙0.91𝑌0.09𝑁 alloy resulted in a 𝑑33 increased by 55% compared to 
pure AlN, which is in very good agreement with previously performed DFT simulations done by 
Mayrhofer et al and Žukauskaitė et al. Furthermore, thin film stress of – an important parameter 
when it comes to MEMS beam resonators in single or double clamped form – of both, AlScN and 
AlYN was analyzed and showed rather high compressively stressed values up into the 𝐺𝑃𝑎 range. 
To control the thin film stress and at the same time maintain the high piezoelectric values, a 
modified sputter process was developed where the sputter pressure is gradually increased during 
deposition. With this procedure, thin films with compressive intrinsic stress in the low MPa range 
without any reduction in the piezoelectric coefficient 𝑑33 were synthesized, which later on were 
used to fabricated microbridges used as resonant MEMS strain sensors. 

With the knowledge of the optimal fabrication conditions of piezoelectric AlN and its alloys, a design 
of a hybrid energy harvesting device was developed for the special conditions in a rotor blade of a 
wind turbine. It consists of an electromagnetic and a piezoelectric harvester and uses the rotating 
gravitational force vector inside the rotor blade to transform the kinetic energy of a moving 
permanent magnet into electric energy. First, a prototype as a proof-of-concept was built and 
characterized in the lab. While the piezoelectric harvester showed comparable values to similar 
designs in research, the electromagnetic harvester generated three orders of magnitude more 
power, which was the reason to focus more on the latter one for the continued work. Based on the 
first prototype, an improved second version of the electromagnetic energy harvester was fabricated 
and tested in a real-world wind turbine, where it generated 6 𝑚𝑊 in comparison to 25 𝑚𝑊 in the 
lab under optimal conditions. The amount of generated power proved similar to other energy 
harvesters in literature when relating to the harvester size, represented by the power density. The 
advantage of the electromagnetic energy harvester is that it can be further scaled up for larger 
power output, which in case of a rotor blade is also feasible as space is not an issue in this special 
case. While the piezoelectric harvester was too weak in terms of energy generation with the used 
materials, the studies in this work could become interesting if piezoelectric materials and their 
piezoelectric coefficients in combination with their dielectric permittivity are further developed. 

Future research should target the improvement of the piezoelectric harvester either by e.g., 
implementing the piezoelectric materials with higher 𝑑31 or by stacking several piezoelectric thin 
films on top of each other [310], [311]. This could make both harvesting approaches equally potent 
in terms of energy generation. Furthermore, a power management circuit including an energy buffer 
(e.g., battery or super capacitor), which collects power from both harvesters and provides a steady 
voltage level to continuously power a sensor node is an important addition for a real-world 
application. 
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The piezoelectric MEMS resonant strain sensor is based on a microbridge structure, excited by a 
piezoelectric aluminum nitride thin film. After fabrication the sensor devices were characterized by 
attaining their mode shapes and frequency responses as a function of strain optically via laser 
Doppler vibrometer measurements. An electric read out was also provided by electrical impedance 
analyzer measurements. The externally applied strain was varied over a broad range of ±1 𝜇𝜀 
around the buckling point, which presents the strain value were the microbridge changes from the 
non-buckling regime or flat state to the buckling regime or buckled state. The covered frequency 
bandwidth was 1 𝑀𝐻𝑧 which was enough to cover modes up to the 7th order, depending on the 
geometrical dimensions of the microbridge. The frequency responses were compared to an 
analytical model developed by Bouwstra et al. and were in very good agreement in the non-buckling 
regime but in poor agreement when the microbridges were buckled, showing that the model still 
has to be refined in this regime. Beside buckling, various other effects like creeping due to the 
adhesive, mode veering non-linearities or the influence of thin film stress were observed and 
studied in detail. To see the influence of the microbridge geometry on the frequency responses, the 
length, width and thickness were varied. While the increased length and reduced thickness leads to 
a higher slope of frequency as a function of strain, the width has no influence. However, the 
conductance spectra of the electrical read out showed a significant increase in the measurement 
signal for wider microbridges, explainable with the larger amount of generated charges due to the 
increased area of wider microbridges. The changing width also influences the amount of higher 
order two dimensional modes. When these two-dimensional modes cross the standard Euler-
Bernoulli modes, it results in additional curve veering effects, restricting the use of the strain sensor 
in the according strain ranges. The Q-factor – an important parameter for resonators showed 
comparable values to other state-of-the-art resonators of similar size. However, when measuring 
the Q-factor as a function of strain, it shows an unexpected behavior with increasing strain. Close 
to the buckling point, the Q-factor increases with increasing strain, but after a strain value of 
approximately 0.25 𝜇𝜀, the Q-factor decreases again. For increased widths of the microbridge the 
Q-factor decrease also increases. This behavior could not be explained and should be investigated 
in the future. The relative responsivity, also called gauge factor for strain sensors, showed very high 
values up to 6 500 for a microbridge geometry of 1500 x 100 x 1.5 𝜇𝑚3,which is a comparable 
value compared with state-of-the-art research (compare Table 4). In the end, the modified sputter 
process introduced in the materials chapter was used to fabricate sensor devices with a stress 
reduced piezo active thin film, further increasing the responsivity by a factor of 2.6 to 17 000. 

The strain sensors already showed very promising results, but several open questions remain for 
future research. As already mentioned, the behavior of the Q-factor as a function of strain is still not 
fully understood. Another topic is the analytical description of the frequency response in the 
buckling regime, which showed large divergences compared to the measurements. While for the 
application as strain sensor the buckling regime was avoided, a more thorough understanding could 
make the use in other applications possible, not only as strain sensor but also in fields like acoustic 
applications [312], switching devices [313], [314] or energy harvesters [315], [316]. Further work 
could also comprise a more sophisticated read out through electric oscillator circuits [317] or a 
phase-locked-loop [318], making fast dynamic changes of the strain state measurable more easily. 
Another important, more application focused improvement could be an improved adhesion 
between the sensor and the DUT/package by e.g. bonding [290] reducing the creeping effect. 

It can be concluded that both devices, the hybrid energy harvester and the MEMS resonant strain 
sensor show promising results and could be developed further for the implementation in a wireless 
sensor node. 
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AlN aluminum nitride 
AlScN aluminum scandium nitride 
AlYN aluminum yttrium nitride 
BOX burried oxide 
DAQ data acquisition board 
DFT density functional theory 
EDX energy dispersive X-ray spectroscopy 
EGD European Green Deal 
EH energy harvester 
EMH electromagnetic harverster 
EMHE electromagnetic harvesting element 
FOM figure of merit 
FWHM full width at half maximum 
GMST global mean surface temperature 
HEH hybrid energy harvester 
HRTEM high resolution transmission electron microscopy 
IA impedance analyzer 
Iot internet of things 
IPCC international panel on climate change 
KNN potassium sodium niobate 
LDV laser Doppler vibrometer 
MEMS micro electromechanical system 
MSA micro system analyzer 
PEHE piezoelectric harvesting element 
PLA polylactic acid 
PM permanent magnet 
PR Poisson ratio 
PVD physical vapor deposition 
PZT lead zirconate titanate 
RF radio frequency 
SAED selected area electron diffraction 
Sc scandium 
SEM scanning electron microscopy 
Si silicon 
SOI silicon on insulator 
TEM transmission electron microscopy 
TM tip magnet 
VE vibrational exciter 
WSN wireless sensor network 
XRD X-ray diffractometry 
Y yttrium 
YM Youngs modulus 
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