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Chapter 1 

 

 

Introduction 

 

 

This chapter starts with a brief introduction on ferroelectric materials, actuators and their role and 

importance in inkjet printers. Thereafter, the problem of piezoelectric actuators, which is the focus of 

this thesis, is addressed and questions and goals of the project are introduced based on that. Finally, 

the chapter ends with an outline of the thesis. 

1.1 Ferroelectric actuators for inkjet printers 

Piezoelectricity is the ability of a material to convert electric charge into mechanical energy and vice 

versa. It is divided into the direct effect, which means the generation of an electrical charge from an 

applied mechanical force, and the inverse effect, which means a strain in the material results from an 

applied electric field. The result in strain is proportional to the applied field and using the piezoelectric 

materials cleverly enables a wide variety of technical functions.  

Applications of the piezoelectric effect can be found in systems like the gas lighter, electronic pick-up, 

knock sensor and the airbag sensor when the direct piezoelectric effect is used and actuators, 

piezoelectric motor, and acoustic transducers when the inverse effect comes into action. There are 

some systems like ultrasonic transducers which use both effects in their functioning.  

Lead zirconate titanate (Pb[ZrxTi1-x]O3 or PZT) can be used in actuators, sensors and memory devices 

because of its superior piezoelectric and ferroelectric properties. Such components are frequently 

used in applications which involve electric and/or mechanical cyclic loading, therefore they are 

normally subject to fatigue and degradation of ferroelectric and mechanical properties, which results 

in performance degradation.  

Inkjet printers use ferroelectric actuators and more specifically PZT materials as part of the print-head. 

These thin film piezoelectric microelectromechanical systems (MEMS) systems are used under severe 

operation conditions (operated at high temperature up to 130°C, high bias voltage up to 30 V and 

pulsed at up to 120 kHz), and therefore, the instability of the piezoelectric properties of the 1-2μm 

thick piezoelectric films is an important hurdle to be taken for further industrialization. 

1.2 Problem Investigation and goals 

What has been mostly investigated in literature about fatigue in piezoelectric actuators focuses on the 

ferroelectric fatigue during bipolar or unipolar electric cycling. Ferroelectric fatigue is a complex 

process since mechanisms of both electrical and mechanical fatigues are involved and it manifests itself 
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through microstructural changes. It has been always a difficult task to distinguish the effects of 

mechanical and ferroelectric fatigue from each other during electrical cycling of piezoelectric thin films. 

Mechanical fatigue has an important effect in the failure of actuators, and it is important to investigate 

its effect in piezoelectric actuators used in inkjet printers.  

It is well known that mechanical fatigue proceeds through crack propagation and the type and number 

of cracks will vary for devices with ceramic or metal electrodes. Mechanical fatigue can be observed 

by (i) macroscopic sample cracking near electrodes and interfaces, and (ii) micro-cracking within the 

bulk structure in an intergranular fashion. Furthermore, in the presence of metal electrodes on the 

sample, delamination would also be a reason for mechanical failure, and it normally happens at the 

interface between the silicon substrate and the electrode. In addition, each growth technique can 

imply a different cracking system of the thin film, more specifically sol-gel and pulsed laser deposition 

methods which are used in this project. The formation of defects and cracks mostly initiates on the 

micro or nanoscale and the stresses induced by the electric field or vibration also result in deformations 

in the sample on very small scale. Thus, accurate measurement of mechanical properties, when thin 

films are under relevant conditions (electric field, mechanical bending, etc), requires a carefully 

designed test setup. 

Based on this reasoning, the need to design a specific experimental setup in which mechanical 

properties of piezoelectric actuators are tested, is what this project aims for. After that, the mechanical 

properties of these actuators are studied and analyzed to be able to propose the design rules of 

piezoelectric membranes for inkjet printers.  

The design project consists of the following goals: 

1- Design of an experimental setup to monitor the mechanical degradation in piezoelectric 

actuators with and without electric field cycling application. 

2- Study and analyze the reasons behind the mechanical degradation. 

3- Propose the design rules for piezoelectric actuators to have better mechanical endurance. 

1.3 Thesis outline 

The stability of piezoelectric actuators is not only dependent on their polarization fatigue resistance 

but also on the mechanical degradation resistance. The PDEng thesis tries to investigate the 

mechanical fatigue of piezoelectric actuators and its origins and possible mechanisms.  

The thesis consists of 6 chapters and starts with a chapter of project introduction, a chapter of design 

methodology of the project, followed by literature review of the ferroelectric materials and their 

failures and fatigue origins. The other three chapters will develop the results of the experimental setup 

and ends with a proposed model and roadmap for further developments.  

Chapter 1 provides general information on ferroelectric materials and their use in inkjet printers. It 

introduces the problem and goals of the project and ends with the thesis outline.  

Chapter 2 defines the project requirements and various considered aspects before design 

development. It also explains the methodology behind the design process. 

Chapter 3 expands on the ferroelectricity in chapter 1 and reviews the application of these materials 

and previous studies about possible failures mechanisms. It then explains the connection between this 

thesis and the previous PhD thesis on the same project, which focused on ferroelectric fatigue and 

ends by determining the importance of the mechanical fatigue investigation.  
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Chapter 4 provides the detailed information about the actuators in use in this project and introduces 

the initial design of the experimental setup for fatigue analysis. It then gives the experimental results 

and proposes the initial model of mechanical fatigue based on experiments.  

Chapter 5 aims to identify the conclusion based on theoretical, simulated, and experimental results 

and presents roadmap to use it. It summarizes the most important outcomes and advises some ideas 

for further developments of the design. 

Chapter 6 close the report with acknowledgments and appendices.  
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Chapter 2 

 

 

Design Requirements and Methodology 

 

 

2.1 Introduction 

Founded in 1877 in Venlo, the Netherlands, Canon Production Printing has a long history of technical 

innovation and development. A key asset is inkjet, a game-changing and widely applicable imaging 

technology. Its ambition is to build on expertise in jetting for high-volume, high-speed printing and to 

position Canon as a thought leader in jetting technology and applications. Jetting is key to the future, 

and Canon Production Printing is energized by the exploration of its extensive possibilities. 

 

Fig. 2.1. Working Function of Print-head inside printer 

In piezo driven inkjet print-heads, a severe operation condition is applied on piezoelectric actuators 

embedded on top of the ink reservoir (operated at high temperature up to 130°C, high bias voltage up 

to 30 V and pulsed at up to 120 kHz). Therefore, the instability of the piezoelectric properties of the 1-

2 um thick PZT actuators is an important hurdle to be taken for further industrialization. 

Stakeholders 

Defining the stakeholders of each project is important since it is the main step towards writing the 

requirement statements, and attributes that can be associated with it such as characteristics, rules, 

and patterns. 
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Stakeholders are defined as persons, groups, organizations, institutions, and societies related to the 

system which can be divided into internal or external ones. Internal stakeholders of this project are 

PDEng candidate, supervisors, and funding manager (M2i organization and Canon Production Printing) 

and on the other hands, external stakeholders are program director, maintenance operators, 

regulators, and functional beneficiaries (other researchers and R&D employees). 

Figure 2.2 shows various stakeholders of this system. Funding manager (m2i) is one of the stakeholders 

which focuses on final product and the timing of its delivery. Regulators and maintenance operators 

have the least effect in the design process of this project and PDEng program director has one of the 

major roles. PDEng candidate, daily supervisor and industry supervisor are the main stakeholders in 

terms of developing the project into the final scope. Finally, Canon Production Printing and Utwente 

(innovation manager) are most powerful stakeholders in the system who can change the purpose of 

the project. 

 

Figure 2.2. The main stakeholders of the project 

2.2 Requirements engineering and management 

Project Scope 

The scope of this project is to investigate the mechanism behind the mechanical instability of 

piezoelectric actuators and the influence of the different operational conditions on the performance 

and properties. Firstly, the standard recipe that has been developed and is being currently used by 

most of the research groups in the same field allows a relatively little variation in the properties of the 

devices produced and secondly, films thicker than about 100-200 nm have to be built up by several 

deposition runs in order to have the thin films usable in real applications. 

With the advance of fabrication technologies, specifically pulsed laser deposition, allows much more 

control over film density and crystalline orientation. The development of new buffer and electrode 

layer stacks, present day piezo-electric thin films are believed to be significantly different from those  

of 10-20 years ago, on which much of the research on defects was performed. Consequently, also the 

effect of different types of defects on device properties is therefore expected to be different.  

Canon 

Production 

Printing 
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Furthermore, the modern deposition techniques and choice of buffer layers allow much more control 

over the growth of the films and the amount and types of defects therein. 

Thus there is a strong need for a systematic study of the defect structures in modern piezoelectric thin 

films fabricated by PLD and the relation with film and device failure behavior. Further, the combination 

and availability of modern analysis techniques allows a more in depth investigation, building on earlier 

obtained insight and models described in literature. 

Requirements identification 

The needs and requirements identification is essential in the system engineering of a project in order 

to find a solution that addresses most of the problems and can be used by stakeholders to specify the 

roadmap. There are different views to categorize them. First, goals of each stakeholder should be 

identified, the needs for each goal should be pin-pointed and finally the needs should be transformed 

to the requirements [2].  

In this method the stakeholders are grouped in the viewpoints of enterprise, business management, 

business operation, system and system elements. The vision of the company is defined in the view of 

the enterprise and therefore, needs and requirements are defined based on that. Business 

management view is focused on the financial goals of the project. The life cycle and operation of the 

product is the concern of the business operation. System view is the PDEng project. At the end, system 

element view goes in detail about the needs and requirements of the project elements. After defining 

the requirements, solutions are being filtered. The designer has the responsibility to find a solution for 

the requirements listed on table 2.1.. These requirements should be necessary, measurable and 

unambiguous. 

Table 2.1. Project Requirements 

Viewpoint Requirement 

Designer 

Delivering the project in time 

Studying the previous and current developing methods in the same field 

Limits on number and type of materials (layers), geometry and environmental 

conditions in used actuators 

Applying the previous design rules with respect to working conditions into the 

system 

 

The timing requirement has been imposed to the project by PDEng program definition. It is the 

mandatory two years deadline for the final design which the funding party, company and university 

supervisors agreed and invested on. The next requirement is the innovation aspect of the design. As 

research on MEMS is being developed in many research groups all over the world, understanding the 

most recent developments in PZT actuators is essential. So, in order to design a product which is an 

upgrade as compared to the current technology, there is a need/requirement of understanding the 

recent developments in the field. The limit on materials selection arises from the need of preventing 

money loss. As it was discussed with the stakeholders, designing the actuators with single crystalline 
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grown films with oxide electrodes might solve the problem of mechanical fatigue but it is not desired 

by the company as it exceeds the financial limit devoted to these types of developments. It also would 

require changes in the production and systems in use, which add another burden to take. The last 

requirement has been added based on the need of compliance of final product to the rules. There are 

working temperature, voltage, and other conditions for which the system should be tested and 

therefore have a good functionality.  

Objectives of the design project 

Based on the requirements identification, the objectives of this project can be summarized as follows: 

1. Design an experimental setup to demonstrate mechanical degradation in piezoelectric 

actuators with and without electric field cycling. 

2. Investigate the causes for mechanical fatigue of actuators during fatigue and try to separate it 

from changes in electrical fatigue. 

3. Propose fabrication rules to implement the new design regarding the inkjet printing 

application. 

Safety and risks management 

Temperature control and power control are part of the complete system. During the development and 

in engineering phases a lot of “total tests” are done to test the functionality of the system over a longer 

period (for example for several weeks continuous printing). Any disturbance of the performance is 

then noted (including safety issues) and actions will be taken to solve these issues. A typical example 

of a problem on printhead level was overheating due to a malfunction in the temperature sensor due 

to interaction of the ink with the leads. Ink misting is also a general problem, apart from a dirty engine 

the ink can cause all kind of failures due to its aggressive nature. 

In order to cope with the challenges of the present project, a well-defined time-line is needed. This 

plan should consist of all activities in the project that are defined by their starting and ending times. 

Also, to avoid delays that can be caused by difficulties in coordination between university and 

company, there are enough fabrication and analysis systems in the laboratories of both IMS group at 

the university of Twente and at Canon Production Printing, thus in case of a problem at either party, 

the research can be continued elsewhere to avoid such time delays. The timetable of this design 

project is represented in figure 2.3. 

 

Figure 2.3. The timetable of design project 

At the moment of starting this project, there is still lack of high endurance and stable actuators in terms 

of electrical fatigue, especially for inkjet printing applications. But to go further than this unidirectional 



 

8 
 

optimization purpose of actuator design, it is decided to investigate the mechanical failure reasons of 

piezo actuators as well and try to separate them from electrical reasons. In addition, to increase the 

quality of final design, the plan is to insert this design into an optimization cycle. It means that after 

each modification into the actuator, it goes under mechanical and ferroelectric fatigue and based on 

the results, the design is optimized for the next analysis.  

Sensitivity to operational conditions like humidity and temperature will likely become an issue. 

Therefore, new designs are expected to have the same functionality as previous actuators under 

severe operational conditions.  

Costs 

Control of this term happens in the design phase when choosing materials for the actuators and when 

choosing a method of deposition. More precisely, instead of choosing expensive electrodes with 

obviously better endurance as compared to the cheap ones, we should choose a deposition method 

that fabricates the previous material with better crystallinity. The cost of the new actuators needs to 

be of the order of the current actuators used in inkjet printers of Canon Production Printing. Because 

it is not possible to point out the price of the printheads used in Canon Production Printing, a typical 

Kyocera 600dpi printhead with 6000 nozzles costs between 5000 and 8000 euro (depending on the 

amount of printheads bought).  

Recyclability / disposability 

As noted earlier, Canon Production Printing always aims to have sustainable and environmental-

friendly products. Therefore, designing an actuator which is in-line with this purpose is highly desirable. 

However, production of lead containing ceramics might be hazardous due to the possible PbO 

evaporation into the atmosphere. 

Design process unit 

Considering the inkjet printer as the system, printing will be the main function of this system. There 

are only two sub-functions in the inkjet printer that are part of this PDEng project, therefore, we focus 

on the analysis of these functions and their relevant design parameters. 

 

Figure 2.4. DPUs within the PDEng project 

Creating the electric field cycling condition on the actuator is done with the thin film analyzer. The 

resulting displacement, polarization and piezoelectric properties of each actuator is analyzed as 
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function of the number of cycles before electrical/mechanical degradation or complete failure. 

Actuator design is the main factor affecting the bending displacement and the adjustable parameters 

in the structure of actuators are the type of electrodes, the deposition techniques, geometrical design 

(capacitor, cantilever, and membrane) and the thickness of the PZT layer. It is noted that the total 

thickness of the film should be based on the area defined in the printhead in such actuators. Electric 

field implied to the system is modifiable and it should be the same electric field that is used for current 

printer devices. Electric field is the main input for piezoelectric materials as its value is proportional to 

the mechanical displacement. 

Methodology for designing the experimental model 

This method contains every step from need for the disposal of the final printhead to structure the 

project. As this project is mainly a creative design, the design process units (DPU) will be useful during 

its development which is represented in figure 2.4.  

One of the important methods for validation and verification step is done by technical actions of the 

engineering cycle, following the structure of “preparation for system test and evaluation” (figure 2.5). 

 

Figure 2.5. Design and Engineering Cycle 

The internal design cycle consists of the present design project. The problem gets investigated by 

design of a proper experimental setup. The functionality of the experimental setup (prototype) can be 

verified based on the fatigue behavior of the piezoelectric actuators in working conditions close to 

those used in inkjet printers (temperature and voltage). After successful validation of the experimental 

setup in this condition, the system can be evaluated in real application in a print head (this is a phase 

after finishing the present PDEng project) and be implemented in CPP in case of a successful evaluation.  

As shown in figure 2.6, The validation process of this project can be best described in the form of the 

Vee model in which the validation and verification steps are done in different focus. A design process 

starts with an overall scale in conceptual design, and it becomes more specific in the detail design 

phase. This is mostly done based on theoretical design and by using COMSOL Multiphysics. The phase 

of integration, test and verification mostly involves the fabrication of the actuators and the 

experimental setup to evaluate their electrical and mechanical functionality. The final proposed design 

rules are decided in the phase of system verification and validation based on the data collected in 

previous phase. On each level, validation and verification are applied to control the feasibility of the 

design to the project requirements and expectations of the stakeholders. CPP takes care of the further 
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implementation of the outcome of this project to their products considering the extra maintenance 

and operation implied by this new design.  

 

Figure 2.6. The Vee model of the PDEng project development 

Required facilities 

As this project is developed in three different sections, modelling, fabrication and experimental testing, 

the required facilities for each part of the project are described as follows: 

- Design and theoretical simulation 

To have an idea of the effect of each change made to th actuators, COMSOL Multiphysics has 

been chosen for design and numerical simulation of electrical and mechanical behavior of 

designed capacitors, cantilevers, and membranes. Moreover, theoretical development of 

Weinberg’s equations for actuators [1] has been performed specifically for cantilevers, in order 

to predict the displacement, stress and strain in each design in response to the applied electric 

field. 

- Fabrication 

Canon Production Printing has a complete external manufacturing plan and line for 

piezoelectric membranes used in inkjet printers. However, for this project, the actuators have 

been designed and fabricated in the Nanolab facilities of Mesa+, University of Twente. Most 

of the actuator layers have been deposited using pulsed laser deposition. Sputtering system 

has been used to deposit the platinum electrodes. Furthermore, steps like photolithography 

and reactive ion etching have been used as well. 

- Experimental testing 

To apply, measure and analyze the electric field cycling, displacement, polarization loop and 

other properties related to piezoelectric actuators and resulted fatigue in them, the thin film 

analyzer (AixACCT Ferroelectric Tester), a Laser Doppler Vibrometer (msa400) and a Double 

Beam Laser Interferometer have been used. Besides, scanning electric microscopy was used 

to monitor any sign of crack or defect development in the actuators before and after fatigue 

cycling. Finally, we made use of White Light Interferometry to measure the initial bending of 

each cantilever in order to better interpret the displacement and stress applied to cantilever 

beams by electric field cycling or resonating.  
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Chapter 3 

 

 

Literature Review 

 

 

3.1 Ferroelectric materials 

Ferroelectric materials are defined as having the characteristic behavior of spontaneous polarization 

which is switchable under an external electric field. Ferroelectricity was first discovered in Rochelle salt 

in the 1920s [1] and later on barium titanate (BaTiO3) was introduced as a ferroelectric material as well 

[2]. Nowadays the most common ferroelectric materials, especially for industrial applications, are lead 

based materials such as lead titanate (PbTiO3), lead zirconate titanate (PbZrxTi1-xO3) and lead 

lanthanum zirconium titanate (Pb1-xLaxZr1-yTiyO3).  

Ferroelectric materials can change their polarizations by an applied mechanical stress, being heated or 

cooled and vice versa. The first property is called piezoelectricity, the ability of generating electric 

charge under applied mechanical stress. 

3.2 Application of ferroelectric materials 

Ferroelectricity, piezoelectricity and pyroelectricity are interrelated behaviors of ferroelectric 

materials in various applications [3][4] as depicted in figure 3.1. They are used in applications such as 

micro-electro-mechanical systems [5], non-volatile ferroelectric random access memories [6], 

actuators [5], photovoltaic devices [7] and other electronic devices [8][9].  
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Figure 3.1. Application of ferroelectric, piezoelectric and pyroelectric materials [10]. 

Polarization switching of ferroelectric materials is usually reached in a capacitor configuration in which 

the ferroelectric material is placed between two electrodes. The representation of polarization and 

piezoelectric effect of such materials is the polarization hysteresis loop (P-E loop) and piezoelectric 

butterfly loop (S-E loop). P-E loop shows the polarized charge density as a function of applied electric 

field while S-E loop demonstrates the displacement outcome of this polarization as a function of 

applied electric field.  

Ferroelectricity of a material is generally assumed as well developed, considering the shape of P-E loop 

and large remanent values (close to saturation polarization) but these values are sensitive to several 

parameters such as thickness [11][12], ferroelectric composition [13][14], microstructure and crystal 

orientation [15][16], measurement conditions [17] and electrode materials [18]. 

3.3 Failures of ferroelectric materials 

 As mentioned before, ferroelectric materials are used in several applications. As a result, such 

components are often subjected to electrical and mechanical cycling which would cause different types 

of failure like polarization fatigue, polarization imprint, retention loss [19], electrical breakdown [20] 

and mechanical degradation [21]. The latter type of failure and its connection to polarization fatigue is 

the focus of this project since this type of fatigue is specially determined over a bipolar electrical 

loading.  

However, this fatigue is very complex to interpret since the process of electrical and mechanical fatigue 

are both involved and most of the time happen because of each other. It can also show itself as changes 

in material’s microstructure and electro-mechanical performance [21]. Some of the observable 

outcomes of electrical fatigue such as loss in polarization, butterfly hysteresis loop, micro and macro 

cracking can have clear effects on mechanical performance of the ferroelectric material as well.  

3.4 Mechanical fatigue of ferroelectric materials 



 

14 
 

Electrical fatigue, especially in terms of loss in polarization, has been already well discussed in 

numerous studies and its origin has been also investigated as well [22][23] and the most common 

behavior of this fatigue in ferroelectrics is referred to the type of electrode used [9].  

On the other hand, there is not much investigation into mechanical fatigue of such devices. Even 

though the effects of crack growth and mechanical damage on the evolution of polarization and 

displacement butterfly loops have been qualitatively observed before [24–26], it is not quantified in a 

systematic method. The origin of the effects of polarization degradation in piezoelectric actuators 

might have an influence on their mechanical degradation as well but it neither has been a topic of 

investigation nor any project has quantified extensively the separation of mechanical and electrical 

reasons behind failures in ferroelectrics before. Mechanical reasons of fatigue are possibly micro and 

macro cracking formation and delamination between interfaces [24,26–28]. Also, some models have 

been previously developed that assume the crack growth as a reason for the evolution of mechanical 

fatigue in ferroelectrics under electric field cycling [29,30] but experimental validation of such models 

is not yet strongly discussed. Besides, some of other theoretical studies which investigated the effect 

of micro cracks on polarization amplitudes concluded that this effect is smaller than the polarization 

change [31,32]. 

As a consequence, the challenge here is to isolate and separate the effects of mechanical degradation 

from electrical degradation on performance of ferroelectric devices. Therefore, design of a proper 

experimental method is needed to observe any mechanical damage to such devices during electrical 

cycling. On the other hand, a unique experimental setup is also needed to be designed to apply a pure 

mechanical fatigue without any electric field involved.  

Here we aim to add new insight into the mechanical reasons behind failures in ferroelectric devices by 

using a combination of theoretical model, numerical simulation and experimental setup with thin film 

analyzer, double beam laser interferometer and laser doppler vibrometer. These software and 

hardware setups help to predict, perform, and quantify the possible occurrence of mechanical damage 

in ferroelectrics with and without electric field cycling and have a more in-depth look into the reasons 

behind it.  
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Chapter 4 

 

 

Development Phase 

 

 

4.1 Conceptual design 

Layers characteristics of PZT actuators 

The piezoelectric actuators used in inkjet printers at Canon Production Printing are fabricated on silicon 

substrates. Platinum and tungsten are used as the electrodes since it is easier to obtain repeatable 

results of them compare to oxide electrodes with cheaper fabrication equipments. Both Pt and W are 

deposited using sputtering technique. PbZrxTi1-xO3 (PZT) is used as the ferroelectric layer in these 

devices. PZT has a perovskite structure with Pb ions at the corners of a (pseudo-)cubic unit cell, Zr or 

Ti at the center of the body and O ions at the face centers of the material unit cell, forming an oxygen 

octahedron network. The positions of Zr or Ti ions deviate from the central position for temperatures 

below the Curie temperature (TC). Therefore, the distribution of the positive charges and negative 

charges in the unit cell becomes non-centrosymmetric which makes the unit cell electrically polarized 

with a spontaneous polarization (called P). Lead-based ferroelectric materials (specially PZT) are widely 

used in such applications because of their high Curie temperatures (300-400֯C), which is significantly 

higher than the operation temperature of most devices. In this way the operational properties of the 

device are largely temperature independent in the temperature operating range. PZT also has a large 

polarization value, somewhat depending on the Zr/Ti ratio. However, EU regulations are nowadays 

applicable  for the use of Pb as a toxic element, in electronic devices, as has been described in chapter 

2 (design requirements and methodology). 

In this project, the effect of using another type of electrode in combination with different types of 

substrates has been analyzed as well. SrRuO3 (oxide) electrodes were deposited on silicon as well as 

on SrTiO3 substrates and devices were analyzed in terms of polarization and piezoelectric properties.  

In addition, depending on the type of investigation, three types of devices were developed and 

simulated. 

Capacitors, Cantilevers and Membranes 

Polarization fatigue has been mainly investigated on capacitors since the difference in their electrical 

behavior is not significant as compared to membranes used in inkjet printers. The piezoelectric fatigue 
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of capacitors has been also analyzed as a continuation of the ferroelectric fatigue studies previously 

performed by M.T. Do et al. [1] on similar structures.  

In order to maximize the chance of observing any mechanical failure behavior such as cracks, damages 

and fatigue in general, we have analyzed the piezoelectric fatigue of cantilevers as well. In this way, as 

it will be explained later, any mechanical failure will be more evident since cantilevers respond with 

much larger displacements as compared to capacitors for the same applied electric field.  

Finally, the same experimental situation has been applied for the simulation of membranes to see 

whether the same behavior happens to these devices at the same cycling numbers. This phase is 

important also because membranes are the devices used in inkjet printers in Canon Production 

Printing.  

Experimental setup 

To induce fatigue in our devices, electric field cycling was applied to each sample. The cycling was 

applied to the capacitors using the thin film analyzer (TF ANALYZER 3000). For cantilevers the same 

cycling conditions were applied using the same apparatus in combination with the Laser Doppler 

Vibrometer (msa 400) to observe the vibration amplitude.  

The polarization and displacement of capacitors were measured with the aixACCT TF 2000 Analyzer in 

combination with the Double Beam Laser Interferometer (aixDBLI). The polarization of the cantilevers 

was measured using the ferroelectric tester, but white light interferometry was used to measure the 

static bending of each cantilever, whereas the vibration amplitudes during cycling were measured 

using the laser doppler vibrometer. 

The cycling continued normally till 108-9 cycles and a variety of cycling conditions was used,  such as 

bipolar, unipolar field cycling, and on respectively off-resonance cycling, which will be explained in 

detail further on. 

4.2 Process development 

4.2.1 Mechanical fatigue of piezo-driven Si and STO capacitors 

In the first phase of the project, three types of capacitors were fabricated. These samples were fatigued 

by electrical field cycling with different maximum applied, square wave electric field at fixed cycling 

frequency of 100 kHz and have then been analyzed for their piezoelectric (PE) and ferroelectric (FE) 

properties. The motivation behind this part is to have a detailed continuation of the research work 

done on the similarly made capacitors by M.T Do et al.[1]. For the PE properties, the displacement Δz 

(butterfly loop) of each capacitor has been measured with a 200 kV/cm amplitude triangular wave 

form of the applied field at a frequency of 1 kHz. Since the loops and their zero-voltage point shifted 

during fatigue, the graphs in this report show the Δzm -values instead of the absolute Δz-value, to make 

a better comparison between samples possible. 
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Fig.4.1. An example of how Δzm, Em, Ec, Δz(0) and ΔE(0) is extracted from butterfly loop. 

Furthermore, it is noted that to smoothen the butterfly loops, running averaging over an interval of 4V 

(40 kV/cm) and averaging over 50 cycles has been used to smooth the curves. This procedure slightly 

lowered the determined Δzm vale, as well as the maximum field values in the averaged curves of fig4.1. 

On the other hand, the absolute value of minimum displacement becomes smaller as well. Since we 

are more interested in trends in changes of the maximum strain than in accurate values, this error is 

not considered too be much of importance. 

 

4.2.1.1 Capacitor SrTiO3/SrRuO3/PZT/SrRuO3 

Table 4.1. Layer composition of STO/SRO/PZT/SRO capacitors. 

Sample Substrate Bottom Electrode Piezoelectric Layer Top Electrode 

STO-SRO-1 SrTiO3(0.5mm) SrRuO3(100nm) PZT(1um) SRO(100nm) 

 

The first capacitor was fabricated on a (001)-oriented single crystal STO substrate and has 100 nm thick 

SRO top and bottom electrodes. After the PLD deposition, platinum+titanium layers with a total 

thickness of 114 nm were sputtered on the polished backside of the STO to have better reflectivity, 

required for  the displacement measurements with the double-beam-laser interferometer system.  

 
Bipolar Cycling – 100 kV/cm 
 

a. Polarization Fatigue 

A first series of fatigue experiments on the sample was performed with a cycling field amplitude of 100 

kV/cm. Figure 4.2 shows that there is little change in the polarization under fatigue cycling. This was 

to be expected, based on previous results [1], which showed that this type of capacitor (with two SRO 

electrodes and on an STO substrate) do not fatigue. Therefore, further fatigue with a higher field 

amplitude has not been  applied on this capacitor.   
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Fig. 4.2. The Polarization (left) and Coercive field (right) at the fatigue of 100 kV/cm and cycle 

frequency of 100 kHz on STO/SRO/PZT(1um)/SRO capacitor. 

 

Figure 4.3 shows that there was no significant change in the polarization loop of the sample before 

and after fatigue.   

 

  
Fig. 4.3. Polarization loops before and after fatigue of 100 kV/cm and cycle frequency of 100 kHz on 

of STO/SRO/PZT(1um)/SRO capacitor.  

 

b. Piezoelectric Fatigue 

Figure 4.4 shows that the displacement degradation was also relatively small compared to the 

maximum displacement of the capacitor (measured at +/- 200kV/cm). 
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Fig.4.4. Displacements (Δzm) during the fatigue of 100 kV/cm and cycle frequency of 100 kHz on 

STO/SRO/PZT(1um)/SRO capacitor.  
 

As is shown in figure 4.5 the displacement loop is slightly shifted after fatigue.  
 

  
Fig.4.5. The displacement loops (S-E) before and after fatigue of 100 kV/cm and cycle frequency of 

100 kHz on STO/SRO/PZT(1um)/SRO capacitor.  
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For this capacitor, the Δzm
+ and Δzm

- changed by about +0.1 and -0.1 nm respectively from the pristine 

state to the 108 cycles fatigued state. It is noted that the standard deviation of the mean value of each 

z measurement after averaging, is about 0.01 nm. 

 

4.2.1.2 Capacitor SrTiO3/SrRuO3/PZT/Pt 

 

Table 4.2. Layers composition of capacitors. 

Sample Substrate Bottom 
Electrode 

Piezoelectric 
Layer 

Top Electrode 

STO-Pt-1 SrTiO3(0.5mm) SrRuO3(100nm) PZT(1um) Pt(100nm) 

STO-Pt-2 SrTiO3(0.5mm) SrRuO3(100nm) PZT(0.5um) Ti(14nm)/Pt(100nm) 

 

The difference between this capacitor and the previous one is the top electrode. After the PLD 

deposition of all layers up to the PZT layer, a Pt layer was deposited by ex situ sputtering and patterned 

as the top electrode using a photo-lithographic lift-off technique. For STO-2, a thin layer of titanium 

(14nm) has been deposited before the platinum to enhance the adhesion to the PZT layer. Hence the 

PZT/Pt interface has been exposed to ambient atmosphere and photolithography chemicals. It is 

known that this poor interface gives rise to ferroelectric fatigue (decrease of remanent polarization P) 

[1]. 

 

Bipolar Cycling – 100 kV/cm and 200 kV/cm – Sample STO-Pt-1 

a. Polarization Fatigue 

Fatigue has been applied on this capacitor with two electric field amplitudes, 100 kV/cm and 200 

kV/cm, using a cycle frequency of 100 kHz.  
 

 
Fig. 4.6. The remanent polarization fatigue under 100 kV/cm (blue) and 200 kV/cm (red) amplitude, 

100kHz field cycling of the STO/SRO/PZT(1um)/Pt capacitor (sample STO-PT-1). 
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There was no significant polarization fatigue observed under electric field cycling at 100 kV/cm. 

Increasing the cycling field amplitude causes severe polarization degradation. However the 

polarization decrease is much less than for similar devices with a 250 nm PZT layer, studied in [1]. This 

implies a thickness dependence of the polarization fatigue process. This requires further investigation 

and modelling. 

For both fatigue conditions, the polarization loop changes significantly, as shown in Figure 7 and 8. The 

Ec’s increase, making the PE-loop wider and saturation polarization Ps and remanent polarization Pr 

decrease strongly. Also the slope of the PE-loop at Ec decreases. The latter three are signs of the growth 

of a thin dielectric layer at the top electrode-ferroelectric interface. (Since these trends were not 

observed for the device STO-SRO-1, these changes must be attributed to the Pt-PZT interface at the 

top electrode.) 

 

 
Fig. 4.7. The change of the coercive fields at the fatigue of 100 kV/cm (blue) and 200 kV/cm (red) at 

100 kHz cycle frequency of the STO/SRO/PZT(1um)/Pt capacitor (sample STO-Pt-1). 

 

  
Fig. 4.8. Polarization loops before and after the fatigue of 100 kV/cm (left) and 200 kV/cm (right) and 

the cycle frequency of 100 kHz of the STO/SRO/PZT(1um)/Pt capacitor (sample STO-Pt-1). 
 

Figure 4.8 shows the initial and fatigued polarization loops after fatigue at 100 kV/cm, resp. 200 kV/cm 

and 100 kHz. Especially the slopes at 𝐸𝑐
+ changes strongly. This 𝐸𝑐

+ corresponds to reverse domain 

nucleation at the top electrode, which shows the poor interface layer (This electrode (top resp. 

bottom) can be identified from the rising (falling) side of the loop).  
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In general this slope can change due to (a) an increase in the spread of the coercive field (i.e. the field 

required for nucleation of a reverse domain) over the area of this electrode; and (b) due to the growth 

of an (interfacial) layer with low dielectric constant.  

Since the slope at 𝐸𝑐
− in figure 4.8 (left) is only slightly decreased, the major factor of the large change 

in slope at 𝐸𝑐
+ is attributed to an increase in the spread of coercive fields at the platinum top electrode. 

Since also at 𝐸𝑐
− the slope slightly decreases this is interpreted as being due to the beginning of the 

growth of a low dielectric constant, interfacial layer at the top electrode. 

By applying the fatigue with higher electric field (200 kV/cm), the polarization loop completely 

degrades: i.e. the slopes decreases at both 𝐸𝑐
+ and 𝐸𝑐

−, indicating the growth of a low dielectric 

constant, interfacial layer at the top electrode. This causes the hysteresis loop to tilt to the right. 

 

b. Piezoelectric Fatigue 

Figure 9 shows the maximum displacements of this capacitor as function of the number of cycles for 

respectively 100 and 200 kV/cm cycling amplitude (at 100 kHz). At 100 kV/cm one observes significant 

piezoelectric fatigue setting in after about 10^4 cycles, although the polarization fatigue (figure 6) is 

only small for this cycle amplitude. The decreasing trend beyond 104 cycles is similar for cycle 

amplitudes of 100 kV/cm and 200 kV/cm, but for 200 kV/cm one observes a strong increase of zm 

between the initial loop and 104 cycles. 

It is noted that in figure 4.9, the displacement loops between 104 and 106 cycles during the fatigue of 

100 kV/cm showed significant noise in the measurement, which made it more difficult to extract a 

reliable zm value from the piezoelectric loops. Therefore, only the least noisy points have been 

selected for the graphs.  

 

 
Fig. 4.9. Displacements (Δzm) during the fatigue of 100kV/cm (left) and 200kV/cm (right) and cycle 

frequency of 100 kHz on the STO/SRO/PZT(1um)/Pt capacitor (sample STO-Pt-1). 
 

A second interesting feature in figure 4.9a is the increase of the displacement for less than 104 cycles 

of fatigue (i.e. Δzm
- of the left wing (orange) of the butterfly loop in figure 4.9a and for both wings in 

4.9b) as compared to the initial value. 
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Fig. 4.10. The displacement loops of STO/SRO/PZT/Pt before and after fatigue of 100 kV/cm (left) and 

200 kV/cm (right) at cycle frequency of 100 kHz on the STO/SRO/PZT(1um)/Pt capacitor. 
 

Figure 4.10 shows that the loops have shifted after fatigue cycling. This is characterized by the shift of 

the crossing point of the falling and rising branches of the piezoelectric loop. The shift of the 

displacement butterfly loops is significantly more than was observed for the symmetric capacitor with 

SRO top and bottom electrodes, thus this shift is related to the change of the properties of the 

interfacial layer at the top electrode.  

 
Unipolar Cycling – 200 kV/cm – Sample STO-Pt-1 

To gain further understanding of the mechanical and polarization fatigue a positive unipolar cycling 

(from 0 to Emax and back) field of 200 kV/cm was applied to a fresh capacitor. As it is expected that no 

polarization fatigue happens under positive unipolar fatigue [as was shown in M.T. Do’s work for a 

250nm thick capacitor [1], the idea is that possible displacement degradation might be attributed to a 

mechanical cause. 
 

a. Polarization Fatigue 

 

 
Fig. 4.11. Remanent polarization change under bipolar (red) and positive, unipolar (blue) cycling at 

200 kV/cm and 100 kHz of STO/SRO/PZT(1um)/Pt capacitor (STO-Pt-1). 
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Fig. 4.12. The coercive fields under bipolar (red) and positive, unipolar (blue) cycling at 200 kV/cm 

and 100 kHz of the STO/SRO/ PZT(1um)/Pt capacitor (STO-Pt-1). 
 

As expected, and as shown in figure 4.11, no polarization fatigue occurs under unipolar positive cycling 

(i.e. the field is increased from zero to maximum applied field and back to zero). However 𝐸𝑐
+ shows a  

small increase (figure 12) under unipolar cycling. In contrast under bipolar cycling the fatigue is 

significant (as already shown in figure 6). 

Hence under unipolar cycling the polarization loops hardly change. However figure 4.13 shows that 

the slope at 𝐸𝑐
+ slightly decreases, indicating that something happens at the top interface under 

positive bias (as was also already indicated by the slight increase of the positive coercive field). Δzm
+ 

increases very slightly after fatigue, while Δzm
- slightly decreases.  

 

 
Fig. 4.13. a) The polarization loops before and after unipolar fatigue of 200 kV/cm at 100 kHz (left) 

and b) the Δzm vs. number of unipolar fatigue cycles (right) on STO/SRO/PZT(1um)/Pt capacitor 

(sample 1). 

 

The polarization loop did not change after fatigue but there is a slight degradation in displacement Δzm
-  

about 0.1 nm. The ferroelectric and piezoelectric degradation is much less as compared to the 

degradation due to bipolar fatigue with the same electric field amplitude. It indicates that there are 

both mechanical and ferroelectric causes for the displacement degradation, but the ferroelectric 

fatigue appears to be the dominating fatigue mechanism.  
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Fig. 4.14. The Displacement loops of STO/SRO/PZT(1um)/Pt (sample 1) before and after positive 

unipolar fatigue cycling at 200 kV/cm at 100 kHz. 

 
Bipolar Fatigue – 200 kV/cm – Sample STO-Pt-2 
 

a. Polarization fatigue 

In order to better understand the effect of the thickness of the piezoelectric layer on capacitor fatigue, 

a capacitor with 0.5 um thick PZT layer (sample STO-Pt-2 in table 2) has been fabricated.  
 

  
Fig. 4.15. The bipolar fatigue of 200kV/cm and cycle frequency of 100 kHz on the STO/SRO/ 

PZT(0.5um)/Pt capacitor. 
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Fig. 4.16. The coercive fields (left) and polarization loops (right) during the bipolar fatigue of 200 

kV/cm and cycle frequency of 100 kHz on the STO/SRO/ PZT(0.5um)/Pt capacitor. 

 

The polarization fatigue of this capacitor appears to be not significant as compared to the one with 1 

um thick PZT layer (figure 4.15), however the loops strongly change during bipolar fatigue as is seen in 

figure 4.16 (right). This is also reflected in the strong decrease of 𝐸𝑐
+ (Figure 4.16 (left)). The virgin top 

interface with the Ti/Pt electrode appears to cause initially a broad range of coercive fields, causing 

the initial low slope at 𝐸𝑐
+. With cycling this range decreases and the slope becomes steep. We have 

no explanation for this phenomenon yet, although the initial behavior appears related to the use of 

the Ti adhesion layer 

 

b. Piezoelectric Fatigue 
 

  
Fig. 4.17. The Δzm during the fatigue of 200 kV/cm and 100 kHz on the STO/SRO/ PZT(0.5um)/Pt  

capacitor (STO-Pt-2). 
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Fig. 4.18. The displacement loops before and after fatigue at 200 kV/cm and 100 kHz of a 

STO/SRO/PZT(0.5um)/Pt capacitor. 
 

Like the previous bipolar fatigue measurement with the 1 um PZT layer thickness (STO-Pt-1), ∆𝑧𝑚
+  has 

slightly increased after 104 cycles and then degrades gradually till the end of the fatigue cycling. This 

trend is not present for ∆𝑧𝑚
−  but the final displacement for both types of electric fields lowered 

compare to the initial one. 

 

Assuming that the bulk of the PZT is the same of crystalline structure up to the top electrode in all 

devices irrespective of the thickness and that the fatigue arises from charge injection into the defective 

layer at the top electrode (as was shown by Thanh Do [1]), we conclude that the different Pr-N behavior 

is due to a varying distribution of the fraction of switchable polarization for different thicknesses 

(comparing results of 250nm and 1000nm samples) 

 
 

Fig. 4.19. Schematic representation of switchable polarization inside the structure of capacitor. 
 

A possible explanation for the thickness dependence of the change in switchable polarization with 

increasing cycle number is the following. 

Consider figure 4.19. The yellow blocks give the areas with pinned, non-switchable polarization (the 

polarization vector is pointing upwards in these pinned domains), due to the charge injection at the 

top electrode (top blue area) , whereas the white areas denote the switchable polarization. The 

amount of observed switchable , remanent polarization is determined by the volume of the switchable 

domains, 𝑉𝑠𝑤, 
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𝑃𝑟,𝑠𝑤(𝑁) = 𝑃𝑟(0)
𝑉𝑠𝑤

𝑉
 

Where 𝑃𝑟(0) is the remanent polarization in the first cycle when there are no pinned domains, hence 

𝑉𝑠𝑤 = 𝑉. 

Since the ratio 𝑉𝑠𝑤 𝑉⁄  appears to depend on the thickness, so that 𝑃𝑟,𝑠𝑤(𝑁) depends on thickness as is 

experimentally observed, we assume that the domain walls between switchable and non-switchable 

volumes are inclined. Assuming a truncated cone-shaped non-switchable domain volume (top radius 

𝑟1, bottom radius 𝑟2 and height equal to the film thickness 𝑡, with wall angle 𝜃𝑐𝑜𝑛𝑒 =

atan((𝑟1 − 𝑟2) 𝑡⁄ ). The cone is truncated at the bottom as long as 𝑟2 > 0.) Assuming that 𝜃𝑐𝑜𝑛𝑒 is 

independent of the thickness one can express 𝑟2 as 𝑟2 = 𝑟1 − 𝑡 ∙ 𝑡𝑎𝑛𝜃𝑐𝑜𝑛𝑒. The volume of a single cone 

is 𝑉𝑐𝑜𝑛𝑒 = (
𝜋𝑡

3
) (𝑟1

2 + 𝑟1𝑟2 + 𝑟2
2) ≈ (

𝜋𝑡

4
) (𝑟1 + 𝑟2)2 The latter approximation is valid if 𝑟1 ≈ 𝑟2, hence 

for a cone-angle close to 0. Assuming that the distance between the cones center lines, placed on a 

rectangular regular grid, is on average 𝑤, then one can write 

𝑉𝑠𝑤

𝑉
=

𝑤2𝑡 − 𝑉𝑐𝑜𝑛𝑒

𝑤2𝑡
= 1 −

π(𝑟1 + 𝑟2)2

4𝑤2
= 1 −

π(2𝑟1 − 𝑡 ∙ 𝑡𝑎𝑛𝜃𝑐𝑜𝑛𝑒)2

4𝑤2
 

From this equation one can see that with increasing thickness t the switchable volume fraction 

increases for 𝜃𝑐𝑜𝑛𝑒 > 0, because the bracketed term decreases. Secondly with increasing cycling more 

non-switchable areas and cones arise, thus 𝑤 decreases with cycle number N, thus the bracketed term 

increases with cycling, reducing 𝑉𝑠𝑤 

The fraction of non-switchable area at the top electrode is 𝐴𝑛𝑠𝑤 𝐴⁄ = 𝜋𝑟1
2/𝑤2 and during cycling this 

ratio increases. 

 

4.2.1.3 Capacitor Silicon/Pt/LaNiO3/PZT/Pt 

Table 4.3. Layers composition of capacitors. 

Sample Substrate Bottom Electrode  Piezoelectric 
Layer 

Top Electrode 

Si-1 Si(0.5mm) Ti(14nm)/Pt(100nm) LNO(12nm) PZT(1um) Pt(100nm) 

Si-2 Si(0.5mm) Ti(14nm)/Pt(100nm) LNO(12nm) PZT(0.5um) Pt(100nm) 

 

In the series of samples, a platinized silicon wafer has been used as substrate. LaNiO3 (LNO) and PZT 

layers have been deposited on the platinized substrate by PLD (using sputtering for the 100 nm Pt and 

the 14 nm Ti adhesion layer) and a layer of platinum as top electrode deposited by ex situ sputtering.  

Bipolar Cycling – 100 kV/cm and 200 kV/cm – Sample Si-1 

a. Polarization Fatigue 

This sample has undergone fatigue cycles with two different electric fields of 100 kV/cm and 200 

kV/cm.   
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Fig. 4.20. The polarization fatigue of 100 kV/cm (blue) and 200 kV/cm (red) and cycle frequency of 

100 kHz on the Si/Pt/ PZT(1um)/Pt capacitor. 

 

As it is shown in figure 4.20, the polarization fatigue did not occur in this capacitor, on the contrary the 

remanent polarization increases slightly, especially for high field cycling 

 

 
Fig. 4.21. The coercive field at the fatigue at 100 kV/cm (blue) and 200 kV/cm (red) and 100 kHz on 

the Si/Pt/ PZT(1um)/Pt capacitor (sample Si-1). 
 

Even though there is no polarization fatigue happening in this sample, the coercive fields increase 

significantly by cycling and slightly faster by a larger fatigue electric field amplitude (figure 4.21 and 

4.22).   

Interestingly the dielectric constant at high fields (the sloped/dE at high field values) decreases upon 

cycling indicating that polarization rotation under influence of the applied cycling field decreases.  
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Fig. 4.22. Polarization loops before and after the fatigue at 100kV/cm (left) and 200kV/ cm (right) and 

100 kHz on the Si/Pt/ PZT(1um)/Pt capacitor (sample Si-1). 
 

The slopes at coercive fields do not change on fatigue, indicating that there is effective low dielectric 

constant layer growing. Alternatively, if such a layer were developing, it might be electrically shorted 

caused by the surface roughness of the electrodes.. 

 

b. Piezoelectric Fatigue 

On the other hand, significant displacement degradation happens for both cycling field amplitudes 

(figure 4.23 and 4.24) and is larger for the larger amplitude. Unlike the samples on STO, there is no 

initial increase in displacement up to 104 cycles.  
 

 
Fig. 4.23. Displacements (Δzm) during the fatigue of 100kV/cm (left) and 200kV/cm (right) at cycle 

frequency of 100 kHz on the Si/Pt/ PZT(1um)/Pt capacitor (sample Si-1). 
 

 

 
Fig. 4.24. The Displacement loops of Si/Pt/PZT(1um)/Pt before and after fatigue of 100 kV/cm (left) 

and 200 kV/cm (right) and cycle frequency of 100 kHz on the Si/Pt/ PZT(1um)/Pt capacitor. 
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Similarly as happened for the previous samples (STO-Pt-1 and -2) and as shown in figure 24, 

displacement butterfly loops shift both in z and E directions and for both cycle amplitudes.  

 
Positive, Unipolar Cycling – 200 kV/cm – Sample Si-1 

To gain better understanding for the reason behind this degradation, a fresh sample has been 

subjected to unipolar fatigue cycling.  

 

a. Polarization Fatigue 

 

 
Fig. 4.25. The Polarization fatigue of bipolar (blue) and positive, unipolar (red) fatigue of 200 kV/cm 

and 100 kHz on the Si/Pt/ PZT(1um)/Pt capacitor (sample Si-1). 
 

  
Fig. 4.26. The coercive field at the bipolar (blue) and positive unipolar (red) fatigue (left) and the 

polarization loops before and after the positive unipolar fatigue (right) of 200 kV/cm and cycle 

frequency of 100 kHz on the Si/Pt/ PZT(1um)/Pt capacitor. 
 

As it is shown in figure 25, the polarization degradation did not occur in unipolar fatigue as well. Also 

the coercive field did not change under unipolar cycling, n contrast to the case of bipolar cycling (figure 

4.26 (left)). 

 

b. Piezoelectric Fatigue 
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Fig. 4.27. The Δzm vs. number of fatigue cycles during the positive unipolar fatigue of 200 kV/cm and 

cycle frequency of 100 kHz on the Si/Pt/ PZT(1um)/Pt capacitor. 
 

 
Fig. 4.28. The displacement loops before and after positive unipolar fatigue at 200 kV/cm and 100 

kHz of Si/Pt/PZT(1um)/Pt (Si-Pt-1). 
 

The Δzm
- has degraded by 0.2 nm, while Δzm

+ decreased by cycling by about 0.02 nm. Since there is no 

electrical degradation involved in this type of cycling, this displacement degradation might give an idea 

of some cracking or other mechanical reasons are initiating between the bottom electrode and PZT 

layer. 

 

Bipolar Cycling – 200 kV/cm – Sample Si-2 

In order to better understand the effect of piezoelectric layer on capacitor fatigue, a capacitor with 0.5 

um thick PZT layer has been developed to be tested.  
 

a. Polarization Fatigue  
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Fig. 4.29. The bipolar fatigue of 200 kV/cm and cycle frequency of 100 kHz on Si/Pt/PZT(0.5um)/ Pt. 

 

The polarization fatigue on this sample behaved differently between Pr- and Pr+. The negative 

polarization degraded under cycling but the positive one had a slight increase at the end. This behavior 

is probably artefact, because of shifting of the loop, due to changing selfbias. 

  
Fig. 4.30. Coercive Field at the fatigue of 200 kV/cm and 100 kHz on Si/Pt/PZT(0.5um)/Pt (left) and 

the polarization loops before and after bipolar fatigue on the Si/Pt/ PZT(0.5um)/Pt capacitor (right). 

 

As it is shown on figure 30 (right), the coercive field on the right side of polarization loop has completely 

degraded during fatigue which on the other hand this behavior did not occur on the left side.  
 

b. Piezoelectric Fatigue 
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Fig. 4.31. The Δzm vs. number of fatigue cycles of bipolar fatigue of 200 kV/cm and cycle frequency of 

100 kHz on the Si/Pt/ PZT(0.5um)/Pt capacitor (sample Si-2). 
 

  
Fig. 4.32. The Displacement loops before and after fatigue of 200 kV/cm and cycle frequency of 100 

kHz of Si/Pt/PZT(0.5um)/Pt. 
 

 

On the displacement graph, the final displacement has degraded by 0.22 nm on Δzm
+ and 0.12 on Δzm

-

. The total displacement values and their degradation under fatigue are less compare to the sample 

with 1um thick PZT layer. 

 

Conclusions 

Mechanical fatigue in piezoelectric capacitors is mostly shown by degradation of the displacement 

after electric field cycling. It was found that this degradation is largest in capacitors which also show 

large polarization degradation.  

The presence of a Platinum top electrode increases the displacement degradation. This appears to be 

related to the creation of an interfacial layer due to electrical fatigue. The reason for the growth of 

such a layer is already explained in previous work by M.T. Do et al. [1]. The resulting polarization fatigue 
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also has an effect on the displacement: since less volume of the capacitor is activated in the devices 

which show polarization degradation, also the mechanical displacement decreases. 

The displacement degradation increases when we move from STO to silicon substrate. This is probably 

related to the fact that although the (001) growth direction is dominant in samples with silicon 

substrate, (110) growth direction is also present.  

As indicated in previous research work, the unipolar cycling does not cause polarization fatigue. At the 

same time, the piezoelectric fatigue in such cycling tests was minimal in comparison to bipolar cycling, 

indicating the small contribution of mechanical causes (such as crack initiation) behind displacement 

degradation in capacitors.  

The overall conclusion is that the piezoelectric degradation in capacitor structures is largely due to the 

degradation of the polarization. There is no evidence for mechanical degradation of the material that 

leads to the reduction of the piezoelectric response. 

However the STO-SRO device shows some small changes in the displacement behavior after 105 cycles, 

suggesting that something is happening. 

Following and developing these test setups for cantilevers can give us a better understanding on the 

contribution of mechanical reasons behind the failure of piezoelectric devices under cycling fatigue.   

 

4.2.2 Mechanical fatigue of piezo-driven Si cantilevers 

4.2.2.1 Introduction 

Cantilever beams are one of the most used and ubiquitous type of actuators in the field of 

microelectromechanical systems (MEMS). Most of the piezo-driven MEMS cantilevers are fabricated 

on silicon or silicon nitride and their fabrication process contains a few of extra steps after PLD 

deposition such as wet or reactive ion etching and undercutting in order to release the cantilever 

beam. A promising application is in biosensors for medical diagnostic applications [1]. Some research 

has been done towards the understanding of the ferroelectric [2] and piezoelectric [3] properties of 

cantilevers, but the investigation into their fatigue under electric field cycling or applied mechanical 

force has not been much investigated. This investigation is important because cantilevers have higher 

displacement to electric field as compared to capacitors, have less internal stress piezo-electrically 

generated inside the films, since the cantilevers are only clamped at one end, while capacitors are fully 

clamped over the whole area. The cantilevers can vibrate with large amplitude under a small applied 

AC voltage, when driven at the self-resonance frequency. Hence in that way one can create mechanical 

stress cycling with low electrical stress. Alternatively, one can cycle without applied voltage using a 

shaker.  

For these reasons we have chosen to continue our experiments on fatigue by using cantilevers for 

further investigation into the mechanical fatigue of piezoelectric actuators. The focus of this chapter 

is l on the comparison between cantilevers with two types of electrodes (one with oxide electrodes 

and the other one with metal electrodes), in order to be able to make comparisons with results from 

previous research on electrical fatigue, performed by M.T. Do [4].  

4.2.2.2 Fabrication methods 
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Two types of cantilevers have been fabricated and characterized in this chapter. The main difference 

is in the type of electrodes, one with metal (platinum) electrodes and the other with oxide (SrRuO3 , 

SRO) electrodes.  

The fabrication steps of each cantilever are shown on figure 4.33. 

Devices were fabricated on a 4 inch dimeter (100) silicon-on-insulator wafers which were double side 

polished (DSP) with thickness of 380+/-15 µm, buried oxide (BOX) thickness of 2+/-0.1 µm and silicon 

device layer thickness of 10+/-0.5 µm (figure 1(a) and (b) (F1)).  

 

 

Figure 4.33. Fabrication process of the piezoelectric PZT cantilevers on pre-patterned SOI substrates 

fpr (a) oxide cantilevers and (b) metal cantilevers. 

For the oxide cantilevers, first a deep reactive-ion etching (DRIE) method has been used on the 

backside of the wafer in order to fabricate the membranes and cantilevers (figure 4.33.a. (F2)). 

Thereafter, the multilayers of CeO2/YSZ/SRO/PZT/SRO have been deposited by pulsed laser deposition 
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(PLD), starting by depositing a 50 nm thick YSZ layer on top of the SOI, after that, a layer of CeO2 has 

been deposited on YSZ as well. The YSZ buffer layer functions as a barrier role against lead diffusion 

from the PZT to the Si/CeO2 interface during (high temperature) PZT layer deposition and prevents in 

this way the formation of a mechanically weak Pb-oxide layer at the interface with the silicon substrate. 

Another purpose of the YSZ and CeO2 layers is that this stack functions as a growth template layer in 

(001) direction for the perovskite layers on top [3]. In the next step, a 100 nm thick SRO layer as bottom 

electrode, 1 YSZ/m thick PZT layer and 100 nm thick SRO layer as top electrode is deposited in PLD 

chamber (figure 4.33.a. (F3)). The next steps consist of photolithography, reactive ion-beam etching 

(RIBE) and deep reactive-ion etching processes in order to have the define the structure of the 

cantilever devices (figure 4.33.a. (F4-F6)). 

For the metal cantilever, wet oxidization process has been used in order to create a 500 nm thick SiO2 

layer on the wafer (figure 4.33.b. (F2)). This step was followed by deposition of a 20 nm thick titanium 

adhesion layer and a 100 nm thick platinum layer as bottom electrode, using the home-build T’COathy 

sputtering system. Thereafter, the whole wafer has been put inside the PLD system in order to deposit 

the multilayers of LaNiO3 (10 nm)/PZT (1 um)/LaNiO3 (10 nm). LaNiO3 layer is deposited to act as a 

crystallization template for the PZT to obtain a crystal structure with good piezoelectric properties. In 

the next step, a 20 nm thick titanium layer and 100 nm thick platinum layer as top electrode have been 

deposited on the stack, again using sputter deposition (figure 4.33.b. (F3)Photolithography, reactive 

ion-beam etching (RIBE), wet etching and deep reactive-ion etching processes were used on the top 

side of the cantilever (figure 4.33.b. (F4)). Photolithography and deep reactive ion etching (DRIE) steps 

were used on the backside of the cantilever as well, to release the cantilevers and membranes (figure 

4.33.b. (F5)). 

The growth conditions of the layers deposited using PLD are given in table 4.4. 

 LNO PZT SRO YSZ CeO2 

Temperature (◦C) 600 600 600 800 800 

Pressure (mbar) 0.1 O2 0.1 O2 0.13 O2 0.015 O2 0.016 O2 

T-S distance 

(mm) 
55 60 49 58 58 

Fluence (J/cm2) 2.25 2.50 2.50 2.25 2.25 

Spot size (mm2) 3 3 2.5 2.5 2.5 

Mask (mm2) 92.5 102 92.5 7 holes 7 holes 

Frequency (Hz) 4 10 4 5 5 

Deposition rate 

(nm/min) 
50/10 250/15 100/20 

60nm 

(2 min @ 2 Hz,  

8 min @ 5 Hz) 

25/5 

 

Table 4.4. Deposition conditions of the piezoelectric stack in the cantilevers. 
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The structural crystallization of the growth layers of cantilevers is characterized using the X-ray 

diffraction (XRD). The results will be discussed below. The exact geometrical dimensions of the 

cantilevers were measured and checked against lithography dimensions using scanning electron 

microscopy. Table 4.5 gives the geometrical properties of the cantilevers which have been fabricated 

and used for this research. 

Table 4.5. Geometrical details of metal and oxide cantilevers. 

Layer width (µm) thickness (µm) Length 

Metal Cantilevers 
   

Pt Top 30 0.10 L-5 

Ti Top 30 0.02 L-5 

LaNiO3 40 0.01 L-10 

PZT 40 1 L-10 

LaNiO3 40 0 L-10 

Pt Bottom 50 0.10 L 

Ti Bottom 50 0.02 L 

SiO2 50 0.50 L 

Si 50 10 L 

Oxide Cantilevers 
   

SrRuO3 Top 30 0.10 L-5 

PZT 40 1 L-10 

SrRuO3 Bottom 50 0.10 L 

CeO2 50 0.05 L 

YSZ 50 0.05 L 

Si 50 10 L 

*L = 200, 300, 400, 500, 600, 700, 800 µm 

 

Analyzing the SEM images, the measured dimensions were equal to the lithography dimensions with 

a maximum dimensional error of +/-0.5µm. This error is mostly larger or the layers with smaller width 

such as top platinum, top titanium or top SRO layers. 

4.2.2.3 Characterization methods 

The ferroelectric properties were measured using the aixACCT TF-2000 Analyzer. A laser doppler 

vibrometer (LDV) was used for piezoelectric measurements. White light interferometry (WL) was used  
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to measure the static bending of each cantilever. Schematic diagrams of these measuring systems are 

shown in [5]. 

Two types of fatigue measurements are discussed in this chapter. In order to apply the electric field 

cycling, a thin film analyzer (TFA) aixACCT TF-2000 was used, while for resonance cycling the, LDV 

system has been employed.  

Since it is not possible to monitor the vibration of the cantilevers during cycling in the TFA system, the 

TFA was connected to the white light interferometer and static bending of the cantilevers (thus without 

electric AC actuation) was measured after specific numbers of fatigue cycles. Therefore, the analysis 

can only be done by comparing changes in the static bending of the cantilevers when no electric charge 

is applied.  

On the other hand, for the resonance cycling test, the comparison is on the changes of the vibration 

amplitude of cantilevers under AC field with cycling number for fixed AC excitation field. The static 

displacement due to an applied DC field was measured before each measurement. Table 4.6 

summarizes the differences between the two types of experiments. The difference in switching types 

of experiments is because of the limitation on the types of waveforms that can be applied by the TFA 

system. (It is assumed that it is the maximum field swing and the associated maximum stress swing 

that is important for the fatigue and not so much how the extreme values are reached.) 

Table 4.6. Experimental parameters of electric field cycling and resonance cycling tests. 

Experiment System Electric Voltage 

(*Unipolar Field) 

Fatigue Switching Type Measurement 

parameter 

(Off 

resonance) 

Electric 

Field 

Cycling 

TFA+WL Amplitude: 5V 

(50kV/cm) 

Offset: 10V 

(10kV/cm) 

 Static bending 

(with no 

voltage) 

On 

Resonance 

Cycling 

LDV Amplitude: 1, 2, 3 V 

(10, 20, 30 kV/cm) 

Offset: 3V (30kV/cm) 

 Vibration 

amplitude 

 

Based on work done by M.T. Do et al. [6] we know that, ferroelectric fatigue is (orders of magnitude) 

less under unipolar field cycling as compared to bipolar field cycling. Therefore only unipolar field are 

applied in all of the experiments done in this chapter in order to decrease the amount of ferroelectric 

degradation in the samples. In this way, the degradation of cantilevers properties is expected to be 

mostly due to mechanical causes. 

Furthermore, COMSOL Multiphysics 5.5 was used to simulate and predict the behavior of cantilevers 

under different experimental conditions. In addition Weinberg’s analytical model for multilayer 

cantilevers was employed for theoretical modeling of the mechanical behavior of the cantilevers [7]. 

4.2.2.4 Results 

4.2.2.4.1 Crystalline structure and morphology 
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Structure crystallization and surface morphology of the grown layers were characterized using X-ray 

diffraction (XRD) (figure 4.34). The XRD 2Ɵ scan shows that in oxide sample, the PZT layer has been 

grown with (001) out-of-plane orientation. On the other hand in metal sample, 2Ɵ scan shows that the 

PZT layer has been grown in both (001) and (110) directions but with a preferred direction of (001). 

Therefore it is important to indicate that the oxide sample has epitaxial structure and metal sample 

has texture or polycrystalline structure with a preferred orientation.  

 

Figure 4.34. XRD 2Ɵ scan of PZT and electrodes in oxide (a) and metal samples (b). 

4.2.2.4.2 Ferroelectric behavior 

Ferroelectric properties of the PZT cantilevers were characterized by measuring the hysteresis (P-E) 

loops. Since the cantilevers on each sample have different width and length, the hysteresis 

measurement has been done only on cantilevers with the same width of 50m, but for various lengths. 

(For the same cantilever widths the moments of inertia are also the same, relevant for the bending 

stiffness, so that results of cantilevers subjected to different fatigue conditions, can be comparted 

more easily.) The lengths of cantilevers for which the P-E loops were measured were randomly chosen, 

since length can easily be scaled out, as only the curvature of the cantilever is relevant for the stress 

in the films. Based on the results, shown in fig.4.35, there is no significant difference between 

hysteresis loops of cantilevers with different lengths on each sample. 

 

Figure 4.35. P-E loops of PZT cantilevers with different length on sample with oxide electrodes (left) 

and sample with metal electrodes (right). 

Figure 2 shows the polarization loops of oxide and metal samples all measured at 200 kV/cm. The 

cantilevers with metal electrodes show a higher coercive field, Ec, as compared to the cantilevers with 
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oxide electrodes. Both loops show approximately the same slope at coercive field. Self-bias is small , 

about +8kV/cm for the oxide cantilever and -3kV/cm for metal cantilever. The maximum polarization, 

PS, of oxide cantilevers is slightly higher than of the cantilevers with platinum electrodes ( 50.2C/m2 

vs 41.5C/cm2).  

Initial Bending 

Cantilevers on both metal and oxide samples are bend upward in the pristine state and without 

external field or force applied (see figure 4.36). This can be due to the difference in thermal expansion 

coefficients of the different layers involved in each sample. COMSOL simulation and Weinberg’s 

theoretical model have been employed to predict the possible initial bending based on thermal 

expansion coefficient differences. From this comparison, it may be understood whether other factors, 

like sputtering-induced built-in stress causes additional stress and initial bending of the cantilevers. 

Weinberg’s model for curvature of piezo-driven cantilevers 

In the first part of the article in which Weinberg develops his model [7], an in-plane, external 

force P is assumed to be present in the cantilever together with an external bending moment 

M. Since in our experiments no such force and bending moment is applied in the initial state 

that determines the initial bending, we set P and M equal to 0. Weinberg neglects the 

contribution of thermal expansion coefficient differences, in the calculation of different types 

of stress which contribute to radius of curvature (9) and neutral line (10) [7] However such 

differences play a role in the initial bending when different layers are deposited at different 

temperatures. Therefore, in order to update these formulas and calculate the initial bending 

of each cantilever, we changed the parameters used in the formulas which contribute to the 

total amount of stress in the system.  

In Weinberg’s model, the total axial stress in a specific layer is given by the following formula: 

𝜎𝑖 = 𝐸𝑖,𝑒𝑓𝑓(𝑒𝑦,𝑖 − 𝑑31,𝑖,𝑒𝑓𝑓𝑬𝑖 − 𝛼𝑖𝛥𝑇) (1) 

 

Figure 4.36. Schematic representation of cantilever with one free and one built-in end. 

Where 

Ei = effective Young’s modulus, ey,i = axial strain, Ei = z component of electric field across layer 

i, d31,i = piezoelectric coefficient coupling z electric field to y strain, αi = Thermal Expansion 
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Coefficient, ΔT = Temperature variation from nominal (=room temperature 25 C), i = Index 

denoting material layer,  

To take account of the narrow width of the cantilever (since beam width is comparable to the 

thickness) one can assume that the strain over the width is negligible 𝑒𝑥,𝑖 = 0 and all stresses 

are in yz plane. In that case one can use in good approximation effective coefficients 𝐸𝑖,𝑒𝑓𝑓 =
𝐸𝑖

1−𝜈2 and 𝑑31𝑖,𝑒𝑓𝑓 =
𝑑31𝑖

1+𝜈
. Note that if the condition 𝑒𝑦,𝑖 = 0 is not met, that the cantilever may 

also curve over the width direction, making the cantilever effectively stiffer. 

𝜈𝑖 = Poisson ratio 

In order to be able to calculate the initial bending, we assume that Ei is equal to zero. (Note 

that this condition can only be guaranteed if the electrodes are shorted. Open electrodes might 

induce electric fields by the direct piezoelectric effect, when the cantilever is bent.) As a result 

we have 

𝑃 = 0 = ∑ ∫ 𝐸𝑖(𝑒𝑦 − 𝛼𝑖𝛥𝑇)𝑑𝐴
 

𝐴𝑖
 (2) 

𝑀 =  ∑ ∫ 𝑧𝐸𝑖,𝑒𝑓𝑓 (
𝑧−𝑧𝑁

𝑅
) 𝑑𝐴

 

𝐴𝑖
𝑖  (3) 

Here ey is obtained from equation 3 in the paper, denoting the strain in length direction due 

to curvature. 

𝑒𝑦,𝑖 =
𝑧𝑁−𝑧𝑖

𝑅
 (4) 

Ai is the cross-section area of layer i. As a result, by finding the radius of curvature R and the 

position of the neutral plane zN of the cantilever from (2) and (3) and substituting thermal 

expansion coefficient in both formulas, change of the curvature ∆𝐶, or radius of curvature 

∆1/𝑅 and the neutral line will be as follow in closed circuit condition: 

∆𝐶 = ∆
1

𝑅
=  

− ∑ 𝑧𝑖𝐸𝑖𝐴𝑖(𝛼𝑖𝛥𝑇) ∑ 𝐸𝑖𝐴𝑖+ ∑ 𝐸𝑖𝐴𝑖(𝛼𝑖𝛥𝑇) ∑ 𝑧𝑖𝐸𝑖𝐴𝑖

∑ 𝐸𝑖𝐴𝑖 ∑ 𝐸𝑖(𝐼𝑖+𝐴𝑖𝑧𝑖
2) −(∑ 𝑧𝑖𝐸𝑖𝐴𝑖)

2  (5) 

 

𝑧𝑁 =  
− ∑ 𝑧𝑖𝐸𝑖𝐴𝑖𝛼𝑖𝛥𝑇 ∑ 𝑧𝑖𝐸𝑖𝐴𝑖+ ∑ 𝐸𝑖𝐴𝑖𝛼𝑖𝛥𝑇 ∑ 𝐸𝑖(𝐼𝑖+𝐴𝑖𝑧𝑖

2)

− ∑ 𝑧𝑖𝐸𝑖𝐴𝑖𝛼𝑖𝛥𝑇 ∑ 𝐸𝑖𝐴𝑖+𝐸𝑖𝐴𝑖𝛼𝑖𝛥𝑇 ∑ 𝑧𝑖𝐸𝑖𝐴𝑖
 (6) 

These equations are the equivalents of eq.(9) and (10) in [7] for the new conditions, including 

thermal expansion differences. 

Table 4.7 represents the parameters which have been used for each sample in Weinberg’s 

model calculations. 
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Table 4.7. Values of each parameter used for (a) metal cantilever and (b) oxide cantilever initial bending calculation. 

(a) 
width  

(m) 

thickness 

(m) 

Moments of 

Inertia I (m4) 

Ei (Pa)  

Ei=E/(1-v2) 
Ai (m2) zi (m) 

αi 

(1/K) 

ΔT 

(K) 

E 

(Pa) 
v 

d31 

(pm/V) 

Relative 

Permittivity 

Density 

[kg/m3] 

Pt 3.0E-5 1.00E-7 2.50E-27 2.02E11 3E-12 1.17E-5 8.80E-6 0 1.70E11 0.4  0.73470 21000 

Ti 3.0E-5 2.00E-8 2.00E-29 2.31E11 6E-13 1.16E-5 8.60E-6 0 2.10E11 0.3  80 4000 

PZT 4.0E-5 1.00E-6 3.33E-24 9.01E10 4E-11 1.11E-5 4.00E-6 -575 8.20E10 0.3 -1.56E-10 2000 8000 

Pt 5.0E-5 1.00E-7 4.17E-27 2.02E11 5E-12 1.06E-5 8.80E-6 -575 1.70E11 0.4  0.73470 21000 

Ti 5.0E-5 2.00E-8 3.33E-29 2.31E11 1E-12 1.05E-5 8.60E-6 -575 2.10E11 0.3  80 4000 

SiO2 5.0E-5 5.00E-7 5.21E-25 8.33E10 2.5E-11 1.03E-5 5.00E-7 -575 8.00E10 0.2  4 2200 

Si 5.0E-5 1.00E-5 4.17E-21 1.34E11 5E-10 5E-6 2.60E-6 -575 1.30E11 0.17  12 2300 

 

(b) 
Width 

 (m) 

thickness  

(m) 

Moments of 

Inertia I (m4) 

Ei  

(Pa) 
Ai (m2) zi (m) 

αi 

(1/K) 

ΔT 

(K) 

E 

(Pa) 
v d31 

Relative 

Permittivity 

Density 

[kg/m3] 

SRO 3.0E-5 1.00E-7 2.50E-27 2.05E11 3E-12 1.08E-5 1.00E-5 -575 1.85E11 0.31446  30 6210 

PZT 4.0E-5 5.00E-7 4.17E-25 9.01E10 2E-11 1.05E-5 4.00E-6 -575 8.20E10 0.300 -1.56E-10 2000 8000 

SRO 5.0E-5 1.00E-7 4.17E-27 2.05E11 5E-12 1.02E-5 1.00E-5 -575 1.85E11 0.31446  30 6210 

CeO2 5.0E-5 5.00E-8 5.21E-28 2.26E11 2.5E-12 1.01E-5 1.40E-5 -575 2.0439E11 0.307  23 7220 

YSZ 5.0E-5 5.00E-8 5.21E-28 2.25E11 2.5E-12 1.0E-5 1.10E-5 -575 2.05E11 0.300  7 6130 

Si 5.0E-5 1.00E-5 4.17E-21 1.34E11 5E-10 5.0E-06 2.60E-6 -575 1.30E11 0.170  12 2300 

zi is measured with respect to the bottom side of the cantilever (thus of the Si-layer) 
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The curvature of the cantilever does not depend on the length of the cantilever in Weinberg’s 

model, however if one describes the curvature of the cantilever with a parabolic function (as 

approximation of its spherical shape), the vertical displacement as function of the y-coordinate 

along the cantilever can be written as 

𝑧(𝑦) = 𝑎𝑦2 

Hence, the radius of curvature at the point (L=y) is given by the following expression: 

𝑅 =
[1 + (𝑧′(𝑦))

2
]

3
2

|𝑧"(𝑦)|
 

𝑅 =
[1 + (2𝑎𝐿)2]

3
2

|2𝑎|
 

For small curvature (small 𝑎𝐿 value) one finds 

𝑅 =
1

2𝑎
 

And the displacement at the tip 

∆𝑧 = 𝑧(𝐿) =
𝐿2

2𝑅
 

 This is because in the model the axial stress is constant over the entire length and width of the 

cantilever L at a given z-position thickness in the stack. 

COMSOL Simulation 

COMSOL Multiphysics has been used to model the initial bending, stress and strain distribution 

in both structures. For each of these FEM simulations, several materials are used which their 

parameters are listed in tale 4 as well. The geometrical dimensions of both structures were the 

same as used in the analytical modelling.  

Since the top platinum and titanium layers of metal cantilever are deposited at room 

temperature, thermal expansion coefficient of those layers were considered zero in the 

COMSOL simulation. 

All layers are deposited on wafer scale at different temperatures. It is assumed that the wafer 

does not curve during/after deposition. The built-in thermal stress in each layer is thus 

alfa_i*dT. Only after patterning the cantilevers the stress is (partly) released, so that M 

becomes equal to 0., causing the curvature. Thus we can use eq.(1) for each layer, leading up 

to (5) and (10). 

The initial bending simulation has been done for E=0 , as well as for E=E_DC_Resonance cycling 

has been simulated in COMSOL as well, in order to find the resonance eigen frequencies of 

each structure, for use in ,eigen frequency resonance mode studies on the vibration amplitude 

change with cycling. . 

Figure 4.37 shows the initial bending of both types of cantilevers with 800um length measured 

with the white light interferometer, calculated with Weinberg’s model and simulated by 

COMSOL. 
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Figure 4.37. Initial bending of oxide cantilever (left) and metal cantilever (right) with 800um 

length. 

For the metal cantilever the measured initial bending is significantly larger than the modelled 

curvature. The models give approximately the same results. For the oxide cantilevers the 

measured curvature is much less than the modelled values and are higher and lower compare 

to the simulated values. This observed difference between measurement and model results 

may be due to wrong estimates of material properties values used to calculate the initial 

bending. A second reason could be that in the case of the metal cantilever, there can  also be 

built-in stress caused by the sputtering of the metal layers top and bottom titanium and 

platinum layers. It is noted that thin layers of LNO which are deposited in the metal cantilever 

were not included in the theoretical and simulation model and considered to be negligible.  

In order to calculate the difference in stress values of theoretical model and experimental 

results, a stress term for sputtering (σsp) has been added to equation (1). The final radius of 

curvature will be as follow: 

1

𝑅
=

(− ∑ 𝐸𝑖𝑧𝑖𝐴𝑖𝛼𝑖𝛥𝑇+𝜎𝑠𝑝 ∑ 𝑧𝑖𝐴𝑖) ∑ 𝐸𝑖𝐴𝑖+(∑ 𝐸𝑖𝐴𝑖𝛼𝑖𝛥𝑇−∑ 𝜎𝑠𝑝𝑖𝐴𝑖) ∑ 𝐸𝑖𝑧𝑖𝐴𝑖

∑ 𝐸𝑖𝐴𝑖 ∑ 𝐸𝑖(𝐼𝑖+𝐴𝑖𝑧𝑖
2)−(∑ 𝐸𝑖𝑧𝑖𝐴𝑖)2  (7) 

If we insert the value of initial bending (R.O.C.) of metal cantilever to equation (7), the 

sputtering stress will be equal to 1.09 GPa. This stress can be due to the sputtering of top and 

bottom Ti and Pt layers. Since the bottom electrode goes to 600 ֯C during the deposition of PZT 

layer, its sputtering stress is more probable to be released from the structure compare to the 

sputtering stress of top electrode deposition.  

 

Built-in Stress 

The initial bending caused by thermal expansion of layers of cantilevers implies stress inside 

each layer as well. We call this built-in stress from here on. As said there may be other causes 

of built-in stress, as for example a stress-that is often seen to arise in sputtered thin films. The 

latter type is not modelled, but can be added as a constant stress in one or more layers if 

necessary. 

Now we compare the modelled thermal stresses in each layer. From Weinberg’s model we 

obtain the in-plane thermal stress in the length direction on the central plane of each layer of 

the structure, which is in this model the same for each position on this plane. The in-plane 

thermal stress in the width direction is zero, as consequence of the model assumptions, while 
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no formulas are given for the stress in the out-of-plane direction. COMSOL provides both in-

plane stress components and the out-of-plane stress at every position in the cantilever. Here 

we compare the results on the central planes. The calculated in-plane stress in the center plane 

of each layer for both types of cantilevers are given in figure 4.38. 

  

Figure 4.38. In-plane stress at the center of each layer of oxide cantilever (left) and metal 

cantilever (right) with 800um length. 

The in-plane stresses in x and y direction due to thermal expansion are equal in the COMSOL 

simulations and can be read from figure 4.38. (Later on, when the in-plane stress values at 

each point of the structure are different in x and y direction, they are represented separately 

in forthcoming graphs.) 

Discussion: 

Observations 

The modelled sign and order of magnitude of the stresses are the same for both methods 

(Weinberg and COMSOL) in each layer. Thus both models are consistent and give semi-

quantitatively the same results. 

It is observed that the stresses in the adhesion, barrier, nucleation and electrode layers are 

relatively high, of the order of 1 GPa, whereas in the Si -beam and the PZT layer they are 

relatively small. 

The stresses are highly tensile in the layers between the Si(+Si)2) beam and the PZT, slightly 

tensile in the PZT. The stresses in the metal top electrode layers are compressive, while the 

oxide top electrode layer is under tensile stress. 

Explanation 

• The Si has a much lower TEC than all other layers, hence maintains its length when cooling 

down from deposition temperature. In the case of the oxide CL all layers on top shrink 

more, this means that the CL will curve upwards and all these layers will be under tensile 

stress 

• The Si and PZT experience much lower tensile stress than the other layers, because of their 

relative large thickness as compared to other layers 

• the top Pt electrode layers show compressive stress, because these have been deposited 

at room temperature, whereas the PZT deposition is done at high temperature. After 
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release of the cantilever by etchback of the Si, the cantilever curves upwards and 

compresses the Pt layer. 

 

4.2.2.4.3 Fatigue behavior 

a. Electric field cycling 

In the first test setup a sinusoidal AC electric field with amplitude of 50 kV/cm on top of a 100 

kV/cm DC field bias was applied to the top electrode of positively pre-poled 800um length oxide 

and metal cantilevers for up to 109 field cycles. The point of 100 kV/cm DC field was to bring the 

cycling happen on polarization loop of the samples where the loop closes. So the cantilevers are 

far from the point on the polarization loop where there is a possibility for the polarization to be 

inversed. The bias field was chosen so that the total applied field remains well away from the 

switching points of the hysteresis loop, so that the fatigue cycling is unipolar. Ferroelectric fatigue 

behavior of PZT cantilevers under bipolar field cycling is strongly dependent on the type of the top 

electrode [4] but since the ferroelectric fatigue is prevented in this experiment by applying an 

unipolar field cycling, degradation is expected to depend predominantly on changes in the 

mechanical properties of the cantilever, such as of the Young’s moduli, the overall cantilever 

stiffness and geometrical details of each layer.  

Figure 5 shows the change in curvature, 𝐶 = 1/𝑅, here as change of the static CL tip displacement 

with cycling (∆𝑧(𝑛) = 𝐿2 𝑅(𝑛))⁄  as function of the number of cycles 𝑛 for both types of CLs.  

The figure shows that the initial tip displacement (∆𝑧(𝑛 = 0)) is much larger for the oxide CL than 

for the metal CL, as was already shown in fig.4.37. 

  
Figure 4.39. Fatigue behaviors of static bending of PZT cantilevers with different electrodes 

under unipolar field cycling. The field cycling is at 50 kV/cm with an offset of 100 kV/cm. 
 

The tip displacement of the metal CL changes strongly during electric field cycling. The curvature 

increases up to 108 cycles and then drops rapidly in the range 108-109 cycles. The last point before 

10^9 cycles was 2x10^8 and at that point there was no visual change on the surface of the 

cantilever. However by starting the cycling again (from 2x10^8 to 10^9) the growing melting points 

were visible during the vibration, but the complete top platinum layer peeled off after 10^9 cycles 

as is later discussed and shown in figure 4.40. 
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The increased bending up to 108 cycles may be caused by plastic deformation of the metal layers  

since the yield strength of platinum is around 70MPa [8], whereas the maximum tensile stress in 

this layer is estimated as about 200MPa by both Weinberg’s model and COMSOL simulation. (fig. 

4.43). 

In the latter phase the strong curvature change is accompanied with local electric surface 

breakdown as can be observed in the SEM images of Fig4.40.c,d. The strongly reduced curvature 

implies that most built-in (thermal) net tensile stress is lost in the cantilever layers. 

There is no clear change in tip bending of the oxide sample up to 10^8 cycles, However, some 

bending degradation appears beyond 108 cycles. From Figure 4.40.a,b it is seen that this is 

accompanied by classical ceramic chipping at the edges of the PZT/SRO-top electrode edge of the 

capacitor stack, causing a slightly reduced area of the cantilever stack and in turn a small reduction 

of the net tensile stress in these layers and thus a decrease of the static curvature.  

 

Since there appears to be a tipping point for both the metal and oxide CLs, at about 108 cycles, this 

hints towards a common cause. Since both devices only have the PZT layer (and the Si) in common, 

it is speculated that the cause is failure of the PZT or PZT-electrode interfaces because of structural 

changes caused by the mechanical cycling. 

 

 

 
Figure 4.40. SEM images of SRO (1) and Pt (2) samples in top view after electric field cycling (109 

cycles) and in middle of 1(a) oxide cantilever with 800um length and 1(b) magnified image of 

circled area of previous image and 2(a) metal cantilever with 800um length and 2(b) magnified 

image of circled area of previous image. 

 

Stress Distribution 

Stress driven chipping occurs at the edges of oxide cantilever (figure 4.40(1(b))) between top 

electrode and PZT layer. The chipping appears to happen completely through the stack down to 

1(a) 1(b) 

2(a) 2(b) 
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the bottom electrode. The shear stress is almost equal between PZT-bottom SRO and PZT-Top SRO 

(based on simulation and theoretical model). Furthermore, A separate cycling test has been done 

on a broken cantilever (similar to a capacitor) in the same electric field conditions and the slight 

melting of PZT layer has been visualized. Because of these reasons, it is possible to assume that 

the cracking starts from top electrode and goes all the way to the boundary between PZT and 

bottom electrode. The signature of the chipping is typical for brittle fracture. However, what is 

happening on the surface of the top platinum layer in the metal cantilever is completely different. 

As shown in figure 4.40(2(b)), the metal electrode is melted all the way through the stack down to 

the silicon or SiO2 layer and all material is apparently explosively removed, as is indicated by the 

resolidified splashes around the crater. This behavior again happens predominantly at the edges 

of the platinum top electrode.  

The reason behind the position of the surface failures in both cantilevers can be the way the stress 

is distributed in the cantilevers under applied electric field. As is the COMSOL simulation of figure 

7 shows the applied positive electric field bends the cantilever further upward in z direction. (here 

we assume that initial bending =0, thus no built-in stress. To estimate the total stress, the field-

induced stress has to be added to the built-in stress. 

 
Figure 4.41. (a) COMSOL simulation of displacements of cantilever with 800um length and (b) 

cross sectional view in y-z plane (at x equals to 25 um) of cantilever with displacement direction 

of PZT layer under positive applied field due to the converse piezoelectric effect.  

 

The cross sectional view (y-z plane in fig.4.41.b) indicates that the PZT layer shrinks in the length 

(y) direction under applied voltage and this displacement is the main cause for the total upward 

curvature of the cantilever (figure 4.41.a).  

The PZT experiences the same contraction in x (width) direction as well, but since the 

thickness/length and width/length ratios are small, displacement of PZT layer cannot overcome 

the resistance of other layers to deform in x and z directions and as a result, the total strain mostly 

occurs in y direction. Due to the clamping to the top and bottom electrode the field-induced piezo 

strain is strongly reduced. Only at the edges of these layers the stress is released. In short, vertically 

actuated PZT, shrinks horizontally. But it is clamped at top and bottom by adjacent layers and these 

layers exert a high in-plane stress in x and y direction at especially the PZT/top electrode edges. 

Figure 4.42 gives a x-z-plane cross sectional view of the von Mises stress pattern in the metal 

cantilevers in the structure (The red spots indicate the high stress points).  

(a) (b) 
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Figure 4.42. (a) Cross sectional view in x-z plane of cantilever with displacement direction of PZT 

layer (b) COMSOL simulation of von Mises (absolute) stress distribution in metal cantilever with 

800um length. 

 

In x-z plane cross-sectional view of the cantilever structure the net field-induced stress in the PZT 

layer has different sign compare to the stress in the electrodes. PZT is under tensile stress in 

response to the contraction arising from the converse piezoelectric effect. At the same time a 

compressive stress is present in both Pt electrodes of the metal cantilever or the SRO electrodes 

in the oxide cantilever. Therefore, the spots within the circles in figure 4.42(b) areas with the most 

probable points in which breakdown of cantilevers can happen at sufficiently large applied electric 

field and number of cycles. The simulated behavior is perfectly in line to what has been observed 

in experiment (figure 4.40). 

 

Field induced Stress  

The AC electric field of 50 kV/cm (at off-resonance frequency) and DC-offset of 100 kV/cm cause 

the cantilever to vibrate between the extreme displacements corresponding to voltages between 

5 and 15 V. Therefore the in-plane stress contribution due to this vibration is calculated by 

Weinberg’s model and also simulated by COMSOL at the center of each structural layer (figure 

4.43). 

The Weinberg’s model (Formula (10 and 9) in [7]) has been used to neutral axis position and the 

stress in each layer for zero thermally induced stress.  

The additional static, field-induced stress due to the 100kV/cm DC-bias (10V) is in the middle of 

the values for 5 and 15V (Not shown in Fig.4.43) 
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Figure 4.43. In-plane field-induced stress contribution to the total stress, at the center of each 

layer of oxide cantilever (left) and metal cantilever (right) with 800um length by applying electric 

field of 5kV/cm and 15kV/cm. 

 

From the COMSOL simulations it is found that the out-of-plane stress value are zero in all layers.  

Observations: 

• Since the models are linear in the applied field, the stresses scale linearly with E 

• All non-piezoelectric layers experience compressive stress (in x and y-direction) from the 

PZT-layer, due to its piezoelectric in-plane contraction, as one would expect.  

• For both cantilevers the non-piezoelectric layers PZT counteract the piezoelectric 

contraction, thus exerting a tensile stress on the PZT.  

• The difference in stress levels between the PZT layer and the electrodes is higher than 

between any other pair of adjacent layers. This implies that the highest shear stress are 

present at the boundaries between the PZT and the top and bottom electrodes.  

𝜏 = 𝜎1 − 𝜎2 

• The sign of the stress changes from PZT to other layers in metal and oxide cantilever. This 

adds up to the reasons of possible delamination or breakdown in their boundary.  

 

 

 

 

 

Failure difference in metal and oxide cantilevers  

Based on the work done by S. R. Anton et. Al., the bending strength (corresponding to the [9], i.e. 

the maximum tensile stress before fracture) of a typical industrial quality polycrystalline type of 

PZT, PZT-5H, is around 140 MPa. This means that based on Weinberg’s model and COMSOL 

simulation, the PZT layers in our cantilevers would already be under enough stress to start cracking 

in the weakest points inside the PZT layer itself.  

As this is not happening upon the first cycle implies that the PZT layers fabricated by PLD have a 

much higher tensile strength than PZT-5H. 

Considering the stress fields and the values of applied stress in both cantilevers by thermal 

expansion (figure 4.38) and electric field application (figure 4.43), the surface failure mode 

happening in the oxide cantilever can be best described by the mechanical sliding mode of crack 

displacement between two layers of materials (figure 4.44) [10].  

Interfacial layer 
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Figure 4.44. The sliding mode of crack surface displacement. 

 

In general, the levels of mechanical fatigue failure be described by three main stages: 1- crack 

initiation due to high stress concentration at specific points of the structure, 2- crack propagation. 

In this stage the crack advances with each stress cycle and 3- final failure. This can be the fastest 

step once the crack has reached a critical size [10]. Cracks that are developed due to fatigue failure 

almost always nucleate on the surface of the material at a weak point during stress application. 

Strontium ruthenate is an oxide and unlike platinum, is not able to plastically deform under an 

applied force. Therefore it is more probable to observe brittle fracture points in cantilevers with 

SRO electrodes (figure 4.45). Analyzing the type of brittle fracture in oxide cantilever shows us that 

this fracture is very similar to the fan-shaped chipping which is typical for brittle fracture.  

 

 
Figure 4.45. (a) Fracture surface on oxide cantilever under electric field cycling between top SRO 

electrodes and PZT layer, (b) Photograph of a brittle fracture surface [11].  

 

The surface failure in the metal cantilever under electric field cycling shows the same failure 

location as for the oxide cantilevers (figure 4.40). However, the type of surface failure is completely 

different from that of the oxide cantilever. The metal electrode is melted all the way down to the 

silicon layer. This is confirmed by energy-dispersive X-ray spectroscopy (EDS) elemental analysis 

on the surface of a failed metal cantilever (figure 4.46).  

 

(a) 

(b) 
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Figure 4.46. (a) Top view SEM image of fatigued metal cantilever close to the contact area with 

different magnifications, (b) EDS elemental analysis on the same area. 

 

Thus we can conclude that not only the built-in stress plays a role in the failure behavior of the 

metal cantilever (specially for the position of failure), but a second mechanism is involved, which 

causes a large increase of the temperature and ultimately melts the layers around the failure 

points. The mechanism we propose for this behavior is field driven diffusion of atoms. This appears 

to happen only in devices with the metal electrodes. We postulate that  platinum atoms, can move 

much more easily than oxidized metal atoms (ions). When during cycling, a crack initiates in the 

PZT layer, the platinum atoms diffuse inside that crack. This process is enhanced by the cycling 

(figure 4.47), maybe by the cyclic opening and closing of the crack. Note that the Pt atom itself is 

not expected to be sensitive to the applied field since it is not charged, but O-ions and vacancies 

can move fairly easily under the influence of the applied field and especially in the grain boundaries 

and cracks, which may open a pathway for Pt. This will create ultimately an electrical short. 

Alternatively an O-depleted grain boundary or crack may also form an electrical pathway and 

finally cause a short. Thereafter, upon shorting a very high current density can occur which creates 

a large temperature rise on that point resulting in the melting of the PZT layer all the way in that 

crack down to the bottom platinum and the silicon layer. 

 

 

(a) 

(b) 
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Figure 4.47. Schematic view of field driven diffusion mechanism in metal cantilever during 

electric field cycling. 

 

b. Resonance Cycling 

In this test setup, first the resonance frequencies of each cantilever were measured. The 

cantilevers have a width of 50 µm and length of 500 µm. In order to fatigue the cantilevers mainly 

by mechanical cycling, a small DC offset of 30 kV/cm was applied with on top the AC electric field 

amplitude of 10, 20 and 30 kV/cm (figure 4.48).  

 

 
Figure 4.48. (a) The static bending of cantilever caused by DC offset application and (b) Dynamic 

vibration caused by AC electric field application. 

 

The resonance cycling frequency was set to the first resonance frequency of each specific 

cantilever. The type of displacement in this frequency is up and down in z direction (parallel to 

thickness). Both metal and oxide cantilever have been fatigued up to 109 cycles. What has been 

measured at some specific numbers of cycles during each fatigue experiment is the vibration 

amplitude of the cantilever caused by the AC voltage (thus not the static displacement by DC-

voltage) at resonance. This setup helps to perform the experiments in the way that mechanical 

resonance is the main contributor to the vibration.  

As shown in figure 4.49, there was not only no degradation of the vibration amplitude during 

resonance cycling tests, but for most of the tests there was even a slight vibration amplitude 

increase after about 108  cycles. The metal cantilevers (with 500 µm length) had an average static 

bending of 7.18 um for 3V  DC voltage, while the oxide cantilevers (with the same length) had the 

average static bending of 10.41 µm.  
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Figure 4.49. Vibration amplitude by different AC electric field application on (a) metal-cantilevers 

and (b) oxide cantilevers, with the length of 800um and width of 50 µm. 

 

The resonance frequency did not change measurably during resonance cycling, except for the test 

on the oxide cantilever with 3VDC/ 2VAC. In the latter test, the resonance frequency was 69.7 kHz 

at the start of the experiment and decreased to 69.4 kHz after the cycling. This means that the 

cycling has been slightly off-resonance by at most 300 Hz at some point during the 109 cycles.  

However also for the other measurements the cantilevers might be driven not exactly at the 

resonance frequency, and with changing resonance frequency (due to the cycling) the resonance 

frequency might have come closer to the driving frequency even if there is a small difference 

between the set value and the actual resonance frequency. 

The increasing resonance amplitude with continued cycling suggests that the cantilever stiffness 

changes during cycling. At the end of the cycling the cantilevers are vibrated at closer frequency 

to their actual resonance. But as we do not know if the driving frequency was higher or lower than 

the resonance frequency, it is not possible to infer if the cantilevers becomes stiffer or less stiff. 

 

Tests were repeated various times with the oxide cantilever with 3V AC and 3V DC fields, but in all 

cases the cantilevers broke at the connection point of cantilevers to the contact area at the start 

of the cycling. This suggests that under these conditions from the start a too high stress is applied. 

This high stress will be discussed later on. 

SEM images (figure 4.50) show no sign of surface fracture, failure or cracks after each experiment 

as well. The only major difference happens before and after resonance cycling at both type of 

cantilevers is the concentration of external residue on the tip of structures which probably can be 

due to the large vibration amplitude of the cantilever tip that collects dirt from the air at that spot. 
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Figure 4.50. SEM images of metal cantilevers at 3V_DC and 1V_AC before and after cycling. 

 

In figure 4.51 EDS analysis shows that observed residues are mostly composed of carbon. 

 

 
Figure 4.51. EDS elemental analysis on residues concentrated on the tip of metal cantilever on 

top of platinum electrode after resonance cycling fatigue. 

 

Stress Distribution 

Since mechanical on resonance contributes most to the displacement of the cantilevers in this test 

setup (as compared to off-resonance AC electric field application), the stress distribution in the 

structures are completely different as compared to the previous test off-resonance experiment. 

That being said, it can therefore also be the major reason why there is no surface failure in these 

samples after resonance cycling tests. 

The stresses in the cantilevers under on-resonance conditions were simulated with COMSOL. 

It is noted that damping is not taken explicitly into account in the COMSOL simulation of the 

resonance cycling. However the COMSOL software appears to calculates with a fixed resonance 

amplitude and thus implicitly assumes a certain amount of damping. For the stress distribution this 

is not relevant, however for the absolute values of the stress it is. The length of cantilevers was set 

to 800 µm. Since the focus in this section is the type and distribution of the stress and not its 

absolute value, this simulation gives some idea about the reason behind the observation that no 

evident surface breakdown occurs in the cantilevers. 

Figure 4.52 and 4.53 present the stress distribution at cut planes at x-z plane at different distances 

from the contact (y=0m), center (y=400m) and tip (y=800m) for metal and oxide cantilevers as 

simulated in COMSOL. 
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Figure 4.52. The stress distribution simulation in COMSOL for metal cantilever with 800m length 

at resonance with electric field of 30 kV/cm, on cut planes at x-z plane along different thicknesses 

of (a) contact (y=0m), (b) center (y=400m) and (c) tip (y=800m). 

σx σy

σx

σx

σy

σy
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Figure 4.53. The stress distribution simulation in COMSOL for oxide cantilever with 800m length 

at resonance with electric field of 30 kV/cm, on cut planes at x-z plane along different thicknesses 

of (a) contact (y=0m), (b) center (y=400m) and (c) tip (y=800m). 

 

The stress in z direction (σz) is zero as was the case in the previous experiments. The shown stresses 

are on top of the built-in stress and the stress caused by the by the static applied field of 3VDC. 

Unlike the previous test case (figure 4.43), the neutral plane of the in-plane x and y stress-

component distributions is inside the silicon layer. This is because the major displacement is due 

to the mechanical resonance and not due to the PZT piezoelectric response to the applied AC 

electrical field.   

This is more evident (based on figures 4.52 and 4.53) in σy, as the in-plane stress in y direction is 

caused by the resonance. The type of first resonance displacement in every beam is the up and 

down in z direction without any rotation (twist) of the cantilever. Therefore the major stress 

applied by this type of movement is longitudinal as well. On the other hand, the σx distribution in 

these structures is the same as the stress distribution during the off-resonance electric field cycling 

experiment. This is because the first resonance does not cause displacement of the beam in the 

width direction. Therefore the only displacement (and resulting stress) over the width (x-direction) 

is caused by the piezoelectric effect caused by the AC electric field and DC static field, which is 30 

kV/cm in the presented on-resonance cycling simulations.  
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In contrast to the previous test (off-resonance electric field cycling), the in-plane stress distribution 

is not constant along the cantilever length and width at a specific z-position. As shown in figures 

4.52 and 4.53, the stress values decrease from the contact area to the tip of the cantilevers. This 

means that the maximum stress applied to the structure is at the point where it is connected to 

the contact area. This can explain the failure behavior we observe for oxide cantilevers under 

resonance cycling under 3VDC and 3V AC condition.  

The positions with maximum stress (the weak spots) are completely different for off-resonance 

electric field cycling and on-resonance cycling. That is why the mechanical failure shows up in the 

form surface damage (for electrical field cycling) and total failure (for resonance cycling) 

respectively. To gain more insight into these mechanisms, figures 4.54 and 4.55 show the 

calculated in-plane stresses (σx and σy) along the length of 800 m long metal and oxide cantilevers 

at the center lines of each layer with respect to thickness and width, for respectively an applied 

cycling electric field of 150 kV/cm (VAC= 15V)and on-resonance cycling with an AC applied field of 

30 kV/cm (VAC=3V). 

 

  
Figure 4.54. Distribution of in-plane stresses (σx and σy) along the length of oxide cantilevers at 

the center of each layer in terms of thickness and width, 1(a) σx 1(b) σy for resonance cycling 

simulation with electric field of 30 kV/cm and 2(a) σx 2(b) σy for electric field cycling simulation 

with electric field of 150 kV/cm. 
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Figure 4.55. Distribution of in-plane stresses (σx and σy) along the length of metal cantilevers at 

the center of each layer in terms of thickness and width, 1(a) σx 1(b) σy for resonance cycling 

simulation with electric field of 30 kV/cm and 2(a) σx 2(b) σy for electric field cycling simulation 

with electric field of 150 kV/cm. 

 

As mentioned before, in case of on-resonance cycling, the in-plane stresses have minimum values 

near the tip and increase towards the anchor (contact area of cantilever). Note that, the minimum 

level of stress in the PZT is near the cantilever tip, but its absolute value is largest (about 50 MPa) 

as compared to the other layers. This stress value is probably due the additional (constant) 

contribution from the piezoelectric actuation of this layer by the electric field (30 kV/cm). 

 

Failure difference in metal and oxide cantilevers  

As discussed above the structural point in cantilevers with the maximum in-plane stress is at the 

anchor where the cantilever beam is connected to the contact area. Therefore, the prediction is 

that any catastrophic failure by resonance cycling results only in the breaking of the cantilever at 

the anchor point. This prediction is in line with what has been observed in resonance cycling 

experiments on oxide cantilevers: When the resonating experiment was performed with 30 kV/cm 

of AC electric field and a static DC field of 30 kV/cm, the oxide cantilever broke off completely at 

the initial phase of the test. The reason why the metal cantilever did not experience the same 

phenomena is ascribed to the difference in damping between metal and oxide cantilevers. The 

amplitude for 2 VAC of the oxide cantilever is similar to that for 3 VAC of the metal cantilever. Thus 

one may expect that the amplitude for 3 VAC drive of the oxide cantilever is significantly higher 

than for the metal cantilever, consequently the induced stresses are also much larger. 
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The difference in resonance amplitude for the same drive voltage must be due to differences in 

the damping in both devices. We speculate that for the metal cantilevers the stress in the metal is 

so high that the plastic region of the stress-strain curves is reached, causing deformation losses 

and enhanced damping. For the oxide cantilevers the stress is always on the linear part of the 

stress-strain curve, because for a ceramic material, this relation is linear up to the failure stress. 

The latter point is only reached for the case of 3VAC.  
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Chapter 5 

 

 

Conclusions and Design Outlook 

 

 

In this chapter the key results of the project on “experimental design for the investigation into 

mechanical fatigue of piezoelectric actuators” are reviewed and an outlook for future work is 

suggested. 

5.1 Summary and conclusion 

Ferroelectric materials have the ability to generate internal electrical charge from applied mechanical 

stress. In an electric field, the material deforms and if there is another layer added to the piezo 

element, this deformation converts into a bending as in a bimetal . PZT, lead zirconate titanate, is the 

most commonly used piezo ceramic today. In general, PZT materials are the preferred choice for 

ferroelectrics because they are physically strong, chemically inert and relatively inexpensive to 

manufacture. More importantly, higher operating temperature than other ferroelectric materials 

favors PZT in many applications. Because of these unique characteristics, PZT materials are typically 

used when high coupling and/or high charge sensitivity are important, such as atomic force 

microscopy, flow or level sensors; ultrasonic nondestructive testing applications; or for accurate 

inspections of automotive, structural or aerospace products.  

The PZT application related to our project is a MEMS device, in particular, piezo actuators. One 

important use of piezoelectric actuators is in inkjet printers which are designed and produced by Canon 

Production Printing a.o.l. Canon’s fabrication standard at the moment employs a wet chemical 

deposition technique (sol-gel method) which causes life time problems in the device, because the 

fabricated layers contain many defects and cracks. As a result, these actuators often experience fatigue 

under applied voltage and therefore have a short life. 

One of the important issues for these actuators is fatigue imposed by electric field cycling. This 

behavior is caused by two different mechanisms but at the same time. One mechanism is recognized 

by the reduction of polarization (polarization fatigue) and the other one is piezoelectric fatigue, 

observed by a reduction of displacement.  

What Canon Production Printing requests in the present project is first to investigate mechanical 

reasons behind the latter fatigue mechanism (if there is any) and second to propose new design rules 

in order to have actuators with better mechanical endurance. This may later on lead to miniaturization, 

higher cost efficiency and improved lifetime. 
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As indicated in chapter 3, there were numerous reports in literature demonstrating polarization fatigue 

in these actuators and studies on the electrical reasons behind it, but the investigation into the changes 

in mechanical properties and degradation is not much studied so far.  

Therefore, three main purposes of this project were defined as follows 

1. Design an experimental setup to demonstrate the mechanical degradation in piezoelectric 

actuators with and without electric field cycling. 

2. Investigate the changes in mechanical performance and properties of actuators during fatigue 

and try to separate these changes from changes caused by fatigue of electrical performance 

and properties. 

3. Propose fabrication rules to implement the new design with better fatigue resistance with 

respect to the inkjet printing application. 

Firstly, to create a breakthrough into the origins and mechanisms of fatigue, the samples should be 

well controlled in term of defects and microstructures. For this requirement, epitaxial thin-film 

structures, which have dense microstructures and atomically sharp interfaces, were fabricated by a 

well-controlled technique called pulse laser deposition. A 100-nm thick SrRuO3 (SRO) electrode layer 

was first grown on the substrate for all-oxide samples only. The devices with platinum electrodes 

however used room temperature sputtering of the metal layer, before and after the PZT layer was 

deposited with the PLD system. The Si/Pt/PZT stack was then transferred from the PLD chamber to the 

cleanroom where a standard photolithography step was used to define a photoresist pattern on top 

of the PZT surface. A Pt layer of 100 nm was then deposited on top of the structure by DC-magnetron 

sputtering at room temperature The top metal electrode was then obtained by photo resist lift off. For 

all-oxide actuators an ion beam etching method in combination with lithographic masking was used to 

define the oxide layers.  

The final desired actuators to be tested were capacitors and cantilevers. Polarization fatigue has been 

mainly investigated in capacitors, since there appears to be no significant difference in electrical 

behavior between these samples and cantilever or membrane devices 

Based on the work done by M. T. Do we know that polarization fatigue is strongly dependent on the 

capacitor electrode material. In the first part of this project it was tried to continue that research idea 

and proposed mechanisms to compare and investigate the changes in the mechanical properties of 

capacitors with oxide (SrRuO3) and metal (Pt, industrial standard) electrodes before and after electric 

field cycling.  

Mechanical fatigue in piezoelectric capacitors is mostly shown by degradation of the displacement 

after electric field cycling. It was found that this degradation is largest in capacitors which also show 

large polarization degradation.  

The use of a platinum top electrode increases the displacement degradation. This appears to be related 

to the creation of an interfacial layer due to electrical fatigue. The resulting polarization fatigue also 

has an effect on the displacement: since less volume of the capacitor is activated in the devices which 

show polarization degradation, also the mechanical displacement decreases. 

As indicated by previous research work, unipolar cycling does not cause polarization fatigue. At the 

same time, the piezoelectric fatigue in such cycling experiments was minimal in comparison to bipolar 

cycling, indicating the small contribution of mechanical causes (such as crack initiation) behind 

displacement degradation in capacitors.  
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The overall conclusion is that the piezoelectric degradation in capacitor structures is largely due to the 

degradation of the polarization. There is no evidence for mechanical degradation of the material that 

leads to the reduction of the piezoelectric response in capacitors. 

To induce mechanical fatigue one needs to maximize the mechanical displacement to be able to 

observe any cracking, damage or fatigue during cycling. This is the focus of the second part of the 

project where we used cantilevers. Secondly cantilevers make it possible to investigate the failure in 

actuators with no (or negligible) electric field application, thus enhancing the chance to observe 

mechanical fatigue. 

In order to prevent any polarization degradation in cantilevers, only unipolar electric field cycling has 

been applied to the cantilevers in all experiments. In this way we prevent domain switching and 

especially the creation of a ferroelectric/electrode interfacial layer, thus preventing the injection of 

electrons through this interface into the ferroelectric under the influence of the depolarization field. 

The injected charge prevents the nucleation of reversal domains at this interface, leading to the 

polarization fatigue in in metal samples. This was found to be the main cause for polarization fatigue  

Two types of experiments have been designed for cantilevers: 

• Unipolar electric field cycling – as the continuation to the mechanical fatigue investigation in 

capacitors. 

• Mechanical resonance cycling – monitoring the behavior of cantilevers under almost-purely 

mechanical cycling with minimum electric field application. 

The results of the experiments show that mechanical fatigue in piezoelectric cantilevers in the field 

cycling experiment mostly shows up by mechanical failure of the interface between the electrodes and 

the PZT layer.  

Considering the stress applied to the structure by the thermal expansion difference between the layers 

during the deposition and electric field during cycling, and by comparing the SEM images of the oxide 

sample before and after field cycling, it is concluded that the surface failure mode can be described by 

mechanical sliding due to crack displacement between two layers of materials. The presence of built-

in stress in the cantilever has a large impact on its mechanical failure by electric field cycling. It is also 

noted that the structural points with highest stress where failure is observed to occur, match up with 

the predictions from COMSOL simulations, namely at the edges of the cantilever along its length and 

between the electrode and PZT layers. 

Although the surface failure in the metal cantilever occurs at the same location as for the oxide 

cantilever, its type of failure is different. The top metal electrode is melted and the layers beneath are 

all removed in the process down to the silicon substrate. Thus there must be , another mechanism 

involved in the mechanical failure of metal cantilevers, next to the built-in stress mechanism. This 

second mechanism appears to cause locally a large increase of the temperature in layers, which 

ultimately causes the layers around the failure points to melt. We proposed as mechanism responsible 

a field driven diffusion of atoms, which appears only to take place in devices with metal electrodes. 

We postulate that platinum atoms can be displace much more easily than oxidized metal atoms (ions). 

When during cycling a crack initiates in the PZT layer, the platinum atoms diffuse inside that crack. This 

process may be enhanced by the cyclic opening and closing of the crack. Note that the Pt atom itself is 

not expected to be sensitive to the applied field since it is not charged, but O-ions and vacancies can 

move fairly easily under the influence of the applied field and especially in the grain boundaries and 

cracks, which may open a pathway for Pt. This will create ultimately an electric short. Alternatively an 
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O-depleted grain boundary or crack may form an electrical pathway and finally cause a short. Upon 

closing the short path a very high current density can occur between the top and bottom electrode, 

creating a large local temperature rise on that point resulting in the decomposition and melting of the 

PZT layer all the way down to the bottom platinum and the silicon layer. 

Mechanical fatigue in piezoelectric oxide cantilevers under resonance cycling experiment showed itself 

only in the complete breakdown at the highest applied DC and AC electric fields. As predicted by 

COMSOL simulation, the maximum in-plane stress in this type of experiment was applied at the anchor 

point where cantilever beam is connected to the bulk of the Si-chip. Therefore, any catastrophic 

mechanical failure is expected to happen at this point as well. This prediction was confirmed by the 

observed breakdown of the oxide sample in resonance cycling experiments, already happening at the 

initial phase of the test. The reason why the metal cantilever did not experience the same phenomenon 

is ascribed to the much larger damping in metal than in oxide cantilevers, causing much smaller 

resonance amplitudes for the first.  

Another noticeable difference between these two types of experiments is the stress distribution 

mechanisms in cantilevers structure. As predicted by COMSOL, the PZT layer in both metal and oxide 

cantilevers, wants to contract under electric field application. At the same time the rest of the film 

layers are fixed and this will generates tensile stress on these layers. Since the electric field value is 

high in the first experiment, this type of stress contributes much to the total stress in then failure 

points, causing the failure to develop in both cantilevers after a certain number of cycles. On the other 

hand, in the resonance cycling experiment, the main movement of cantilever is created by the 

resonance. The displacement caused by electric field is not that large that it is the main contribution 

to the cantilever displacement under mechanical resonance. Therefore, the neutral line of the in-plane 

stress distribution is completely different from that in the electric field cycling experiment and so are 

the positions of the points with maximum applied stress are different as well. This is well observed in 

the resulting mechanical fatigue in oxide and metal cantilevers. 

5.2 Design outlook 

We can conclude from the performed research that mechanical fatigue in metal-electrode ferroelectric 

capacitors is still mainly dependent on polarization fatigue and comes from the capacitor interfaces 

which results in displacement degradation. Therefore, as indicated in the previous research work done 

in the same group, an efficient way to improve the mechanical fatigue resistance can be by 

strengthening the bonding between electrodes and ferroelectric layer by using a conductive oxide or 

adhesion layer. 

Although, research work on the ferroelectric cantilevers has shown that there are other ways to 

improve, the mechanical fatigue resistance of ferroelectric actuators as well: 

1- We expect that changes in geometrical design of actuator structure can affect the mechanical 

resistance of the device under electric field cycling. This is due to the change in distribution of in-

plane stress. As observed in the previous chapter, the points with maximum stress in actuators 

with rectangular surface shape (cantilever) are at the edges of the structure and in severe cycling 

conditions, this will lead to layer separation in Pt-electrodes cantilevers. No such effect was 

observed in membranes with circular surface shape on the exact same experimental condition. 

2- Another design improvement can be found within using electrode materials with higher tensile 

strength or elasticity and plasticity limits. Based on the outcomes of this research work, the built-

in and the electric field induced stresses in piezoelectric actuators can be easily beyond the 

ultimate tensile strength, elasticity limit, of usual electrode materials and as a result, using an 
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electrode with higher stress-strain resistance can increase the mechanical endurance of the 

structure. These types of materials are not investigated in this research project. It is also highly 

desirable to choose an electrode material with a large tensile strength. As it was shown in the last 

series of experiments, cantilevers with SRO electrodes might be a better option in terms of 

resistance to polarization fatigue, but they experience a complete breakdown under large 

mechanical displacement. As it was mentioned in the previous chapter, this is due to the damping 

difference between two types of actuators which has a direct relationship to the stiffness and the 

fact that under equal amount of stress applied to the cantilevers anchor, SRO, or in general oxide 

cantilever, can withstand less stress until its elasticity limit while platinum resist more and 

develops into the plasticity region of its stress-strain diagram. But having a large tensile strength 

will imply that the material will deform a lot during operation, which may cause much damping, 

since that is an irreversible process. Hence, in total, it is desired to have a larger displacement for 

lower voltage, therefore the oxide cantilever can be operated with much less driving voltage for 

the same amplitude because of less damping and that is an advantage to the metal cantilever. 

3- By both numerical simulation and theoretical modeling, TEC stress contribute a large fraction to 

the total stress in the structure. A way to release the in-plane stress, which is caused by the thermal 

expansion difference between the structural layers during the deposition, can be useful. 

Therefore, finding a way to reduce the thermal stress after deposition process and before 

industrial usage can be important.  

In this PDEng thesis I have investigated and clarified the mechanical failure of piezoelectric actuators 

and the difference with the electrical failure mechanisms to a certain extend. However, some new 

research questions have risen which need further investigations.  

1) The first issue is an experiment by which one can investigate in more detail the field-driven-

diffusion mechanism, that was proposed as a cause for the failure in metal cantilevers under 

electric field cycling experiment.  

2) The second question is about the exact place where the cracks initiate in the PZT layer and its 

developing path during the electric field cycling.  

3) Final question can be whether one can experimentally anticipate the same fatigue mechanism 

in the actuators grown by the industrial fabrication method (sol-gel). 
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Appendix 

 

 

1- System thinking 

System thinking talks about the integration of all system elements and helps to relate the system to 

the environment, understanding the problem, optimizing the outcome, managing uncertainties and 

risks and aligning the design group. Identified issue, context and stakeholders all should be part of 

the design and since the design has to be connected to the world, there are thinking tracks which 

help the designed to achieve the project goal [1]. These thinking tracks are listed as follow: 

- Dynamic Thinking 

This track monitors the change of the system and its environment and their interaction over 

time. This specific PDEng project has a technical output and therefore it is highly dynamic. As 

the design should satisfy the needs of stakeholders, the design team should be aware of 

changes in actuators layers and characterization and updates in the desired technology in the 

short term view. The world of Micro-Electro-Mechanical Systems (MEMS) is being developed 

every day and as a result, the designer should be aware of the new changes and possibilities 

in this field and apply them in his design. Furthermore, it should be possible to make 

change/modification in the final product when it is necessary. In the long term view, the new 

designed actuator should have high endurance which is desired by stakeholders. To conclude, 

dynamic thinking helps the designer to have a better view of input, output and changes of the 

system in different time scales by defining a possible time-domain model for the project.  

 

- Feedback thinking 

The feedback comes from the interaction of stakeholders and users with the system. Feedback 

thinking is a method to control the system by comparing the output of the system with desired 

goals. This method is applied to the project from the early stages to the end product in order 

to control the direction of the system. Since the design process is not started at the beginning 

of each project, modelling helps to apply feedback thinking to the system. Presenting the 

desired model to the stakeholders would help the designer to continue as close as possible to 

the project goals and increases the chances of success for the design in the future. Possible 

monthly meeting with stakeholders would be a good way to receive their feedbacks on the 

progress of the design model as well. 

 

- Specific to generic thinking 

This project is aimed for inkjet printers which work with piezoelectric actuators as part of their 

print-head that is a really specific and technical use in a tailored field. It is going to be 

implemented in silicon made print heads instead of the glass one CPP is using at the moment. 

But in order to use high endurance thin film design technology in MEMS-based industry and 

convert the designed system for more generic usage, it is necessary to make some changes to 
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the design factors such as different temperature range, pressure limits, dimensions, number 

of layers and their compositions and voltage range. This is not the scope of the project at the 

moment but as alternative scenarios it is useful for the designed to think about other possible 

usages of the system with some minor changes as a back-up plan since the final product may 

not be usable in other fields but the technology and design rules themselves are beneficial for 

other systems as well. 

 

- Operational thinking 

Operational thinking covers the considerations made within the system. This method discusses 

about the system work function in difference scenarios, so in order to have such way of 

thinking it is beneficial to involve experts of the related field into the early stages of design. In 

this specific project, there are some 3-months meeting scheduled to get the help of different 

experts and designers for developing operational scenarios for the system.  

 

- Scale thinking 

Scale thinking is about the scale of the details in the designed system. For this purpose, the 

designer considers some assumptions. For this project, with respect to the time period 

allocated to it, it is not possible to focus on every detail that exist in printing industry and 

application but the aim of the project is to notice the details during the design as much as 

possible. Therefore, taking advantages of analyzing previous designs and printheads is useful 

in order to come up with a compatible product at the end of program.  

 

- Scientific thinking 

This project deals with material science, characterization analysis, modelling and formulation 

which requires the scientific thinking to be implemented in every stage of the system from the 

problem investigation to the solution, validation and verification levels.  

 

- Decomposition-composition thinking 

Decomposing the system to sub-systems, components and elements in part of system 

engineering. It helps the managing of development process by integrating all the system 

elements to one functioning system. This track of thinking is about the effect of one detail part 

on the whole system/product and in this project, piezoelectric thin film system consist of 

electrodes, interfacial layers and bending mechanism subsystems which every of them has 

their own components. This kind of view help the designer to determine how any change in 

each part of system would affect the functionality of the whole system.  

 

- Hierarchical thinking 

This way of thinking is about understanding  of which part of the system should have a central 

or de-central development. A central model provides an overview of the actuator system that 

consist of the entities, requirements, etc. And as the next step, the designer can focus more 

on each subsystem and analyze them. In the other development method, it is also possible to 

look at the actuator system as part of print head and print head as part of printer but in this 

way of hierarchical thinking, there may be less focus on the main product at the end.  

 

- Organization thinking 

Organization thinking requires the communication with different stakeholders during different 

stages such as system itself, its development and utilization, when the product is in hand of 
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end-users. The development of the project is one of the important aspects of the whole project 

and it counts as part of the success. The final purpose of the project is to design a high 

mechanical and electrical endurance actuator. In this project, implementing the new designed 

technology in print-heads would affect printing machine, MEMS and printing companies and 

other technology-related industries. So it is good to plan some meetings with these 

stakeholders to be informed about their concerns.    

 

- Life cycle thinking 

This track focuses on integrating the design in the way that it would be compatible with future 

updates in related application field. Since MEMS application is a trending research field, the 

final product and more importantly its technology should be still viable for at least some years 

and also be upgradable with possible newer technology to come. So in general, not only it is 

necessary to design an actuator that has higher mechanical endurance compared to currently 

used ones in the print-heads but also it is essential to consider the maximum possible life cycle 

of the design and the relevant threats which shorten that period, during its development.  

 

- Safety thinking 

Actuator failing during the mechanical function can damage the print-head and the printer. As 

a result, there might be money lose for the company, specially because the price of such 

devices are expensive. Therefore, during the design in the lab scale, the designer should define 

some tests in order to check the safety function of the system during its application in the 

industrial conditions. Recognizing different scenarios of usage of the system/product by 

discussing with the users and maintenance operators can be also useful to improve the safety 

thinking.  

 

- Risk thinking 

Using system engineering when the designer is thinking about alternative scenarios and risks 

of the project can be useful. There are different risks that can interrupt the design of the 

piezoelectric thin film system related to the development, implementation and operating 

stages. Also there might be some relevant risks which is not for actuator itself but the printer 

as a bigger system (or other related printer subsystems such as ink reservoir). Using the 

company guidelines for used in CPP during these two years of project is implementing risk and 

lack of operators cooperation and unavailability of laboratory can be operational risks. Each of 

these risks can be modelled in different scenarios in order to tackle their effects on the system 

outcome.  

 

2- Management plan 

The system Engineering Management Plan (SEMP) has been developed at the initial steps of the 

project as it consist of educational courses, project stages, deadlines and required resources. It 

provides the detailed description of standards application, capability models, configuration 

management, and toolsets to the project. A report which consisted of educational and research 

timetables have been created as well by the name of training and supervision plan which can be 

assumed as the statement of work (SOW) which defines the project-specific activities, deliverables, 

detailed requirements, pricing, and timelines to all the stakeholders. Supervision on this project would 

be done by three supervisors (two from university and one from the industry, CPP company) and there 

are two different meeting schedules, one every week with daily supervisor and one every month with 

all the supervisors together with the designer. In these meetings the overall progress of the project 
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would be discussed as well as controlling how much other aspects of project are covered or missed. 

Risk management plan was also part of SEMP in this project which consist of technical and coordination 

risks involved in the project. This plan helps to do some trial tests during the design development. 

Doing these tests require suitable facilities which will be provided by the university of Twente. 

Technical risks can rise from the new materials which may be good for high mechanical stability but 

they also should be tested in other aspects such as their polarization and piezoelectric properties. It 

means that the new design with better mechanical characteristics should be done with respect to the 

other essential properties of the actuators and also noting its compatibility with the previous designs. 

Coordination risk can also happen because of lack of enough communication  between university and 

company and this has been predicted and solved by monthly meeting and progress report. 

Furthermore, in case of emergencies, a back-up meeting is predicted to be scheduled within a week 

after the missed appointment [2, 3].    

3- Operational feasibility 

Operational feasibility is a measure of how well a proposed system solves the problems, and takes 

advantage of the opportunities identified during the scope definition and how it satisfies the 

requirements identified in the requirements analysis phase of system development [4]. Therefore, this 

part focuses on the reliability of the new design in the bigger system (printing system) and reviews the 

willingness of the organization to support the proposed design. Mechanical fatigue is a big burden to 

tackle in today inkjet printing field and also piezoelectric materials in MEMS industry. As it has been 

explained in the introduction, up to know there has been not much attention to the mechanical fatigue 

of piezoelectric actuators and the research has been mostly focused on piezoelectric fatigue in such 

devices. Therefore, the application of this new design aims to increase the lifetime of inkjet print-heads 

on a bigger scale. Based on this aim, After developing each version of the design, a failure test would 

be applied in order to examine the lifetime of the product. Even though the infinite life-time is not 

feasible for this system, the Failure Mode, Effects and Critically Analysis (FMECA) is applied to the 

system under development to increase the reliability of final design [2]. FMECA helps to identify the 

system weaknesses and failure points and it charts the probability of failure modes against the severity 

of their consequences. Therefore, its application should be within the project till the end of validation 

and implementation phase even if it is not part of these two years timing. Next, maintainability of the 

system should be considered from the beginning as the maintenance operators are important 

stakeholders in this project. The designer should take into account the rules of the company during his 

system design and not only his industry supervisor. As the next part, the design usability means that 

the actuator should be mountable on the print-head and therefore it should be compatible with the 

print-head size and characteristics. Finally, logistic and supportability of the system is important. This 

requirements includes the support during the system installation and during its actual application in 

inkjet printers. Although this project is finished before the real use of the proposed design (or design 

rules), this aspect has been considered and discussed during project planning and applied some 

important elements into the design requirements such as easy-to-use system design and compatible 

application of this actuators compare to previous ones with respect to the opinions of the industrial 

engineers.  

4- Value engineering  

Optimizing the value of the project is the main purpose of value engineering (SAVE International, 2007) 

[5]. Value engineering can help to integrate different expertise into your project in a systematic way. 

During the workshop different scenarios would be studied and get into consideration with the aim of 

finding the best solution. This consideration would cover the factors such as cost, user-friendliness, 
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ruggedness, process time and accuracy of the project. In other meaning, value engineering optimizes 

the value of the project to the best possible level. Therefore, VE has certainly an advantage to this 

project as it add some aspects to the design other than research-related aspects which was not thought 

truly before and upgrades the project from a specific scientifically project to an industrial one which is 

understandable for all stakeholders. 

Pre-Workshop 

For this specific project, the first step that has to be done in pre-workshop is to making a list of 

stakeholders with a variety of expertise related to the project in order to invite them to the workshop. 

This list can consist of participants such as UTwente researchers, CPP operators, PDEng program 

director, funding managers and possible future users of the product (as this product not only can be 

used in printing industry but also as a technology for different MEMS (micorelectrocmechanical) based 

industries). The next step would be communication with the people on this list in order to find a 

suitable date to the workshop with some proposed dates in advance and then inviting the stakeholders 

to the workshop. Before the workshop date, a reminder attached with some useful information (like 

the location of the event and different ways to reach there) and brief description of workshop activities 

should be send to the participating people.  

Workshop 

This workshop would take place by considering six steps job plan technique which are information 

phase, function analysis phase, creative phase, evaluation phase, development phase and presentation 

phase.  

- Information phase 

This phase starts with a presentation by PDEng candidate explaining the project and its goal, 

needs, requirements, preliminary ideas and functional analysis to the participants followed by 

a time dedicated to the discussion by them in order to know their opinions about the project 

and possible ideas to strength the project or eliminate the weak points. This stage, first of all, 

aims to provide the participants the same level of understanding from the project and second 

of all, helps the PDEng candidate to have a better picture about the pros and cons of his project 

and looking at it in different point of views. As the designer of this product, the PDEng 

candidate should be aware of the most issues that are dealing with the project and this phase 

is a benefit in that path.   

 

- Functional analysis phase 

The second phase of this workshop consist of a brief introduction about design process units 

(chapter 2), how it works, the method to create one and the reason behind its usefulness 

following by different examples by the presenter or the participants for better explanation.  

The next step can be forming groups of 4-5 people from participants to discuss with each other. 

All the facilities for this step such as tables, chairs, sticky notes, markers, notebooks, papers 

and pens should be provided by the host. The reason behind forming small groups are to first 

increase the chance of real participation of all members and also having variety of opinions in 

each group. When discussion take place in bigger groups, people normally tend to participate 

less and less in the discussions (because of lack of confidence, etc). PDEng candidate would 

ask the groups to think and discuss about the possible functions in which the main system 

would work the best to aim its goals. The PDEng candidate can first do an example using the 

materials provided and write a function and then ask the groups to start doing the same.  
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After generating possible functions, the groups would follow the rules about how, why and 

when to create DPU by using the sticky notes and big papers. Generating a DPU time but the 

PDEng candidate should put a limit in order to save the time for the next activities. He also 

should be present for every group to help them in their discussion, guide their method and 

even participate in their activities if it is necessary. When every group has prepared each DPU, 

they would bring it in front of others and present it for the audience with the management of 

PDEng candidate. This presentation would be followed by questions and answers and 

discussion about the pros and cons, functions, their necessity, their sequence, etc. when the 

presentations of all groups have been done, the best structured function would be selected 

under supervision of PDEng candidate. For this selection a voting system can be used in order 

to have the opinions of all the participants but before that, PDEng candidate should also clarify 

his opinion in short, about every presentation. Therefore, after the selection procedure, the 

best DPUs would be chosen and created. By using this method, participants have a better 

understanding of the whole process and its challenges and PDEng candidate himself would 

have a better perspective about his project with new possible functions. In order to select the 

most promising functions in the system it is necessary to determines the value of each 

function. Doing this step would help to understand the effect of different functions in 

increase/decrease of the whole system value. The final output of this phase would be a DPU 

chart with the functions that are understandable for all participants and everybody, specially 

the candidate, can distinguish the effect of each function on the total system value.  

 

- Creative phase 

In this phase the focus would be on finding alternative methods to perform the functions that 

have been set in previous phase. For this action, the previous groups would be again made and 

analyze this process. In this way, people with different way of thinking, expertise and 

background can think of alternatives which can be different in every group and a variety of 

alternatives methods would be created.  

 

- Evaluation phase 

In this phase the solutions which have been created in the previous phase would be presented 

and get analyzed by participants in order to understand their pros and cons. This process will 

narrow down the best solutions. In the evaluation phase, the optimum way would be chosen 

based on trade-off consideration and also partially by applying the 80-20 rule [5].  

 

- Development phase 

This phase requires an explanation of the project value and its relation to the system 

performance, the financial aspect of it and the project goals. Then there would be a feedback 

session between the PDEng candidate and participants about the final solutions that have 

been chosen in previous phase and the value of each solution would be calculated based on 

the value equation.  

𝑉𝑎𝑙𝑢𝑒 =  
𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 

 

- Presentation phase 

In this phase the values analysis, which has been done in previous step, would be discussed 

and be followed by a presentation by the PDEng candidate about the system functions and the 
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choices he made and the logic of his decisions. After this step, it is expected that all the 

participants (the candidate as well) have the same level of knowledge about the design project 

and its requirements and their level of importance. In this process, the value management got 

applied to the system functions and some alternatives might actually replace the main solution 

in order to increase the total value of the project.  

Post-Workshop 

At this level, the results of the workshop which affected the requirements, alternative solutions and 

their value analysis would get implemented in the system. It allows the designer to form (or maybe 

change) the conceptual design on a level which covers more variety of necessary requirements and 

aiming for the most possible efficiency. These changes have been made possible because of value 

analysis of the system modules.  
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