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Abstract 

 
Integration of new functional materials into silicon microsystems is a key factor to enable technology 

for a wide range of innovative MEMS devices. Piezoelectric materials are of primary interest for 

integrating sensing and actuation functions in MEMS due to their high forces and high energy 

densities. The use of PZT thin films in MEMS applications offers the possibility of increasing the 

sensitivity or actuation capabilities of the devices compared to alternatives such as AlN and ZnO. In 

general, PZT thin films exhibit smaller piezoelectric coefficients and polarizations than PZT bulk 

materials due to grain size, composition, crystallographic orientation, non-defined stoichiometry and 

mechanical boundary conditions. Moreover, PZT thin films are typically grown onto amorphous 

surfaces resulting in polycrystalline structures, which often lead to degraded performance due to 

fatigue and aging characteristics. Since epitaxial PZT films exhibit properties, including piezoelectric 

coefficients, polarizations, and dielectric constants, generally superior to polycrystalline films, it is of 

high interest to consider their application in MEMS devices, however, there are some real challenges 

to be solved. Once these issues are overcome, epitaxial PZT thin films could offer interesting 

potentials in the realization of high performance piezoelectric MEMS. 

 In this thesis, several aspects related to the development of epitaxial piezoelectric MEMS on 

silicon are investigated, which cover the following topics: the deposition and integration of high 

quality epitaxial PZT thin films on silicon wafers; the establishment of microfabrication techniques 

with associated process flows; and the FEM supported design, and characterization of epitaxial 

piezoelectric MEMS. A short overview is first given on the current state-of-the-art of piezoelectric 

MEMS. The integration of epitaxial oxide films on silicon wafers and their properties is then briefly 

described. The epitaxial oxide thin film heterostructures are based on a piezoelectric Pb(Zr0.2Ti0.8)O3 

layer grown on 2″ silicon wafers through two oxide layers: SrTiO3 used as buffer and metallic SrRuO3 

used as bottom electrode. The optimized microfabrication process for these oxide layers with specific 

attention in maintaining the piezoelectric properties of the epitaxial PZT films is presented. The 

polarization was measured to optimize their processing with at the end no degradation of the 

piezoelectric properties throughout the process. The epitaxial PZT thin films exhibit a large 

piezoelectric coefficient  of 130-140 pm V31d -1, allowing the realization of MEMS devices with 

enhanced actuation/detection properties, such as large amplitude actuation with lower driving voltage, 

high sensitivity, and high efficiency in energy conversion.  

The superior properties of the epitaxial PZT thin film and the effectiveness of the optimized 

microfabrication techniques have been demonstrated by two examples of epitaxial PZT MEMS 

devices. First, different epitaxial PZT cantilevers with and without a Si proof mass have been 

developed for vibration energy harvesting applications. A high power density of up to 14 μW g-2 was 
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obtained with high current generation and usable voltage, while maintaining lower optimal resistive 

load. The second application is based on an epitaxial PZT membrane to produce a resonating device. 

The study of basic characteristics of such device has shown excellent results as it shows a strong 

harmonic oscillation response with a high quality factor at atmospheric pressure. The finite element 

model of the epitaxial PZT membrane has then been developed for localized-mass sensing application 

to determine the resonant frequency, and the effect of the position of the mass and of the resonant 

mode on the mass sensitivity. The mass sensitivity is of the order 10-12 g Hz-1, which is in excellent 

agreement with the simulated value. The minimum detectable mass of ~5 ng can be achieved. These 

results indicate that the integration of epitaxial thin films on silicon is a promising technology, which 

improves the performances of piezoelectric MEMS devices. Finally, the concept of charge integration 

technique for static measurement in piezoelectric sensors is proposed. This technique improves the 

detection sensitivity of piezoelectric sensors in low frequency measurements, which makes them 

suitable for chemical and biological detection in a liquid environment.     

 

Keywords: epitaxial oxide, piezoelectric thin film, lead zirconate titanate, PZT, PVDF, energy 

harvester, mass sensor, membrane, cantilever, charge integration technique, static measurement.  
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Résumé 

 
L’intégration de nouveaux matériaux fonctionnels dans des microsystèmes en silicium est un point 

crucial pour le développement technologique innovateur de MEMS. Les matériaux piézoélectriques 

sont de première importance pour l’implémentation de détecteurs et d’actionneurs dus à leur grande 

densité de force et d’énergie. L’utilisation de couche mince de PZT dans des applications MEMS 

offre la possibilité d’augmenter la sensibilité d’actuation par rapport à des matériaux alternatifs 

comme de l’AlN et du ZnO. En général, les couches minces de PZT présentent de plus petits 

coefficients piézoélectriques et de plus petites valeurs de polarisation que le matériau massif dus à la 

taille des grains, leur composition, leur orientation cristallographique, leur stœchiométrie non définie 

et leurs précontraintes mécaniques. De plus, les couches minces de PZT croissent typiquement sur des 

surfaces amorphes conduisant à des structures polycristallines qui procurent souvent de plus faibles 

performances à cause de la fatigue et du vieillissement. Puisque des films de PZT épitaxiaux montrent 

des propriétés généralement supérieures aux films polycristallins, comme leurs coefficients 

piézoélectriques, leurs polarisations et leurs constantes diélectriques, il est d’un grand intérêt de 

considérer leur application dans des MEMS. Cependant, de réels challenges subsistent. Une fois que 

ceux-ci seront résolus, les couches minces de PZT épitaxiées offriraient un potentiel intéressant pour 

la réalisation de MEMS piézoélectriques de hautes performances. 

Dans cette thèse, plusieurs aspects liés au développement de films piézoélectriques épitaxiaux 

sur silicium couvrant les domaines suivants sont investigués : la déposition et l’intégration de couches 

minces épitaxiales de PZT de haute qualité sur des substrats en silicium, l’établissement de techniques 

de microfabrication avec leurs procédés associés, leur conception appuyée par des simulations par 

éléments finis et la caractérisation de MEMS piézoélectriques. Dans un premier temps, nous donnons 

un état de l’art actuel sur les MEMS piézoélectriques. Ensuite, l’intégration et les propriétés de films 

d’oxydes épitaxiaux sur silicium sont brièvement décrites. Dans ce travail, les hétérostructures de 

couches minces d’oxydes épitaxiaux sont basées sur une couche piézoélectrique de Pb(Zr0.2Ti0.8)O3 

crue sur deux couches d’oxyde sur un substrat en silicium de 50 mm de diamètre : du SrTiO3 comme 

couche tampon et du SrRuO3 comme électrode conductrice inférieure. Une attention spécifique a été 

portée à l’optimisation des procédés de fabrication de ces oxydes afin de maintenir les propriétés 

piézoélectriques des films épitaxiaux de PZT. La polarisation a été mesurée lors de leur fabrication 

avec à la fin aucune dégradation des films observée. Les couches minces épitaxiales de PZT 

présentent un grand coefficient piézoélectrique  de 130-140 pm V31d -1 permettant la réalisation de 

dispositifs avec des propriétés d’actuation/détection améliorées, telles qu’une grande amplitude 

d’actuation pour une faible tension d’alimentation, une grande sensibilité et un haut rendement en 

conversion d’énergie. 
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Les propriétés supérieures des couches minces épitaxiales de PZT et l’application du procédé 

de microfabrication ont été démontrées à travers la réalisation de deux exemples de dispositifs. 

Premièrement, différents leviers en PZT épitaxial avec et sans masse de silicium à leur extrémité ont 

été développés pour des applications de récupération d’énergie à partir de vibrations. Une densité de 

puissance aussi importante que 14 μW g-2 fut obtenue avec la génération d’un courant élevé et une 

tension utile tout en maintenant une résistance de charge optimale basse. La deuxième application est 

basée sur une membrane en PZT épitaxial pour produire un système résonant. L’étude des 

caractéristiques de base d’un tel dispositif a montré d’excellents résultats avec une forte réponse 

harmonique liée à un facteur de qualité élevé à pression ambiante. Le modèle par éléments finis de la 

membrane en silicium couverte d’une couche mince de PZT épitaxié a ensuite été élargi à la mesure 

localisée de masse afin de déterminer la fréquence de résonance, et l’effet de la position de la masse et 

du mode de résonance. L’ordre de grandeur de la sensibilité en masse obtenue est de 10-12 g Hz-1, et 

est en accord avec les résultats des simulations. Nous avons atteint une masse détectable minimum de 

l’ordre de 5 ng. Ces résultats démontrent que l’intégration de couches minces épitaxiales sur silicium 

est une technologie prometteuse qui améliore les performances des MEMS piézoélectriques.  

Finalement, nous proposons le concept d’intégration de charges pour des mesures statiques. 

Cette technique améliore la sensibilité des capteurs piézoélectriques opérant à basses fréquences, ce 

qui les rend compatibles avec des mesures chimiques ou biologiques dans des milieux liquides. 

 

 

Mot-clés : Oxyde épitaxial, couche mince piézoélectrique, oxyde de plomb zirconium et titane, PZT, 

PVDF, récupérateur d’énergie, capteur massique, membrane, levier, technique d’intégration de 

charges, mesure statique. 
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Chapter 1 

 

Introduction 

 
This chapter provides an introduction to the research that was conducted throughout the course of this 

study. First, a brief explanation of the piezoelectric theory is given. Next, the motivation of this 

research as well as the research context and objectives are presented. Finally, a summary of the thesis 

structure is provided. 

 

1.1 Piezoelectricity 

Piezoelectricity is a coupling between the mechanical and electrical behaviors of a material. The 

piezoelectric effect in quartz was discovered in 1880 by the brothers J. Curie and P. Curie. When 

certain types of crystals are subjected to tensile or compressive forces, the resulting strain causes a 

polarized state in the crystal, and an electric field is created. This phenomenon is called direct 

piezoelectric effect. Conversely, if a crystal is polarized by an electric field, strains along with 

resulting stresses are created, which was called converse piezoelectric effect. In crystals that show 

piezoelectric properties, electrical quantities such as electric field or polarization, and mechanical 

quantities such as stress or strain, are interrelated. This phenomenon is called electromechanical 

coupling. In piezoelectric materials, the transverse (  mode) and longitudinal (  mode) effects are 

very important. In  mode, the direction of applied stress (force) and generated charge is the same, 

while in  mode the stress is applied in one axial direction but the charge is obtained from the 

perpendicular direction as shown in figure 1.1.  

31d 33d
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Figure 1.1 The piezoelectric effect: when a pressure (P) or a tension (T) is applied to a crystal, a 

voltage (V) develops across the material. (a) When the deformation and voltage are collinear, this is 

the  mode (longitudinal effect). (b) In the case of perpendicular deformation and voltage, the mode 

is  (transverse mode).  

33d

31d



In general, a piezoelectric material has a polycrystalline structure consisting of many 

domains. Each domain has a polarization, one end is more negatively charged and the other end is 

positively charged. Let us assume the polarization is an imaginary line that runs through the center of 

both charges on the domain as shown in figure 1.2. In order to obtain a net polarization in 

piezoelectric materials, the polarization of all domains must lie in one direction. The process so-called 

poling must be performed on a multidomain piezoelectric material in order to produce the 

piezoelectric effect. Poling is the process by which electric field is applied to a piezoelectric material 

(figure 1.2). At a certain voltage, the polarization in all domains lines up and face in nearly the same 

direction. The piezoelectric effect can now be observed in the piezoelectric material.  

 

 
 

Figure 1.2 Poling process to generate piezoelectric effect. 

 

 The piezoelectric effect provides the ability to use piezoelectric materials as both a sensor and 

an actuator. Piezoelectric materials are therefore widely used in many areas of technology and 

science. It should be noted that the poling process is not necessary for the epitaxial piezoelectric films 

since they are naturally polarized. 

 

1.2 Governing equations of piezoelectricity 

Piezoelectricity that combines electrical and mechanical components described by Gauss’s Law and 

Hooke’s Law can be expressed by the following relations: 

 

0D E Pε= +                   (1.1) 

 

S sT=                                                                              (1.2) 

 

where D is the electric charge density displacement, or the electric displacement [C m-2], ε is the 

permittivity [F m-1], E is the electric field strength [V m-1], P is the polarization, S is the mechanical 

strain, s is the compliance [m N-1], and T is the applied mechanical stress [N m-2]. A relation between 

stress, strain, and electric field can be demonstrated through equation 1.3: 
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E
i ki k ijS d E s T= + j                              (1.3) 

 

where is the part of the strain produced by the electric field (iS kE ), the piezoelectric constant ( ) is 

the part of the strain produced by the applied stress (

kid

jT ), and E
ijs  is the elastic compliance coefficient 

under the condition of a constant electric field. Meanwhile, the electric displacement, electric field, 

and stress can be related by equation 1.4: 

 
T

l ln n lmD E d Tε= + m                                                            (1.4) 

 

where T
lnε  is the dielectric strain coefficient, or permittivity, under the constant stress ( ), mT lD is the 

dielectric displacement, and the subscript values for the terms in equations 1.3 and 1.4 are i, j, m = 

1,...,6 and k, l, n = 1, 2, 3. Equations 1.3 and 1.4 comprise the relationship between the electrical and 

mechanical properties of piezoelectric materials. 

 

1.3 Motivation 

Microelectromechanical systems (MEMS) are making an impact in a wide range of applications, 

allowing creation of new types of sensors, actuators, and transducer systems. Early MEMS devices 

were based solely on silicon by leveraging many of the materials and processes transferred from a 

well-developed IC industry. As the MEMS technology has grown over the years, there is always 

further need for more complex functions of MEMS devices. This requirement can be achieved by 

adding a variety of functional materials onto silicon with optimal fabrication processes. An important 

family of functional materials is piezoelectric materials, which can provide a direct transduction 

mechanism to convert signals from mechanical to electrical domains and vice versa. Moreover, 

piezoelectric materials are high energy density materials that are suitable for miniaturization. 

Therefore, this has led to a growing interest in piezoelectric thin films for MEMS applications.  

The most used piezoelectric thin film materials in MEMS devices are zinc oxide (ZnO), lead 

zirconate titanate (PZT), and aluminum nitride (AlN). MEMS devices using ZnO and AlN films have 

been successfully demonstrated [1, 2]. Both ZnO and AlN films are compatible with existing 

semiconductor fabrication processes [3]. However, these films exhibit low piezoelectric coefficients 

that restrict their use to some specific applications, i.e. bulk acoustic wave or sensing applications [4]. 

In comparison, PZT films have superior ferroelectric and piezoelectric properties, which are very 

attractive for piezoelectric MEMS sensor and actuator devices.    

In MEMS technology, the most important substrate is silicon. PZT thin films, however, 

cannot be grown directly on it. Buffer layers between PZT and the silicon substrate are specifically 

needed to prevent interdiffusion and oxidation reactions. For most applications, PZT thin films are 
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typically deposited on Pt-coated silicon substrates, which exhibit low polarizations and piezoelectric 

coefficients due to their polycrystalline structures [5]. In order to improve the piezoelectric properties 

of the PZT thin films, the interface between the PZT thin films and the silicon substrates must be 

controlled, and the PZT thin films also need to be oriented to the desired direction [6]. Crystalline 

oxide materials like SrTiO3 (STO), yttria-stabilized zirconia (YSZ), and MgO, are often used as the 

interface layer in order to grow highly oriented (epitaxial) PZT thin films on the silicon substrates [7-

10]. The resulting optimally oriented epitaxial layer improves piezoelectric properties in comparison 

with the polycrystalline PZT thin films on the Pt-coated silicon substrates. Moreover, the fatigue 

effect and cyclic depolarization are expected to be reduced [11], which is necessary for reliable use in 

devices. This approach could open the development of the next generation of piezoelectric MEMS 

devices. 

Over the past two decades, a great amount of progress has been successfully achieved in the 

epitaxial growth of thin films of various oxides, including ferroelectrics [12]. Early substrates used to 

grow the epitaxial films were based primarily on various single-crystalline oxide substrates for 

instance SrTiO3 [13], BaTiO3 [14], LaAlO3 [15], and MgO [16]. Later, such progress has driven 

research efforts to focus on the integration of these single-crystalline oxide materials directly on 

silicon substrates. The availability of high-quality oxide films on silicon substrates provides a very 

attractive opportunity to integrate other materials with a high crystalline quality on such a surface for 

different applications [17]. The epitaxial ferroelectric PZT is an important material that has been 

investigated and successfully integrated onto silicon for potential applications in infrared sensors, 

nonvolatile memory devices, surface acoustic wave (SAW) devices, and especially MEMS [17-19].  

However, the epitaxial growth of PZT thin films was limited only on chip-scale substrates. For the 

fabrication of MEMS, it is necessary to control the growth of these layers on wafer-scale silicon 

substrates and to develop appropriate fabrication processes to realize micromachined structures [20-

24]. Nevertheless, the epitaxial piezoelectric MEMS devices are presently only implemented at the 

chip-scale level mainly due to the difficulty of the epitaxial growth of piezoelectric films on larger 

areas [25]. The development of appropriate microfabrication processes to realize micromachined 

structures based on the epitaxial PZT thin films is also considered to be a crucial technological step 

towards the development of novel MEMS devices. The successful combination of epitaxial PZT thin 

films on silicon substrates with optimized microfabrication techniques will allow the realization of 

MEMS devices with enhanced actuation/detection properties. Hence, this thesis presents the 

establishment of a technology platform for fabrication of epitaxial piezoelectric MEMS devices with 

the emphasis on resonating devices and energy harvesting applications.    

 

1.4 Research context and objectives 

The work of this thesis is part of the Materials with Novel Electronic Properties (MaNEP) research 

program under the NCCR program of the Swiss National Science Foundation that was launched in 

 4 



2001 to promote long-term research projects for exploring new electronic materials and their 

applications. One of sub-projects in MaNEP focused on the realization of high performance MEMS 

devices based on an epitaxial piezoelectric thin film grown directly on silicon. In collaboration with 

the group of Prof. Jean-Marc Triscone (University of Geneva), the goal of this MaNEP sub-project 

was to develop the controlled growth of epitaxial piezoelectric thin films on full silicon wafers 

through oxide layers, and develop appropriate fabrication process to pattern them to realize 

micromachined structures for specific applications. The work performed at the group of Prof. 

Triscone was to develop the epitaxial growth of PZT thin films and related oxides on wafer-scale 

silicon substrates (2″ silicon wafers). Research activities at EPFL-SAMLAB involved the 

development of microfabrication processes for the epitaxial thin films on silicon, and the realization 

of epitaxial PZT MEMS devices, which are the main goals of this thesis. In order to achieve these 

goals, the specific objectives addressed in this thesis are as follows: 
 

• Study the properties of epitaxial oxide films and the techniques for their integration on silicon 

wafers for the realization of piezoelectric MEMS. The knowledge gained supported the 

development of compatible microfabrication techniques and the design of the piezoelectric 

MEMS devices; 
 

• Investigate the degradation in ferroelectric and piezoelectric properties of epitaxial PZT thin 

films due to microfabrication processes and material used as a top electrode. The goal here is 

to acquire all the knowledge that is necessary to produce high quality and reproducible 

epitaxial piezoelectric MEMS devices with special attention on maintaining the superior 

properties of epitaxial PZT thin films in operating devices for better performance; 
 

• Investigate various microfabrication processes for piezoelectric MEMS and apply the 

experience obtained to develop efficient micropatterning methods and process sequences for 

the microfabrication of the epitaxial piezoelectric MEMS devices;  
 

• Verify the applicability of the optimized microfabrication techniques and the usefulness of the 

piezoelectric properties of the epitaxial PZT thin films. Experimentally, epitaxial PZT 

cantilevers and membranes were fabricated, and their static and dynamic behaviors were 

examined. At this stage, the properties of the epitaxial films and the benefits that the epitaxial 

films brought to piezoelectric MEMS devices were evaluated;  
 

• Develop finite element models for the design of membrane and cantilever based resonating 

devices. The properties of the epitaxial PZT thin films obtained from measurements were 

used as inputs for the design and modeling of the devices. The appropriateness of the models 

was validated by characterization of the fabricated devices; 
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• Demonstrate specific applicative devices: a vibration energy harvester and a membrane-based 

sensor have been selected. The study of concepts, physics, and design and analysis based on 

finite element and/or analytical models were carried out. 

 

In addition, the aspects related to a read-out circuitry for surface stress detection of 

piezoelectric sensors operating in the static mode that fall outside the main scope of the current 

project were also investigated in this thesis.    

 

1.5 Thesis structure 

This thesis is organized in a collection of the published papers and manuscripts from the author. Apart 

this first chapter dedicated to the motivations and objectives of this work, the thesis is structured as 

follow:  

Chapter 2 gives an overview of piezoelectric MEMS with specific attention to the 

piezoelectric materials used. The major properties of piezoelectric thin films are also presented. 

Chapter 3 introduces the work performed for the establishment of an epitaxial piezoelectric 

MEMS technology platform. The details of the epitaxial growth of all oxide layers and the 

microfabrication processes used for realizing epitaxial piezoelectric MEMS devices on epitaxial 

Pb(Zr0.2Ti0.8)O3 thin films are presented. Different issues related to the choice of materials and 

especially processes used to fabricate the devices and the influence of these on the properties of the 

epitaxial piezoelectric films are addressed. A focus is dedicated to the microfabrication techniques 

required to pattern these materials and especially on the influence of the processing temperature and 

of the type of materials used as top electrodes on the epitaxial piezoelectric films properties. It is 

found that the thermal effect is a primary cause of the degradation of the properties of piezoelectric 

thin films when covered with the top electrode material. Membranes and cantilevers are realized using 

a sequence of microfabrication processes optimized for epitaxial oxide layers. Their static and 

dynamic behaviors are evaluated. An interesting aspect of the epitaxial PZT transducers is that the 

operational voltage is low compared to transducers actuated with polycrystalline PZT films. A large 

displacement can be obtained from the epitaxial PZT films due to excellent piezoelectric properties. 

Moreover, a strong harmonic oscillation with a high quality factor in dynamic mode can be achieved. 

Chapter 4 focuses on vibration energy harvesting applications by utilizing the epitaxial PZT 

cantilever structures. The microfabrication processes presented in the previous chapter are used to 

realize the vibration energy harvesting MEMS devices. The electrical characteristics of the epitaxial 

Pb(Zr0.2Ti0.8)O3 thin film applied to energy harvesting devices are investigated in the viewpoint of 

material properties (piezoelectric coefficient and dielectric constant). The main purpose of this study 

is to demonstrate the benefits of epitaxial PZT thin film for vibration energy harvesting applications. 

Key parameters of the epitaxial PZT thin film for realizing high performance piezoelectric energy 
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harvesters are highlighted. The results reveal that epitaxial PZT thin films have a large piezoelectric 

coefficient and a low dielectric constant, resulting in high power generation capabilities. 

In Chapter 5, based on the results obtained in the Chapter 4, the vibration energy harvesting 

MEMS devices based on the epitaxial PZT thin films are studied in more details. In the first part, the 

analytical power and finite element models used to design and optimize the devices are presented. The 

choice of the actual PZT composition for energy harvesting applications is discussed. In the following 

part, the results on the fabrication and characterization of the epitaxial PZT cantilevers with and 

without a Si proof mass are presented. Different characteristics of the fabricated epitaxial PZT 

harvesters are determined: their dynamic behavior, electromechanical coupling coefficient and 

electrical characteristics. In the last part, the performances of the epitaxial PZT harvesters are 

compared with other demonstrated piezoelectric energy harvesters. A very interesting outcome is that 

the epitaxial PZT harvester generates higher power and current with usable voltage, and requires 

lower optimal resistive load compared to piezoelectric harvesters realized with polycrystalline PZT or 

AlN films. 

Chapter 6 addresses the development of a silicon membrane actuated by an epitaxial PZT thin 

film for localized-mass sensing applications. The dynamic behavior and mass sensing performance of 

the proposed structure are experimentally investigated and compared to numerical analyses. The 

effect of the mass position and of the resonant mode on the mass sensitivity, as well as the minimum 

detectable mass of the proposed device is evaluated. It is found that the mass sensitivity is a strong 

function of the mass position and the vibration mode, being highest when placing mass at the antinode 

and operating the sensor at higher mode of resonance. The observation of strong harmonic oscillation 

with a high quality factor implies the feasibility of highly sensitive detection of biomolecules using 

the epitaxial PZT membranes in liquid environments.   

In Chapter 7, a focus is dedicated to the development of static measurement for piezoelectric 

sensors using a charge integration technique with the aim of applying to chemical and biological 

detection. The principle of the charge integration technique and the detail of apparatus used to realize 

the detection system are presented. In this study, the feasibility to detect electrically and statically the 

deflections of piezoelectric cantilevers using a charge integrator in real time is explored. The proposed 

technique is demonstrated with the detection of alkanethiols using Au-coated Polyvinylidene Fluoride 

(PVDF) piezoelectric cantilevers in liquid environment. The outcome of the study should incite to the 

implementation of the static detection method of piezoelectric cantilever sensors for various 

applications. 

Finally, a summary of the results from this work along with some potential future research 

directions in the development of epitaxial piezoelectric MEMS are presented in Chapter 8.   
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Chapter 2 

 

State-of-the-art of piezoelectric MEMS 

 
Piezoelectric thin films offer a number of advantages in MEMS applications due to their efficient 

voltage-deflection conversion, high energy densities, low noise, high frequency operation, and low 

power requirements. In MEMS technology, the most used piezoelectric thin films are pyroelectric 

AlN and ZnO (in their wurtzite structure) and ferroelectric PZT. The major difference between 

ferroelectric and pyroelectric is the possibility of reorienting the internal polarization upon application 

of an electric field: possible in ferroelectrics with fields above the material coercive field, it is absent 

in pyroelectrics. The most widely used ferroelectric thin films for MEMS applications are based on 

lead zirconate titanate (PZT). The choice of the piezoelectric thin films for MEMS depends on the 

targeted applications. In this chapter, the piezoelectric thin film materials, their properties, their 

integration into MEMS structures, and their modes of operation are reviewed.    

 

2.1 Aluminum nitride and zinc oxide 

Both aluminum nitride (AlN) and zinc oxide (ZnO) are non-ferroelectric materials exhibiting a 

piezoelectric response along the [0001] crystallographic direction. Consequently, to achieve good 

piezoelectric effect, particular growth processes are required. For MEMS applications, AlN and ZnO 

are commonly sputtering deposited [1]. ZnO is deposited usually close to room temperature in order 

to avoid a fast diffusing Zn ion and to obtain a high resistivity, while high-quality AlN can be 

obtained at low temperature below 200 °C [2]. In the early stage of the development of piezoelectric 

MEMS, ZnO was the first one to be demonstrated due to the availability of ZnO and easily processing 

[3]. ZnO thin films have been applied in many MEMS devices, including acoustic sensors and 

accelerometers as well as in bulk acoustic wave (BAW) devices [4]. MEMS devices based on AlN 

thin films have been demonstrated mainly for sensor applications because AlN thin films have low 

permittivity and low dielectric loss giving a better signal-to-noise ratio and higher output voltage [5]. 

One of the most interesting features of piezoelectric ZnO and AlN thin films lies in the fact that they 

are fully compatible with the standard CMOS technology [6]. However, these films exhibit small 

piezoelectric coefficients that restrict their use to acoustic resonators and sensors. For actuator and 

transducer applications, ferroelectric thin films are more appropriate because their piezoelectric 

coefficients are much higher than those of ZnO and AlN thin films.  

 

 



2.2 Ferroelectric thin films 

Lead zirconate titanate (PZT) is the most widely used ferroelectric thin films for piezoelectric MEMS 

where large piezoelectric coefficients are required. The large piezoelectric coefficients of PZT films 

are very attractive for various microactuator and microsensor applications. The fabrication of PZT 

thin films has been leveraged from the tremendous infrastructure development resulting from 

ferroelectric random access memories, which definitely accelerate the development of ferroelectrics-

based MEMS devices. Currently, high-quality PZT thin films can be grown by several techniques 

such as sputtering [7-9], pulse laser deposition (PLD) [10-12], sol-gel [13-15], metalorganic chemical 

vapor deposition (MOCVD) [16-18], and plasma enhanced chemical vapor deposition (PECVD) [19]. 

Typically, these growth methods involve three main steps: (1) generation of atomic or molecular 

species of interest, (2) transport and deposition on the substrate, and (3) post-deposition crystallization 

and annealing of the film [4]. These deposition methods have shown varying advantages in terms of 

deposition rate and temperature, film uniformity and conformability, compositional control, substrate 

size, and cost. The details of these techniques and the issues relating to the conditions used for the 

growth process and quality control of the films can be found in the review articles [1, 20-22].  

In MEMS devices, PZT thin films are grown on a conductive electrode. The choice of the 

bottom electrode is of primary importance as it reflects the crystalline texture and the properties of the 

PZT thin films. The most often used materials for the bottom electrode include metal oxides (RuO2), 

perovskite metal oxides (SrRuO3), and platinum. The later is now widely used in MEMS devices. A 

number of applications based on PZT thin films grown on platinized silicon wafers have been 

successfully demonstrated with interesting performance [20-22]. However, PZT thin films often 

exhibit smaller polarizations and piezoelectric coefficients than PZT bulk ceramics due to the 

polycrystalline nature of the PZT thin films [23]. Therefore, there is still some room for the 

maximization of the piezoelectric properties to achieve a performance close to the best ceramics used 

today.  

In order to improve the properties of the PZT thin films, research efforts have been focused 

on the crystallization and orientation of these films and on the optimization of the interface between 

the film and the electrode. Over the past two decades, a tremendous amount of progress has been 

achieved in the epitaxial growth of the PZT thin films [24]. One important way is to choose the 

appropriate substrate to lower the strain introduced by the mismatch of the substrate and the PZT thin 

films as well as to control the PZT orientation to the desired direction. The continuous improvement 

in the epitaxial growth techniques provides an opportunity to grow high-quality oxide films as a 

template layer on silicon substrates. With such a configuration, epitaxial PZT thin films can be grown 

on silicon with a high crystalline quality and the piezoelectric and ferroelectric properties are much 

improved in comparison with polycrystalline PZT on platinized silicon wafers [23].  

In the past few years, much interest has also been focused on relaxor ferroelectric thin films. 

Relaxors are lead-containing perovskites, exhibiting anomalous characteristics typified by a strong 
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frequency dispersion of the permittivity, while relaxor ferroelectrics are solid solutions of relaxors and 

normal ferroelectrics, such as PMN-PbTiO3 and PZN-PbTiO3. One of the most studied relaxor 

ferroelectric material is lead magnesium niobate-lead titanate (PMN-PT) [25]. PMN-PT materials 

exhibit large electrostrictive strain, high permittivity over a wide temperature range, strong 

piezoelectric coefficients, and extremely large electromechanical coupling coefficients compared to 

PZT [4, 26], which make them a great interest in the field of piezoelectric MEMS [25]. However, 

PMN-PT thin films suffer from low transition temperatures leading to early depoling, limitations on 

the available drive levels due to low coercive fields, and instability of the piezoelectric response at 

increasing temperatures [1]. Research in relaxor ferroelectric thin films and their integration on silicon 

is still ongoing. Once these issues have been solved, relaxor ferroelectric thin films offer interesting 

potentials in the microfabrication of high performance piezoelectric MEMS.                 

 

2.3 Comparison of piezoelectric properties 

Typical piezoelectric properties of different piezoelectric films are summarized in table 1. The 

effective piezoelectric coefficients  and  are introduced to describe the piezoelectric 

coefficients of the clamping piezoelectric thin films experienced in a composite structure, usually with 

silicon substrates. These effective piezoelectric coefficients are not the intrinsic property of the 

piezoelectric materials, but they take into account the properties of the substrates. The effective 

piezoelectric coefficients can be calculated as [27]: 
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where E
ijs  is the elastic compliance when the electric field is held constant. The effective piezoelectric 

coefficients of piezoelectric thin films are thus lower than the bulk values due to the clamping effect. 

 Referring to table 2.1, AlN and ZnO thin films exhibit quite similar piezoelectric properties. 

The transverse piezoelectric coefficients  of PZT and PMN-PT thin films are more than 10 times 

higher than those observed in ZnO or AlN. Therefore, PZT and PMN-PT thin films are suitable for 

actuators that require high force, motion, and output power and for sensors for which high current is 

needed. However, the piezoelectric coefficients are not the only material properties of interest, other 

properties such as dielectric constants and dielectric losses are also important, which reflect to the 

performance in different applications. For instance, a low value of dielectric loss angle (tan δ) can be 

31, fe
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found in AlN, and thus it is a perfect material for sensor applications where an excellent signal-to-

noise ratio is required. Moreover, AlN thin films have low permittivity, allowing higher voltage 

generation. This property is very attractive for vibration energy harvesting applications [28].       

 

Table 2.1. Properties of piezoelectric thin films. 

Parameter ZnO [1] AlN [1] PZT [1] PMN-PT [29] 

31, fe  (Cm-2) –1.0 –1.05 –8 to –12 –9 to –20 

33, fd  (pmV-1) 5.9 3.9–5.5 60–130 100–350 

33ε  10.9 10.5 300–1300 1000–3000 

tan δ (105 Vm-1) 0.01–0.1 0.003 0.01–0.03  

 

2.4. Piezoelectric MEMS structures and operation modes 

Most piezoelectric MEMS sensor and actuator devices are based on laminated piezoelectric/substrate 

planar structures. Various geometry and clamping conditions can be considered depending on 

applications and the most common examples are as follows: 

• Cantilevers: atomic force microscopy (AFM), biosensors, chemical sensors, and energy 

harvesting devices; 

• Bridges: resonators, mass sensors, RF switches, and acoustic sensors;  

• Membranes: pressure sensors, micromotors, accelerometers, and micropumps. 

 

In general, mechanical bending of the structure can greatly amplify the displacement 

generated by the piezoelectric films for actuator applications or the applied stress on the piezoelectric 

films for sensor applications. At present, many designs for piezoelectric MEMS devices utilized the 

polycrystalline PZT thin films, which allow the operations in either  or  modes. The  mode 

transducers have a PZT layer in between top and bottom electrodes, while the  mode transducers 

eliminate the need for a bottom electrode by utilizing interdigit (IDT) electrodes on the top of a PZT 

layer as illustrated in figure 2.1. In 

31d 33d 31d

33d

31d  mode, the polarization direction is through the film’s thickness 

and perpendicular to the plane of the film, but the generated displacement to be used or the applied 

stress to be detected is in the plane of the film. On the other hand, the use of PZT films that are 

polarized in the plane of the film instead of through the thickness enables the  mode to be 

employed. The  piezoelectric coefficient is typically around twice the magnitude of the  

piezoelectric coefficient in PZT [30]. Therefore, the use of  mode could enhance the 

sensing/actuation properties of the devices. However, depending on the applications, other properties 

such as the dielectric constant have to be considered when selecting the operation mode.  

33d

33d 31d

33d
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Figure 2.1 Electrode configurations for two common modes utilized for PZT transducers. 

 

It is important to note that in polycrystalline PZT films, the polarization is randomly or 

slightly oriented. Their domains have to be aligned close to one direction by applying an electric field 

on the films in order to exhibit a net piezoelectric effect. Consequently, the polarization vector can be 

reoriented along different directions, allowing polycrystalline PZT films to utilize either  or  

modes [31, 32]. In contrary, the polarization direction of the ZnO and AlN [33] or epitaxial PZT thin 

films is fixed by the crystal structure, and thus reorientation to other directions is not possible. In 

relaxor ferroelectric thin films like PMN-PT, the alignment of their domains depends on 

crystallographic orientation; thus it would be possible to enable their operation in  or  modes 

[34]. 

31d 33d

31d 33d

 

2.5 Piezoelectric MEMS based on epitaxial PZT thin films  

Epitaxial PZT thin films grown on silicon substrates are receiving a lot of interest for many 

applications; especially their excellent properties are promising for the realization of high 

performance MEMS devices. The integration of high-quality epitaxial PZT thin films on silicon 

substrates can be achieved through a buffer layer based on epitaxial oxide thin films. Ramesh et al. 

reported the use of YSZ as a buffer layer, which can improve the remanent polarization with excellent 

fatigue, retention, and aging characteristics [35]. Dekkers et al. has also achieved the crystalline 

growth of PZT (001)-oriented thin films on silicon using a YSZ buffer layer [36]. Nevertheless, the 

structure of YSZ is complex and a relatively simple structure is desired. This layer can be replaced 

with a single perovskite STO buffer layer, which appears to be an excellent material as it exhibits a 

very high structural quality and can be grown epitaxially on silicon by molecular-beam epitaxy 

(MBE) [37]. When a high quality perovskite-terminated silicon substrate is obtained, epitaxial growth 

of other perovskite and related materials is facilitated. Conductive perovskite laysers such as 

(La,Sr)CoO3 or SrRuO3 can be used as a bottom electrode that constitutes also an epitaxial layer for 
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successive growth of the epitaxial PZT thin film [38]. The PZT layers epitaxially grown on the 

aforementioned structure have shown to have improved piezoelectric properties [23, 39].  

In spite of this advancement, the research focused on piezoelectric MEMS devices based on 

epitaxial PZT thin films has been seldom reported. Reilly et al. first reported on vibrational energy 

harvesters based on epitaxial thin films grown by pulsed laser deposition [40]. Despite the high 

quality of the epitaxial films, the power was significantly low due to some damages caused to the 

epitaxial PZT film during the fabrication process. Moreover, the devices in that work were fabricated 

on chip-scale silicon substrates. Nguyen et al. successfully demonstrated the epitaxial PZT cantilevers 

with conductive oxide SRO electrodes, achieving a long-term stability and reliability of the devices, 

but the fabrication throughput was significantly limiting as the cantilevers were fabricated on 20 mm 

× 20 mm SOI substrates [41]. Recently, Morimoto et al. designed and fabricated energy harvesters 

composed of epitaxial PZT films transferred onto stainless steel cantilevers to enhance output power 

efficiency and to improve structural toughness [42]. However, the fabrication throughput, 

reproducibility and device miniaturization seem to be limited; and the epitaxial PZT films were not 

directly grown on silicon substrates, but on MgO substrates. Therefore, two major challenges still 

remain for the realization of piezoelectric MEMS based on epitaxial PZT thin films: the control of the 

deposition of epitaxial PZT and related oxide thin films on silicon at the wafer-scale level; and the 

need of dedicated microfabrication processes for the epitaxial oxide thin films with a specific 

attention in maintaining the piezoelectric properties of the epitaxial PZT films. 
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ABSTRACT 

This paper reports on the microfabrication and characterization of piezoelectric MEMS structures 

based on epitaxial Pb(Zr0.2Ti0.8)O3 (PZT) thin films grown on silicon wafers. Membranes and 

cantilevers are realized using a sequence of microfabrication processes optimized for epitaxial oxide 

layers. Different issues related to the choice of materials and to the influence of the fabrication 

processes on the properties of the piezoelectric films are addressed. These epitaxial PZT transducers 

can generate relatively large deflections at low bias voltages in the static mode. Estimations of the 

piezoelectric coefficient 31d  of the epitaxial PZT thin film (100 nm) yield 130 pm V-1. In the dynamic 

mode, the performance of the epitaxial PZT transducers in terms of the resonant frequency, modal 

shape, and quality factor are examined. An epitaxial PZT/Si cantilever (1000×2500×40 μm3) 

resonating in air and in vacuum exhibits a deflection of several microns with quality factors of 169 

and 284, respectively. For a 1500 μm diameter membrane, the quality factor is 50 at atmospheric 

pressure, and this rises to 323 in a pressure of 0.1 mbar. These results indicate the high potential of 

epitaxial piezoelectric MEMS, which can impact a variety of technological applications.     

Published in Journal of Micromechanics and Microengineering, Vol. 20, 055008, 2010 



3.1 Introduction 

Piezoelectric thin films have attracted attention because of the possibility of various applications in 

microelectronics and microelectromechanical systems (MEMS) such as nonvolatile memories, 

microsensors and microactuators. Among piezoelectric materials, Pb(Zr,Ti)O3 is of primary interest 

due to its outstanding piezoelectric properties compared to ZnO and AlN. However, for MEMS 

fabrication, PZT has to be prepared as a thin film on a silicon substrate. This step often leads to a 

degradation of the piezoelectric properties due to inferior surface quality [1]. To improve the 

properties of the PZT thin films, research has been focused on the crystallization and orientation of 

these films and on the optimization of the interface between the film and the electrode.  

The growth of epitaxial piezoelectric (epi-piezo) thin films on silicon has been studied 

extensively over the past decade [2-5], since it is a possible way to integrate high quality piezoelectric 

films on silicon. 

  Epitaxial films in general exhibit properties, including piezoelectric coefficients, polarization, 

and dielectric constant superior to polycrystalline films [6]. We have demonstrated that epi-piezo thin 

films can be grown on (001) silicon through oxide transition layers. These epi-piezo films are smooth 

on a nanometric scale and exhibit microstructural homogeneities, and very large piezoelectric 

coefficients [5]. Taking these results into account, we can expect several advantages from 

piezoelectric MEMS devices based on epi-piezo thin films such as high forces at low operational 

voltage, high frequency operation and high energy-conversion efficiency. Moreover, the epitaxial 

growth of piezoelectric thin films on oxide layers can reduce the fatigue effect and cyclic 

depolarization [7], a reduction that is necessary for reliable use in devices. In order to obtain high 

quality epi-piezo thin films on silicon, it is essential to develop a controlled growth procedure, and a 

microfabrication process suitable for the piezoelectric epitaxial layer. However, few studies have 

investigated the microfabrication process of epi-piezo MEMS on STO substrates and on silicon 

substrates [8-10]. It has been shown that the development of appropriate fabrication processes to 

realize micromachined structures is a crucial technological step towards the development of novel 

MEMS devices [11-16].  

In this paper, we report on the microfabrication of epi-piezo MEMS membranes and 

cantilevers and their mechanical characteristics. We describe the growth and the structural 

characterization of epi-piezo films grown on silicon wafers through oxide transition layers. These 

piezoelectric films are very smooth with rms roughness of about 5 nm over 1 μm2 and exhibit high 

crystalline quality. A selection of microfabrication processes with associated process flows for the 

fabrication of epi-piezo MEMS is highlighted. We focus here on the microfabrication techniques 

required to pattern these epitaxial thin films and especially on the influence of the processing 

temperature and of the type of materials used as top electrodes on the epi-piezo film properties. The 

characterization of the mechanical properties of these epi-piezo MEMS devices, performed by optical 

techniques, reveals their high performance for actuation in static and dynamic modes. 
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3.2 Epitaxial thin films growth on silicon 

For growing epitaxial perovskite thin films with robust piezoelectric response on silicon, proper 

intermediate layers are required. Indeed, in order to deal with the differences in bonding, chemistry, 

and coordination between silicon and the oxide layer, McKee et al. [17] developed a procedure for the 

growth of an epitaxial SrTiO3 (STO) layer directly on silicon. In our work, a 10-20 unit-cell thick STO 

buffer layer is grown onto 2″ Si (001) wafers by MBE [18]. Successively, we grow by off-axis 

magnetron sputtering a SrRuO3 (SRO) film used as a bottom electrode and then a ferroelectric 

Pb(Zr0.2Ti0.8)O3 layer [19]. Pb(Zr0.2Ti0.8)O3 was chosen for its good lattice match with STO and SRO. 

The typical final stack results as PZT (100 nm)/SRO (30 nm)/STO (6 nm)/Si.  

X-ray  2θ θ−  diffractograms display only (00l) peaks, confirming the c-axis orientation of the 

oxide stack and revealing a PZT c-axis lattice parameter of 4.13 Å (figure 3.1(a)). Finite size 

oscillations around the SRO (001) and (002) reflections attest of the high crystalline coherence of the 

bottom electrode. Rocking curve measurements reveal the good crystalline quality of the piezoelectric 

layer with a full width half maximum (FWHM) of 0.5° around the PZT (001) peak. The FWHM of Si 

(004) rocking curve is around 0.01°. Detailed diffraction analyses (figure 3.1(b)) confirm the epitaxial 

relationship between the oxide layers and the substrate: PZT[001]//SRO[001]//STO[001]//Si[001] and 

PZT[100]//SRO[100]/STO[100]/Si[110]. Local measurements of the 33d  piezoelectric coefficient, 

performed with an atomic force microscope [20], reveal the ferroelectric behavior of the PZT layer: 

the estimated piezoelectric coefficient 33d  is 50 pm V-1. The current-voltage loop and the 

corresponding polarization were determined using a ferroelectric tester TF analyzer 2000 system on 

capacitors with Cr/Au top electrodes of 100x100 μm2 area. Figure 3.2 shows a hysteresis loop, 

measured at 100 Hz on a 200 nm thick PZT layer. Ferroelectric switching peaks at a coercive voltage 

of 6 V are visible without any evidence of leakage currents up to 16 V, indicating the robust dielectric 

properties of the epi-piezo thin film on silicon. The value of remnant polarization is estimated to be 

around 70 μC cm-2 and the coercive field about 300 kV cm-1. 
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Figure 3.1. (a) 2θ θ−  diffractograms of a PZT(100 nm)/SRO(30 nm) heterostructure (top),  2θ θ−  

diffractograms of the STO buffer layer on silicon (001) (bottom). (b)  φ -scan measurements of the 

PZT (101) and Si (202) reflections.  

 

 
 

Figure 3.2. Current (right axis, round points)-voltage loop and corresponding polarization hysteresis 

of an epitaxial PZT thin film (200 nm thick) on silicon measured at 100 Hz. 
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3.3 Microfabrication 

Epitaxial piezoelectric MEMS are based on a piezoelectric layer grown on a silicon substrate through 

two oxide layers: STO used as buffer and metallic SRO used as bottom electrode. The presence of 

such layers requires specific microfabrication processes for their patterning. Moreover, it is essential 

that the excellent properties of the epi-piezo film are retained after the whole sequence of 

microfabrication processes to maximize the performance of fabricated devices. The process we have 

developed has been optimized with the right choice of the top electrode material and the minimization 

of the thermal budget. The variation in the polarization during the progress of the microfabrication 

process was also investigated.         

 

3.3.1 Top electrode materials 

In general, top electrodes are deposited and patterned at the beginning of the fabrication process to 

protect the piezoelectric thin films during the processing. However, it has been reported that in such 

heteostructures the thermal load due to the various step of the microfabrication can strongly affect the 

ferroelectric properties [21]. We have thus investigated the thermal budget for epitaxial PZT thin 

films with different top electrode materials. Tests were on ferroelectric layers grown on 10 × 10 mm2 

STO substrates. The capacitor structure consists of a SRO bottom electrode (30 nm), a PZT 100 nm 

thick film and a 60 × 60 μm2 top electrodes deposited at room temperature through a shadow mask by 

an e-beam evaporator. The metals used as the top electrodes and their thicknesses are shown in table 

3.1.  

  

Table 3.1. Top electrode materials and their thicknesses. 

Electrode type Adhesive layer  Electrode material  

Au / Cr Cr: 10 nm Au: 100 nm 

Pt / Ta Ta: 5 nm Pt: 135 nm 

Pt / Ti Ti:  5 nm Pt: 135 nm 

 

We measured current-voltage characteristics after annealing the sample in air for 30 minutes 

at different temperatures, ranging from 100 to 350 °C. The results show that the degradation in the 

remanent polarization (Pr) is most severe for the PZT thin films with a Pt/Ti electrode, and least 

severe for the one with a Au/Cr electrode. However, even for Au/Cr electrodes annealed at 350 °C, 

the leakage current becomes the dominant contribution.  

On the contrary, ferroelectric properties of bare epitaxial PZT thin films without metal 

electrodes are stable up to temperatures as high as 735 °C [22]. In this regard, we measured I-V 

characteristics of test structures where the metallization was realized after the annealing at high 

temperature. In this case, the polarization is not degraded by the annealing up to 400 °C. 
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These tests show clearly that the top electrode materials induce damages to the PZT thin film 

during the thermal annealing Thus, in order to avoid degradation of the dielectric properties, the 

electrode materials have been deposited and patterned at the end of the fabrication process. 

 

3.3.2 Process flow 

Epitaxial PZT transducers (membranes and cantilevers) are fabricated using micro-patterning 

techniques optimized for these oxide layers deposited on silicon wafers. The process flow used to 

realize these structures is illustrated in figure 3.3. Starting from a heterostructure of PZT/SRO/STO 

grown on Si as described in the previous section (figure 3.3(a)), contact pads are opened through the 

epitaxial PZT film to give access to the SRO bottom electrode, as shown in figure 3.3(b). For this 

step, a combination of 150 HCl: 350 H2O: 1 HF solution at 55 °C is used with 6-μm-thick AZ4562 

photoresist as the etching mask. The etch rate is of about 40 nm s-1. The use of thick photoresist is 

designed to reduce heavy under etching. This etch recipe is an effective technique to pattern large 

areas of PZT due to high etch rate, low cost and selective to the SRO metallic oxide electrode 

compared to a HCl:NHO3:H2O solution [23].  

 

 
 

Figure 3.3. Schematic of the microfabrication process for epi-piezo MEMS structures. 

 

For the cantilever fabrication, the shape of the cantilevers must be patterned from the top side 

through the PZT/SRO/STO stack while no top side structuring is required for the membranes. We 

investigated the etching of the multilayer stack in a single processing step using ion milling. The 

multilayer stack is etched using an Ion Tech ion milling machine with a pressure of 5.4×10-4 mbar and 

a 27 mA beam current with a bias voltage of 350 V (figure 3.3(c)). Materials like Pt or Au can be used 

as hard masks in the ion milling process and at the same time they can serve as top electrodes later 

[24, 25]. However we found that these materials can degrade the ferroelectricity in epitaxial 

piezoelectric films during high temperature processing as discussed in previous subsection. For this 

reason, the patterning of this stack was carried out by using the 11-μm-thick AZ4562 photoresist as a 

mask. Due to significant increase in temperature during the ion milling process, the photoresist was 
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hardened and its stripping became extremely difficult. Therefore, an ion milling process with 

alternating etching and cooling steps to avoid rising temperature was used. The alternative etching and 

cooling sequences were done for 3 min and 2 min, respectively, for a total etching time of 20 min. In 

this case, the photoresist can be removed easily by an oxygen plasma etcher followed by acetone. The 

PZT(100 nm)/SRO(30 nm)/STO (6 nm) stack etched by the ion milling shows steep etched profiles 

without residues. However, since the ion milling etching method does not exhibit an etching 

selectivity to the materials underneath, the etching progress must be monitored carefully since there is 

no etch-stop mechanism. It should be noted that this multilayer oxide stack can be structured by a 

CHF3/Ar plasma using the molybdenum (Mo) mask [26]. However it could have some influence on 

the degradation of the ferroelectric properties of epitaxial piezoelectric thin films. 

The back side of the wafer is then etched by deep reactive ion etching (DRIE) to define the 

thickness of the silicon membrane/cantilever (figure 3.3(d)). An Au(100 nm)/Cr(10 nm) layer is 

evaporated for electrical contacts to the top and bottom electrodes by a lift-off process (figure 3.3(e)). 

We deposited and patterned the electrodes at the end of the fabrication process in order to minimize 

the thermal budget during the process to avoid the degradation of the ferroelectric layer [27]. At this 

step, membranes are obtained. To release the cantilevers from the silicon wafer, a structural release 

process is performed using frequency-tripled Nd:YAG laser (λ = 355 nm) micromachining, which is 

operated in the direct write approach with a beam diameter of 20 μm from the frontside of the wafer 

(figure 3.3(f)). This technique offers an advantage for a structural release process of fragile structures 

from the top side of the wafer because it does not require a photolithographic step [28-30]. 

In order to optimize the microfabrication process, the value of the PZT remanent polarization 

is evaluated after each processing step. Figure 3.4 shows the P-E loops after the metallization process. 

As can be seen, no marked change in the expitaxial PZT thin film polarization is observed after the 

process. However, we observe leakage currents on some devices when an AC voltage over 10 V is 

applied, and we noticed that the coercive voltage slightly decreased. 

Circular membranes fully covered by an electrode with different diameters of 1000, 1500 and 

2000 μm with a silicon thickness of 20 μm, and cantilever beams (1000×2500×40 μm3) have been 

fabricated. Some of the fabricated epitaxial PZT transducers are shown in figure 3.5. The dimensions 

of these devices are based primarily on our specific needs aiming at developing and microfabricating 

a cantilever-based vibration energy scavenger and a membrane-based biosensor. For clarity, this paper 

will only discuss the behaviors and performances of the devices in static and dynamic operations. 

Researches on the specific applications will be reported elsewhere.  
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Figure 3.4. P-E loop and corresponding current-voltage loop of epitaxial PZT devices after the 

metallization process. 

 
 

Figure 3.5. (a) SEM image of a circular membrane (top view) with a diameter of 1000 μm. (b) Optical 

image of a cantilever (1000×2500×40 μm3). 

 

3.4 Results and discussion 

 

3.4.1 Static behavior 

We have studied the static behavior of the membranes. A DC bias voltage in the range of 0 to 4 V is 

applied between the top and bottom electrodes, and the deflection on the entire surface of the 

membrane is measured using an interferometric profiler (Wyko NT1100). It should be noted that high 

leakage currents are observed on some devices at the DC bias voltage over 4 V. This is possibly due 

to the large area of the contacts shown in figure 3.5. Therefore, the bias voltage up to 4 V is the upper 

limit for all static measurements.  
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The surface and deflection profiles of a 2000 μm diameter membrane are shown in figure 3.6. 

Without applying a bias voltage, the downward bending of the membrane due to residual stress is 

around ~6 μm. The residual stress present in the epitaxial films after growth was evaluated as low as 

60 MPa using a thin film stress measurement system (Tencor FLX-2320A). Such a small level of 

stress has been demonstrated by E. Hong et al. [31] to not be the cause of the bending observed. Thus, 

the small bending of epitaxial structures may be due to the presence of residual-stress built in by the 

large area of the Au/Cr electrode layers. Applying a DC bias voltage of 4 V, the membrane flexed 

upward, resulting in a deflection of about 27 μm at its center. Figure 3.7 shows the center deflections 

of membranes with different diameters as a function of voltage. At the bias voltage of 4 V, 1000 μm 

and 1500 μm diameter membranes can generate the center deflections of around 1.2 μm and 12 μm, 

respectively. Such membranes exhibit large defections at low voltages even if actuated by very thin 

epitaxial PZT films. These values are not directly comparable to the ones reported in the literatures 

due to different diameters, thicknesses and electrode configurations, but for example E. Hong et al. 

obtained the deflection of 7 μm at 100 V for a 800 μm diameter membrane with 2 μm thick PZT and 

2.8 μm thick silicon [31], and a membrane of 2500 μm in diameter with 2 μm thick PZT and 15 μm 

thick silicon generated 5.4 μm deflection at 50 V reported by Y. Hishinuma et al. [32]. A clear 

advantage of our technology is that our membranes actuated by very thin epitaxial PZT films enable 

large defections at very low voltages, which is very promising for low voltage applications. 

Static deflection of the 2500 μm long cantilevers has also been performed by applying a DC 

bias voltage in the range of 0 to 4 V. The upward bending of the beam due to residual stress is initially 

observed to be around 0.18 μm. The deflection of the free end of the beams as a function of the 

applied bias voltage is shown in figure 3.8. The PZT/Si cantilevers show non-linear displacement at a 

low bias voltage. However, the deflection of the beam exhibits excellent linear behavior when 

applying the bias voltage in the range of 1 to 4 V. The maximum relative deflection is ~4 μm at 4 V. 

In the linear domain (1 to 4 V), the piezoelectric coefficient 31d  is estimated from the slope of the 

linear fit using the following equations [33]: 

 

( )31 2
1
3 s p s s p
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Vs s h h h L
δ

= −
+

                                                                 (3.1) 

 
3 3 2 4 2 44 4 6 2 2

p s s p p s s p p s s p p s s pK s s h h s s h h s h s h s s h h= + + + +                            (3.2) 

 

where ss  and ps  are the compliance of the Si layer (7.7 × 10-12 m2 N-1 [34]) and PZT film (12.4 × 10-

12 m2 N-1 [35]) respectively, δ  the measured deflection, V  the applied bias voltage, L  the cantilever 

length, sh  the thickness of Si layer, and ph  the thickness of the PZT film. Looking at formula (3.1) 
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and (3.2), it can be seen that the main contribution comes from the terms involving the thickness of 

the Si ( sh ) which is two orders of magnitude larger than the thickness of the other layers. For this 

reason, the contributions of STO, SRO and Cr/Au are omitted in the calculation. 

 

                 

                                                             

 
 

Figure 3.6. Three-dimensional plots of a 2000 μm diameter membrane with bias voltage of (a) 0 V 

and (b) 4 V observed from the top side. (c) Deflection profiles of the membrane with different bias 

voltages. 
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Figure 3.7. Center deflections of epitaxial PZT membranes with different diameters as a function of 

applied voltage. 

 

 
 

Figure 3.8. Deflection of the free end of the cantilever (1000×2500×40 μm3) under various applied 

voltages. 

 

Calculation of the piezoelectric coefficient 31d  corresponding to the range of 1 to 4 V of the 

applied bias voltages yields a value of 130–140 pm V-1, which is better than the value of 

polycrystalline films with the same Zr/Ti ratio [36]. The piezoelectric coefficient 31d  can be increased 

by increasing the PZT thickness as reported by Haccart et al [37]. Research on this topic is now 

underway to increase the piezoelectric coefficients of the epitaxial PZT thin films.  
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3.4.2 Dynamic behavior 

The dynamic behavior is another important parameter to consider for PZT transducers. The resonant 

frequencies and modal shapes of transducers are characterized using a Polytec MVS-400 laser 

Doppler vibrometer. A large range of frequencies is spanned to find the first five modes of 

resonances. Modal shapes of each resonant mode are also characterized. Quality factors of transducers 

operating in atmospheric pressure and under vacuum are evaluated using a Polytec OFV 502 fiber 

interferometer and OFV 3000 vibrometer controller.  

The membranes are excited by a white noise signal with an amplitude of 1 V in the frequency 

range of 0 to 400 kHz. The laser beam is positioned slightly off-centered from the membrane center in 

order to detect both symmetric and asymmetric modes of vibrations. In figure 3.9, the frequency 

response of a 2000 μm diameter membrane is presented. In order to determine the right resonant 

frequencies, excluding the response peaks due to environmental inputs, the modal shapes of vibrations 

are characterized by means of laser scanning while applying a 1 V sinusoidal signal. Figure 3.10 

shows the modal shapes corresponding to the first five resonant frequency of the 2000 μm diameter 

membrane. The first resonance appeared at 71.56 kHz, the second at 143.75 kHz, the third at 245.00 

kHz, the forth at 276.88 kHz, and the fifth at 343.44 kHz.  

 

 
 

Figure 3.9. Frequency response of a 2000 μm diameter membrane excited by a white noise signal. 

Resonant peaks are indicated by solid circles while numbers are the mode numbers. The peaks 

appearing at 100 and 200 kHz are due to the measurement set-up. The inset shows the first resonant 

peak of the membrane excited by a sinusoidal voltage of 1 V amplitude.   

 

The membrane is also actuated by a sinusoidal signal with the amplitude of 1 V in the range 

from 61 to 81 kHz, near its first resonant frequency. The resonant peak is obtained, as shown in the 

inset of figure 3.9. Using the same techniques, the first resonant peak on different membranes is 
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found, as shown in figure 3.11. The resonant amplitude increases with the increase in the diameter of 

membranes. The best sensitivity of 0.24 μm V-1 is achieved on the 2000 μm diameter membrane.  

 

 

 

 

 

 

 

 

 

 
 

Figure 3.10.  Modal shapes of vibrations using a laser scanning method. The first resonance appeared 

at (a) 71.56 kHz, (b) the second at 143.75 kHz, (c) the third at 245.00 kHz, (d) the forth at 276.88 

kHz, and (e) the fifth at 343.44 kHz.  
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Figure 3.11. First resonant peaks of different size membranes. 

 

By using the above techniques, the dynamic behavior of a 2500 μm long cantilever is also 

investigated. Figure 3.12 shows the frequency spectrum of the cantilever excited by a white noise 

signal of 1 V with frequencies varying between 3 and 300 kHz. The first five modes of resonances are 

found to be at 8.13, 50.63, 96.56, 192.88, and 285.94 kHz. The insets of figure 3.12 illustrate the 

corresponding modal shapes obtained using the laser scanning. The cantilever was then excited at its 

first resonant frequency by applying 1 V sinusoidal signal. The sensitivity of 5 μm V-1 was achieved 

as shown in figure 3.13.   

 

 
 

Figure 3.12. Typical frequency response of a cantilever (1000×2500×40 μm3). The corresponding 

modal shapes are shown in the insets.  
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Figure 3.13. Tip displacement of the cantilever as a function of the frequency. 

 

In resonant applications, the quality factor ( Q  factor) is another important parameter. For 

instance, the sensitivity of resonant devices used for detection of small forces depends on the spectral 

resolution, which is proportional to the Q  factor of the resonant mode. Therefore, a higher Q  factor 

is very much preferred. The Q  factor of our transducers was analyzed either in atmospheric pressure 

or in vacuum, for the fundamental mode of resonance. The Q  factor is defined as the ratio between 

the resonant frequency ( rf ) and the width of resonant peak at its half height ( fΔ ), i.e. /rQ f f= Δ . 

The transducers, placed in a vacuum chamber, are excited by applying a sinusoidal signal of 1 V 

(Hewlett Packard HP 33120A function generator), and the vibration velocity of the transducers was 

measured using the Polytec OFV 502 fiber interferometer incorporating with the OFV 3000 

vibrometer controller. By using a DSO1014A oscilloscope (Agilent Technologies Inc.), the output 

voltage of the vibrometer is recorded. Such voltage is directly proportional to the deflection of 

transducers. The whole measurement system is set on a vibration isolation table to avoid mechanical 

noise. 

Typical frequency spectra for a 1500 μm diameter membrane and a 2500 μm long cantilever 

under different pressure conditions are shown in figure 3.14. We observe that the resonant peaks 

increases and shifts to higher frequency with decreasing the pressure. This phenomenon is due to the 

reduction of air damping around the structures.  In the case of the membrane, the Q  factor is 50 in 

atmospheric pressure, and increased markedly to 323 under the vacuum of 0.1 mbar. A sharp resonant 

peak is obtained. On the other hand, the resonant peak of the cantilever slightly increases under 

vacuum. It was argued that cantilever structures are less affected by the air damping compared to 

membrane structures [38]. In atmospheric pressure, our cantilever exhibited a high Q  factor of 169. 

Such a value, obtained for an epitaxial structure, is better to the one recently observed in sensors 

based on polycrystalline films [39]. Under a pressure of 0.1 mbar, the Q  factor is measured to be 284.  
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Figure 3.14. Frequency spectra for (a) a 1500 μm diameter membrane and (b) a 2500 μm long 

cantilever under atmospheric and 0.1 mbar pressures. 
 

All experimental results presented in this section reveal the potentials of epitaxial 

piezoelectric MEMS devices both in static and dynamic working operations. An interesting aspect of 

the epitaxial PZT transducers is that the operational voltage is low compared to transducers actuated 

with polycrystalline PZT films. A large displacement can be obtained from the epitaxial PZT films 

due to excellent piezoelectric properties. Moreover, a strong harmonic oscillation with a high quality 

factor in dynamic mode can be achieved.  
 

3.5 Conclusions 

In conclusion, we have demonstrated the fabrication of piezoelectric MEMS based on epitaxial thin 

films prepared on silicon wafers. Pb(Zr0.2Ti0.8)O3 thin films epitaxially grown on  2″ (001) silicon 

substrates with an oxide bottom electrode exhibit high crystalline quality and good piezoelectric 

properties. The microfabrication process has been optimized for these oxide layers with special 

emphasis in maintaining the piezoelectric properties of the epi-piezo films. The measured polarization 

revealed no degradation of the PZT properties throughout the process. In order to analyze the 

behavior of the fabricated transducers, their static and dynamic characteristics have been investigated. 

A 100-nm thin epitaxial PZT film is able to flex the 2000 μm diameter membrane by more than 25 

μm at 4 V, while a total displacement of 4 μm is obtained for the 40 μm thick cantilever. The epitaxial 

PZT transducers demonstrate relatively large deflections at low bias voltages in the static mode, 

which could be of great interest in many applications including micro pumps, micro valves, or 

deformable micro mirrors. In the dynamic mode, the epitaxial PZT cantilever exhibits a deflection of 

several microns. The membrane with a diameter of 1500 μm resonating at 95 kHz exhibits an 

excellent quality factor of 323 under vacuum, which is particularly suitable for the development of 
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ultrasensitive mass sensors. The integration of epitaxial perovskite thin films on silicon is a promising 

technology, which could allow new advanced MEMS to be realized.  
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ABSTRACT 

This letter investigates the electrical characteristics of a piezoelectric cantilever for vibration energy 

harvesting by utilizing an epitaxial Pb(Zr0.2Ti0.8)O3 thin film. The electrical characteristics of the 

epitaxial piezoelectric harvester are analyzed in the viewpoint of material properties and compared 

with other piezoelectric harvesters. The outcome reveals that the piezoelectric harvester realized with 

epitaxial piezoelectric film enables large power generation, low optimal resistive load, and high 

output current. The power generation of the epitaxial device (0.1325 mm3) measured at its resonant 

frequency (2.3 kHz) produces 14 µW g-2, 60 µA g-1 and 0.28 V g-1 for an optimal resistive load of 4.7 

kΩ.  
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4.1 Introduction 

MEMS based energy harvesters are attractive as an alternative power source for low-power electronic 

devices and sensors, with as one of their potential applications, their implementation in wireless 

sensor nodes. The development of harvesters to generate energy from vibrations has advanced rapidly 

during the past few years. Several transduction methods including electromagnetic induction, 

electrostatic generation, and piezoelectric materials have been discussed in review articles [1, 2]. 

Among these methods, piezoelectric materials have received the most attention due to directly convert 

vibration energy into electrical energy with a high power density and ease of integration into a system 

[3]. Several piezoelectric silicon micromachined energy scavengers, mainly based on polycrystalline 

lead zirconate titanate (PZT) and aluminum nitride (AlN) films, have been proposed by various 

research groups. Recently, a 31d -mode (transverse) piezoelectric harvester based on AlN films has 

been reported, which exhibits an excellent output power of 60 µW [4]. The use of the 33d -mode 

(longitudinal) [5,6] has been demonstrated with the use of PZT cantilevers with the advantage of a 

higher generated voltage due to higher piezoelectric coefficient and ability to optimize capacitance by 

changing the top electrode patterns. For these different types of harvesters, many designs utilizing 

polycrystalline films have shown to generate interesting power levels requiring a high optimal 

resistive load. The power is of course a very important parameter, but their output current or voltage is 

not always optimum depending on the type of piezoelectric films and operating modes used. Current, 

voltage and load are of considerable importance and are function of the properties of the piezoelectric 

film used, the later being therefore a key issue to consider to improve the overall performance of 

energy harvesters  

We have demonstrated that the properties of epitaxial piezoelectric films lead to MEMS 

devices with superior performances [7], and we are now evaluating the benefits that these epitaxial 

films could bring to mechanical energy harvesters. So far, the vibration energy harvesting involving 

epitaxial PZT (epi-PZT) thin films have been seldom reported [8, 9]. In this letter, we investigate the 

use of an epitaxial Pb(Zr0.2Ti0.8)O3 film and its electrical properties for energy harvesting applications. 

A very interesting outcome is that the epi-PZT harvester generates higher power and current with 

usable voltage, and requires lower optimal resistive load compared to piezoelectric harvesters realized 

with polycrystalline PZT (poly-PZT) or AlN films. We are also proposing an analysis of the results 

obtained in relation with the electrical characteristics of the different piezoelectric materials. 

 

4.2 Device fabrication and characteristics 

Our energy harvesting device consists of multilayered epitaxial oxide films deposited on a silicon 

cantilever beam ended with a Si proof mass designed based on our modeling [9]. A Pb(Zr0.2Ti0.8)O3 

layer is grown by off-axis magnetron sputtering on a silicon substrate [7] through two oxide layers: a 

structural buffer SrTiO3 (STO) grown by MBE [10] and a bottom electrode SrRuO3 (SRO) grown by 
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off-axis magnetron sputtering. The typical stack results as PZT (500 nm)/SRO (30 nm)/STO (6 

nm)/Si. The residual stress present in the epitaxial films after growth was evaluated as low as 60 MPa 

using a thin film stress measurement system (Tencor FLX-2320A). The harvester (figure 4.1) is then 

fabricated using micro-patterning techniques optimized for the oxide layers deposited on silicon as 

detailed in [7].  

  

 

 

Figure 4.1. Optical image of an epi-PZT cantilever (1000×2500×7 µm3) with a Si proof mass 

(1000×500×230 µm3). The inset shows the Si proof mass on the back side of the cantilever. The 

effective volume of the final device is 0.1325 mm3. 

 

The dielectric constant rε  of the epi-PZT thin films characterized by the measurement of the 

capacitance values on the Cr/Au top electrodes of 100×100 µm2 area yields a value of 70-100. The 

piezoelectric coefficient 31d  of the epi-PZT thin films was estimated from the displacement at the free 

end of the epi-PZT cantilevers (1000×2500×40 µm3) using an interferometric profiler (Wyko NT110) 

[7]. We did not have to perform a poling treatment on our films prior to the measurements since they 

were naturally polarized. The deflections of the cantilevers coated with 100 nm thick epi-PZT films 

were measured as a function of dc voltage (figure 4.2(a)). Calculation of the piezoelectric coefficient 

31d  yields a value of 135.4 ± 7.1 pm V-1. Figure 4.2(b) shows the 31, fe  as a function of applied 

voltage calculated following the derivation of Muralt [11]. The effective piezoelectric coefficient 

31, fe  of 18.2 ± 0.9 C m-2 is estimated for the epi-PZT (20/80) thin films, which is significantly higher 

than what has been reported in the past [12]. Such a high value of the effective piezoelectric 

coefficient 31, fe  could arise from 90° domain-wall contributions due to partially released clamping of 

the cantilever structure, which gives rise to a substantial increase in the effective piezoelectric 

coefficients [13]. It should be noted that all rε  and 31, fe  values were obtained from different epi-PZT 
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cantilevers located in the center area of the wafer, where the epi-PZT film have homogeneous 

thickness and quality.  

 

 

 

Figure 4.2. (a) Cantilever deflection and (b) effective piezoelectric coefficient under dc excitation. 

The effective piezoelectric coefficient was calculated from the measured 31d  and the elastic constants 

11
Es  (10.8 × 10-12 m2 N-1) and 12

Es  (-3.35 × 10-12 m2 N-1) from [14]. 

 

In PZT thin films, a variety of factors, including orientation, grain size, strain effect, and 

composition all impacts the piezoelectric properties. Poly-PZT thin films appear often to follow bulk 

behavior; their properties are strongly affected by the Zr/Ti ratio. Their piezoelectric, dielectric, and 

ferroelectric properties are maxima near the morphotropic phase boundary [15, 16]. However, it has 

been reported that the behaviors of epitaxial or highly oriented films were quite different from those 

of bulk ceramics [15, 17]. Therefore, the high piezoelectric coefficient obtained from our epi-PZT 

(20/80) films is a primary consequence of the high degree of crystallographic orientation in the 

epitaxial films as well as the composition of the epi-PZT having a low lattice mismatch with the 

substrate. The latter is considered to be a key parameter to reduce strain effects, and thus further 

improve the piezoelectric performance [18, 19]. Moreover, owing to decreased substrate clamping, 

the movement of 90° domain walls in epi-PZT cantilevers increases the effective piezoelectric 

coefficient, which is larger than the theoretical value of a bulk single crystal. The microfabrication 

process optimized for these oxide layers is also a crucial factor to maintain the excellent piezoelectric 

properties of the epi-PZT films. As the result, the epi-PZT (20/80) films exhibit a high piezoelectric 

coefficient and a low dielectric permittivity resulting in a high electromechanical coupling factor, 

which can enhance the performance of piezoelectric energy harvesters [20]. 
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4.3 Results and discussion 

In the experiment, the resonant frequency rf  of the epi-PZT cantilever is first characterized using a 

Polytec MVS-400 laser Doppler vibrometer, and found at 2302 Hz. The power generation 

performance of the device is then investigated with a shaker (Bruel & Kjaer type 4811) driven by a 

vibration exciter control (type 1050) and a power amplifier (type 2712), by applying an acceleration 

as a mechanical input. The device is connected with various resistive loads LR , and the current rmsI  

generating through a resistive load under different acceleration levels is recorded with a multimeter 

(Agilent 34411A). The corresponding average power is calculated by 2
ave rms LP I R= . The output 

current, average power and voltage rmsV  as a function of resistive loads are shown in figure 4.3. These 

output data are normalized per square acceleration (g2) for output power and per acceleration (g) for 

current and voltage in order to compare its performance with other MEMS energy harvesters. A 

maximum output power of 14 µW g-2 with 60 µA g-1 output current from a single device is obtained 

for an optimal resistive load of 4.7 kΩ, and thus resulting in the output voltage of 0.28 V g-1. The 

maximum power density is as high as 105.66 µW  g-2 mm-3.   

 

 

 

Figure 4.3. (a) Average power, (b) output current and (c) corresponding output voltage of an epi-PZT 

harvester versus resistive load.  
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Table 4.1 shows the electrical output characteristics of the energy harvester based on the epi-

PZT film compared with other piezoelectric harvesting devices based on poly-PZT and AlN films. 

The epi-PZT harvester produces superior performances, higher current and smaller resistive load, due 

to excellent ferroelectric properties. Although, the power generated by the epi-PZT is similar to that of 

AlN, the epi-PZT harvester exhibits the highest power density, which is of high interest when 

realizing miniaturized devices. Usually, energy harvesting devices with a low optimal load resistance 

are highly desirable because they can generate high output current, and also their impedance can be 

easily matched to standard electronic devices. Referring to the table, the energy harvesting devices 

based on poly-PZT and AlN films demonstrated useful power generation, but their high impedances 

limit the output current. Considering the poly-PZT films with different operation modes, the power 

generated from the 31d -mode devices is mainly due to higher current than voltage, while the 33d -

mode devices can generate higher voltage at the cost of producing a lower current. Unlike the 

polycrystalline film based devices, the device reported here using a thin epi-PZT film can generate 

high power and current with usable voltage, while maintaining low optimal resistive load.  

 

Table 4.1. Performance comparison among MEMS energy harvesters. 

Reference Type of device 
Piezo thickness 

(µm) 

Effective volume  

(mm3) 

Power 

(µW g-2) 

Power density 

(µW g-2mm-3) 

Voltage density     

(V g-1 mm-3) 

Current density       

(µA g-1 mm-3) 

Frequency 

(Hz) 

Optimal load 

(kΩ) 

Fang et al [21] d31 PZT 1.64 0.1944 2.16 11.11 1.06 49.5 608 21.4 

Shen et al [22] d31 PZT 1 0.6520 0.54 0.82 0.09 14.57 462.5 6 

Jeon et al [5] d33 PZT 0.48 0.0270 0.01 0.32 7.85 1.52 13900 5200 

Lee et al [6] d33 PZT 5 0.6120 0.32 0.53 1.19 2.34 214 510 

Elfrink et al [4] d31 AlN 0.8 >12.7272 15 <1.18 <0.20 <0.45 572 100-1000 

This research d31 epitaxial PZT 0.5 0.1325 14 105.66 2.11 449.62 2302 4.7 

 

Based on the piezoelectric properties of the different films, we will in the following compare 

the electrical characteristics of the piezoelectric harvesters made of different films, identifying which 

properties make the epi-PZT exhibiting a unique behavior. The figures of merit for the power (PF): 

2
31, /f re ε , the voltage (VF): 31, /f re ε , the current (IF): 31, fe , and the electromechanical coupling (KF): 

2
31, /f re ε  were used for comparison purpose [12]. From reference [12], the 31, fe  and rε  values for 

the AlN are -1.05 C m-2 and 10.5 respectively, while for the poly-PZT (Zr/Ti=53/47) these values are -

12 C m-2 for 31, fe  and 900 for rε . Thus, the PF values of the AlN (0.11) and the poly-PZT (0.16) are 

much lower than that of epi-PZT (3.31). The epi-PZT based harvester can generate more power than 

the other piezoelectric films because of its higher PF. The higher current output obtained from the epi-

PZT can be explained by its superior piezoelectric coefficient. The VF value of AlN is similar to that 

of epi-PZT, while the poly-PZT exhibits the lowest VF. Concerning the resistive load, the optimal 

resistive load LR  can be determined through the non-dimensional parameter (2 )L rR C fψ π= , where 

C  is the harvester capacitance [23]. This parameter depends strongly on an electromechanical 
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coupling coefficient k , where 1ψ =  for a low k  value and 1ψ ≪  for a high k  value. The poly-PZT 

and AlN devices are considered as a low coupling system (low KF value), their optimal resistive loads 

can be calculated at 1ψ =  by 1 (2 )L rR f Cπ= . Therefore, the AlN devices require a much higher 

optimal resistive load than the poly-PZT devices due to a lower dielectric constant. Considering 

harvesters based on the epi- and poly-PZT thin films, the poly-PZT has a higher capacitance value 

than the epi-PZT. However, the coupling of the epi-PZT devices is much higher due to a high KF 

value ( 1ψ ≪ ). Consequently, the epi-PZT harvesters require a lower optimal load, which is favorable 

for the impedance matching with electronic devices.  

 

4.4 Conclusions 

In summary, the electrical characteristics of a vibration energy harvester based on an epitaxial 

Pb(Zr0.2Ti0.8)O3 thin film have been evaluated analytically and experimentally in comparison with 

other piezoelectric films. The measurements demonstrated that the epi-PZT thin films provided a 

large piezoelectric coefficient 31, fe  of 18.2 C m-2 without a poling treatment and a low dielectric 

constant of 100, which are key parameters to realize high performance piezoelectric energy 

harvesters. The epi-PZT harvester can achieve a maximum power density of 105.66 µW g-2mm-3 at a 

low optimal load of 4.7 kΩ. Based on this study, the epi-PZT film has a high potential for vibration 

energy harvesting applications as it can provide high electrical output at a low optimal load. Future 

work will address on the influence of epi-PZT composition, crystal structure and thickness as well as 

device optimization.  
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ABSTRACT 

This paper focuses on the fabrication and evaluation of vibration energy harvesting devices by 

utilizing an epitaxial Pb(Zr0.2Ti0.8)O3 (PZT) thin film. The high quality of the c-axis oriented PZT 

layer results in a high piezoelectric coefficient and a low dielectric constant, which are key parameters 

in order to realize high performance piezoelectric energy harvesters. Different cantilever structures, 

with and without a Si proof mass, are realized using micro-patterning techniques optimized for the 

epitaxial oxide layers, to maintain the piezoelectric properties throughout the process. The 

characteristics and the energy harvesting performances of the fabricated devices are experimentally 

investigated and compared to analytical calculations. The optimized device based on a 0.5 μm thick 

epitaxial PZT film, a cantilever beam of 1 mm × 2.5 mm × 0.015 mm, with a Si proof mass of 1 mm × 

0.5 mm × 0.23 mm, generates an output power, current and voltage of, respectively, 13 μW g-2, 48 μA 

g-1 and 0.27 V g-1 (g = 9.81 m s-2) at the resonant frequency of 2.3 kHz for an optimal resistive load of 

5.6 kΩ. The epitaxial PZT harvester exhibits higher power and current with usable voltage, while 

maintaining lower optimal resistive load if compared with other examples present in the literature. 

These results indicate the potential of epitaxial PZT thin films for the improvement of the 

performances of energy harvesting devices. 

Accepted for publication in Smart Materials and Structures 



5.1 Introduction 

 Energy harvesting devices are attractive as an energy source for powering micro-devices, 

such as small wireless sensor networks, biomedical implants, environmental condition monitoring 

systems and structural health monitoring systems [1-5]. The development of devices able to convert 

kinetic energy from vibrations, forces or displacements into electric output has advanced rapidly 

during the past few years because such energy can be found in numerous applications, including 

industrial machines, transportations, household goods, civil engineering structures, and portable and 

wearable electronics [3, 6, 7]. Several transduction methods can be used for energy harvesters 

including electromagnetic induction [8], electrostatic generation [9], and piezoelectric materials [10]. 

The choice of the transduction methods depends mainly on the applications since there is no clear 

evidence with respect to the preferred transduction methods [11]. Nevertheless, among these methods, 

piezoelectric materials have received the most attention due to directly convert vibration energy into 

electrical energy with a high power density and ease of integration into a system [4, 12, 13], and thus 

they are well suited to miniaturization. Moreover, harvesters based on piezoelectric materials have a 

wider operating range at low frequency than the other transduction methods, which can be efficiently 

utilized to harvest energy from common environmental vibrations [11].  

 Polycrystalline lead zirconate titanate is the most popular piezoelectric material utilized for 

energy harvesting applications due to its high piezoelectric coefficient. There are two operation 

configurations, the  mode and the  mode, which are commonly used in piezoelectric harvesters. 

The  mode harvesters have a PZT layer in between top and bottom electrodes, while the  mode 

harvesters eliminate the need for a bottom electrode by utilizing interdigit electrodes on the top of a 

PZT layer. Conventionally, bulk piezoelectric harvesters have been developed using the  mode, 

which have shown to generate power levels suitable for several applications [10, 12, 14, 15]. 

However, the use of  mode for thin-film PZT harvesters often can not provide voltage high enough 

to activate power management circuits [16]. Therefore, energy harvesters based on PZT thin films 

employing the  mode have been developed, compensating the relative low output voltage through 

the use of a higher piezoelectric coefficient [17] and the optimization of the capacitance by changing 

the top electrode patterns [18]. Besides PZT thin films, piezoelectric energy harvesters based on 

aluminum nitride (AlN) thin films have shown an impressive output power of 60 μW [19]. Usually, 

the power is not only governed by the effective piezoelectric coefficient  [20] but also by the 

dielectric constant 

31d 33d

31d 33d

31d

31d

33d

e

ε , being proportional to the ratio 2e ε  [21]. The effective piezoelectric coefficient 

 can be calculated from the given piezoelectric coefficient, taking into account the elastic modulus 

and the Poisson ratio of the material. Indeed, although the piezoelectric coefficients of the AlN thin 

films are lower than those of the PZT thin films, AlN is considered as a candidate material for the 

energy harvesting applications since the value of 

e

2e ε  for AlN thin films is comparable to the one of 
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PZT owing to their lower dielectric constant [19]. While different types of harvesters utilizing 

polycrystalline films demonstrate interesting power generation levels, the characteristics of the 

generated voltage and current with respect to the optimal resistive load obtained are different and not 

always optimum. In general, the electrical characteristics of piezoelectric energy harvesters depend on 

the properties of the piezoelectric films. Therefore, the type of the piezoelectric films is a key issue to 

consider in order to improve the overall performance of energy harvesters.       

 Epitaxial PZT thin films grown on silicon substrates are receiving a lot of interest for many 

applications because their excellent properties are promising for the realization of novel electronic and 

MEMS devices [22-25]. In general, epitaxial PZT thin films exhibit piezoelectric and ferroelectric 

properties superior to polycrystalline films [26]. It is also known that the epitaxial PZT thin films 

exhibit not only excellent piezoelectric coefficients but also low dielectric constants due to the high c-

axis orientation [27, 28], properties that are known to enhance the performance of piezoelectric 

energy harvesters, as it was mentioned above. In spite of this positive advancement, the research 

focused on vibration energy harvesting devices based on epitaxial PZT thin films has been seldom 

reported [29, 30]. Reilly et al first reported on energy harvesters based on epitaxial thin films grown 

by pulsed laser deposition [29]. Despite the high quality of the epitaxial films, the power was 

significantly low (~1 μW cm-3) due to some damage to the piezoelectric film caused by the fabrication 

process. Recently, Morimoto et al. designed and fabricated energy harvesters composed of epitaxial 

PZT films transferred onto stainless steel cantilevers to enhance output power efficiency and to 

improve structural toughness [30]. The transferred epitaxial PZT films exhibited a low dielectric 

constant and high piezoelectric coefficient, which were able to produce 5.3 μW at 0.5 g acceleration. 

However, the fabrication throughput, reproducibility and device miniaturization seem to be limited. 

While the growth of epitaxial piezoelectric thin films on silicon is promising for MEMS based energy 

harvesters, several challenges still remain for the development of high performance devices based on 

the epitaxial PZT thin films.      

 In this paper, we report on the realization and characterization of vibration energy harvesting 

MEMS devices based on an epitaxial Pb(Zr0.2Ti0.8)O3 thin film having a high piezoelectric coefficient 

and a low dielectric constant. The analytical power model and finite element model used to design and 

optimize the devices, and the choice of the actual PZT stoichiometry for energy harvesting 

applications are discussed. The results on the fabrication and characterization of the epitaxial PZT 

cantilevers with and without a Si proof mass are presented. Different characteristics of the fabricated 

epitaxial PZT harvesters have been studied: their dynamic behavior, electromechanical coupling 

coefficient and energetic performances. The electrical characteristics of the harvesters, i.e. power, 

voltage, current and load were experimentally investigated and the results obtained are in good 

agreement with the analytical model. The performances of the epitaxial PZT harvesters are also 

compared with other demonstrated energy harvesters.  
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5.2 Principle and design  

 

5.2.1 Analytical power model for piezoelectric energy harvesters 

 An analytical power model is used for estimating the output power of piezoelectric energy 

harvesters. Additionally, it is also used for the device design optimization, in order to find the optimal 

parameters. Many previous researches have developed analytical power models describing the effect 

of the parameters on the generated output power of the piezoelectric energy harvesters [31-38]. In this 

work, the analytical power model for a piezoelectric bimorph cantilever with a mass placed on the 

free end developed by Roundy et al. is applied [12]. This model was derived by combining the 

standard beam equations with the constitutive equations for a piezoelectric material and a resistive 

load, defined as: 
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where : output power of piezoelectric bimorph cantilever, bP LR : resistive load, : capacitance of 

the PZT film, 

bC

pE : Young’s modulus of the PZT film, : piezoelectric coefficient, : thickness of 

PZT, 

31d pt

st : thickness of silicon, : length of cantilever, : acceleration of vibration source, bl inA ζ : 

mechanical damping ratio, : coupling coefficient, and k ω : the angular frequency of the vibration 

source, which is equal to the resonant frequency of the cantilever. Our energy harvesting device 

consists of multilayered epitaxial oxide films deposited on a Si cantilever beam ended with a Si proof 

mass as shown in figure 5.1. Si is used as a supporting layer and a proof mass. SrTiO3 (STO) is a 

buffer layer for the subsequent epitaxial growth. SrRuO3 (SRO) is a metallic oxide film used as a 

bottom electrode. Au/Cr is used as a top electrode and an electrical contact for the bottom electrode. 

The STO, SRO and Au/Cr layers are much thinner than the thickness of the PZT and Si stack; hence 

they are omitted in the calculation for simplification. Since the configuration of the energy harvesting 

device considered in this work is a unimorph cantilever, its output power is a quarter of power 

obtained from the bimorph structure. Thus, the output power of the unimorph cantilever ( ) can be 

expressed by: 

P

  

1
4 bP P= .                 (5.2) 
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 Concerning the resistive load, the main point is that it must be matched to the impedance of 

the harvester to maximize the output power. The optimal resistive load can be calculated by: 
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ζ
π ζ

=
+

                                                           (5.3) 

 

where rf  is the resonant frequency. This equation implies that the capacitance of the harvester can 

adjust the optimal resistive load. Usually, energy harvesting devices with a low optimal load 

resistance value are highly desirable because their impedance can be easily matched to standard 

electronic devices. Such harvesters could thus be directly used for electronic devices without an 

impedance matching circuit resulting in improving the efficiency of the energy harvesting system 

[39].       

 

 
 

Figure 5.1. Schematic diagram of an epitaxial PZT harvester. 

 

5.2.2 Resonant frequency 

The frequencies of the ambient vibrations in our environment range from 60 to 200 Hz [40]. 

The energy harvesting device needs to be designed to match such low frequency range in order to 

achieve the maximum output power. In this work, the finite element analysis was performed to predict 

the resonant frequencies of the devices, since it is a better approach for complex structures compared 

to analytical model [41, 42]. A three-dimensional finite element model was created with the finite 

element modeling software ANSYS® (ver. 12.0). Two-layer cantilever structures consisting of a Si 

layer and an epitaxial PZT thin film with and without a Si mass were modeled. All the others much 

thinner layers, Au/Cr, STO and SRO, were not modeled in order to simplify the finite element model. 

We assume that the thickness of epitaxial PZT layer includes the thickness of the top Au/Cr electrode, 

and the STO and SRO layers are considered as the parts of the Si layer. The material properties listed 

in table 5.1 and the geometric parameters were introduced into the model. Zero displacement were 

applied in the x, y and z directions at the one end of the cantilevers. The epitaxial PZT layer was 

meshed using the SOLID5 coupled-field solid elements, while the Si layer was meshed using the 
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SOLID45 3-D structural solid elements. The Block Lanczos method was used to find the resonant 

frequencies of the devices.  

 

Table 5.1. Material properties used in FEM simulation. 

Material  Density 

(kg m-3)

Young's modulus 

(GPa) 

Poisson's ratio Elastic constant 

(GPa) 

Piezoelectric constant 

(C m-2) 

Dielectric constant 

Silicon [43] 2330 120 0.28 - - - 

Epitaxial PZT [25,44] 7550 - -  c11 = 119.0 e31 = -5.6  ε33 = 100 

         c12 = 57.9 e33 = 11.3  

    c13 = 56.0 e15 = 7.6  

      c33 = 110.0   

    c44 = 30.5   

        c66 = 30.4     

 

5.2.3 Selection of Zr/Ti composition for PZT energy harvesters  

 The performance of energy harvesters usually depends on their electrical characteristics. In 

case of PZT energy harvesters, the electrical characteristics are mainly function of the Zr/Ti 

composition. Most of the PZT energy harvesters utilized the PZT thin films with a stoichiometry near 

the morphotropic phase boundary (MPB), i.e. around Zr/Ti = 53/47, because the piezoelectric 

coefficients are highest at this composition [45-47]. Nevertheless, the electrical characteristics of the 

PZT energy harvesters depend not only on the piezoelectric coefficients, but also on the dielectric 

property. In this study, the electrical characteristics of the PZT energy harvesters with different Zr/Ti 

compositions are therefore evaluated by looking at the effective piezoelectric coefficient  and the 

relative dielectric constant 

31e

rε . The figures of merit for the various electrical characteristics are 

summarized in table 5.2 [48, 49].  

 

Table 5.2. Figures of merit for piezoelectric energy harvesters. 

 Electrical characteristic Figure of merit 

Power generation (PF) 2
31e ε  

Voltage generation (VF) 31e ε  

Current generation (IF)   31e

 
Referring to table 5.2, when developing the high performance PZT energy harvesters, it is of 

critical importance to select the PZT composition, which has high piezoelectric coefficient and low 

dielectric constant values, in order to obtain the high values of figures of merit. The properties of the 
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PZT thin films with different Zr/Ti compositions have been widely studied by various research groups 

[47, 50-52]. Based on these studies, the figures of merit for various electrical characteristics were 

estimated and plotted in figure 5.2 [52]. It shows a decreasing trend for the power and voltage 

generation figures of merit when increasing Zr content of the PZT thin films. On the other hand, the 

current generation figure of merit increases with increasing Zr content, and is highest at the 

composition near the MPB. It should be noted that these figures of merit were estimated from the 

polycrystalline PZT thin films, whose piezoelectric coefficient is the highest at the MPB and dielectric 

constant increases with increasing Zr content [52]. However, the maximum in the piezoelectric 

coefficient of the well-oriented PZT thin films is often, but not always, observed at the MPB [45, 47, 

48, 51]. The piezoelectric coefficient depends on a variety of factors: orientation, grain size, and strain 

effect. Taking these results into account as design guidelines, the epitaxial thin film with a 

stoichiometry as Pb(Zr0.2Ti0.8)O3 is our choice for energy harvesting applications due to the high 

power and voltage generation figures of merit. It is worth to notice that, although the figure of merit 

of the output current for this PZT composition is lower than the others, the high degree of 

crystallographic orientation in the epitaxial films can enhance the piezoelectric coefficients resulting 

in a higher current generation. Furthermore, an epitaxial thin film with the chosen stoichiometry has a 

small lattice mismatch with the substrate [53], which can reduce strain effects, and thus further 

improve the piezoelectric properties [50, 54].   

  

 
 

Figure 5.2. Figures of merit as the function of Zr concentration calculated based on the piezoelectric 

coefficients and the dielectric constants in [52]. 
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5.3 Fabrication 

 

5.3.1 Epitaxial PZT thin films growth on silicon 

The quality of piezoelectric thin films integrated on silicon devices is very important for device 

performances and reliable use. It is essential to develop a controlled growth procedure to obtain high 

quality piezoelectric thin films on silicon. The epitaxial growth of piezoelectric thin films is a possible 

way to integrate high quality piezoelectric films on silicon. Once the difficulties related to the epitaxy 

of oxides on silicon [55, 56] are overcome, epitaxial piezoelectric films present a number of 

advantages over the textured ones, such as high forces, low driving voltage, and high energy-

conversion efficiency [50], which allow the realization of MEMS with enhanced actuation/detection 

properties. 

The PZT thin films can be epitaxially grown on silicon through proper intermediate layers. In 

this work, a 10-20 unit-cell thick SrTiO3 (STO) buffer layer is grown onto 2″ Si (001) wafers by 

molecular beam epitaxy (MBE) in order to chemically engineer the interface between silicon and the 

oxide [57, 58]. This layer represents a good template for the subsequent growth of a metallic SrRuO3 

(SRO) film, used as a bottom electrode, grown by off-axis magnetron sputtering. A ferroelectric 

Pb(Zr0.2Ti0.8)O3 layer is also grown with the same technique. As mentioned above, such PZT 

stoichiometry presents a good lattice match with the underlaying SRO layer, an essential requirement 

for epitaxy [53]. The epitaxial PZT thin films with the thicknesses of 100 nm and 500 nm for energy 

harvesting devices were grown on the SRO (30 nm)/STO (6 nm)/Si substrates. X-ray 2θ θ−  

diffractograms confirm the c-axis orientation of the oxide stack and the presence of finite size 

oscillations around the (001) Bragg peak attests the high crystalline quality of such layers. Rocking 

curve measurements reveal the good crystalline quality of the piezoelectric layer with a full width half 

maximum (FWHM) of 0.5° around the PZT (001) peak. 

The polarization and current-voltage measurements were determined on Cr/Au test electrodes 

(100×100 μm2) using a TF analyzer 2000 system. The responses show clear ferroelectric switching 

peaks without a significant presence of leakage currents up to 16 V. The measured remnant 

polarization is of about 70 μC cm-2. The epitaxial PZT thin films exhibit a dielectric constant rε  of 

70-100, characterized by the measurement of the capacitance values on the Cr/Au top electrodes of 

100×100 μm2 area. The piezoelectric coefficient  is evaluated from deflection versus voltage 

measurements [59], performed on our PZT-based cantilevers with the 100-nm thick PZT layer, and it 

results to be around 130-140 pm V

31d

-1. A description of the detailed structural and electrical 

characterization can be found elsewhere [25].  
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5.3.2 Device fabrication 

The energy harvesting devices consist of multilayered epitaxial oxide films deposited on a silicon 

cantilever beam with and without a Si proof mass. These devices are realized using micro-patterning 

techniques optimized for the epitaxial oxide layers deposited on silicon wafers with special emphasis 

in maintaining the piezoelectric properties of the epitaxial PZT thin films [25]. The process we have 

developed has been optimized with the right choice of the top electrode material and the minimization 

of the thermal budget. The process flow is illustrated in figure 5.3. Starting from a heterostructure of 

PZT/SRO/STO grown on Si as described in the previous section (figure 5.3(a)), Au(100 nm)/Cr(10 

nm) square electrodes (60 μm × 60 μm) are deposited through a shadow mask by an e-beam 

evaporator. These electrodes are used to monitor the variation in the polarization during the progress 

of the microfabrication process. Contact pads are opened through the epitaxial PZT film to give 

access to the SRO bottom electrode using a combination of 150 HCl: 350 H2O: 1 HF solution at 55 

°C, as shown in figure 5.3(b). The shape of the cantilevers is patterned from the top side through the 

PZT/SRO/STO. This multilayer stack is etched using an Ion Tech ion milling machine (figure 5.3(c)). 

The back side of the wafer is then etched by deep reactive ion etching (DRIE) to define the thickness 

of the silicon cantilever (figure 5.3(d)). An Au(100 nm)/Cr(10 nm) layer is evaporated for electrical 

contacts to the top and bottom electrodes by a lift-off process (figure 5.3(e)). We deposited and 

patterned the electrodes at the end of the fabrication process in order to minimize the thermal budget 

during the process to avoid the degradation of the ferroelectric layer [25, 60, 61]. To release the 

cantilevers from the silicon wafer, a structural release process is performed using frequency-tripled 

Nd:YAG laser (λ = 355 nm) micromachining from the frontside of the wafer (figure 5.3(f)). The 

polarization was measured to optimize the processing with at the end no degradation of the epitaxial 

PZT properties throughout the process.  

The dimensions of the epitaxial PZT harvesters with different designs are given in table 5.3. For 

all designs, the epitaxial PZT and Si layers have the same width and length but different thicknesses. 

The thickness of the Si proof mass is limited by the thickness of the Si substrates. The devices type A 

(without mass) and B (with mass) were fabricated on the same wafer in order to study the effect of the 

Si proof mass on the power generation performance, while the device type C is an optimized structure 

with a thicker epitaxial PZT layer and a thinner Si cantilever beam. One of the fabricated epitaxial 

PZT harvesters with the PZT thickness of 500 nm and the Si proof mass is shown in figure 5.4. 
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Figure 5.3. Schematic of the microfabrication process for the epitaxial PZT harvesters.  

 

Table 5.3. The dimensions of epitaxial PZT harvesters with different designs. 

Si cantilever beam Si proof mass 
Device type PZT thickness (μm)

Width  (μm) Length (μm) Thickness (μm) Width  (μm) Length (μm) Thickness (μm)

A 0.1 1000 2500 30 - - - 

B 0.1 1000 2500  30 1000 500 215 

C 0.5 1000 2500 15 1000 500 230 

 

 
 

Figure 5.4. Optical image of an epitaxial PZT harvester type C (1000 μm × 2500 μm × 10 μm) with a 

Si proof mass (1000 μm × 500 μm × 230 μm). The inset shows the Si mass on the back side of the 

harvester. 

 

5.4 Results and discussion 

The dynamic behavior, the electromechanical coupling coefficient and the energy harvesting 

performance of the fabricated epitaxial PZT harvesters were characterized. The dynamic 

characteristics explored here were the resonant frequency, the quality factor and the mechanical 
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damping. The electromechanical coupling coefficient is a measure of the effectiveness of a device 

determined by measuring the frequency response. These measured parameters were introduced to the 

analytical power model in order to predict the output power. Moreover, they can also be used as the 

basis for the design optimization. The energy harvesting characteristics, i.e. power, voltage, current 

and load were then experimentally investigated and compared with the analytical model. Finally, the 

electrical characteristics of the epitaxial PZT harvester were compared with other demonstrated 

examples in the literature. All the experiments presented in this section were performed at 

atmospheric pressure and at room temperature. 

 

5.4.1 Resonance characterization 

 The resonant frequencies of epitaxial PZT cantilevers were characterized using a Polytec 

MVS-400 laser Doppler vibrometer. The laser beam was positioned at the tip of the epitaxial PZT 

cantilevers. The epitaxial PZT cantilevers were actuated by a 1 V amplitude sinusoidal signal with 

frequencies varying near their simulated resonant frequencies. In figure 5.5, the typical frequency 

responses of the epitaxial PZT cantilevers with different designs are presented. The resonant 

frequencies of the devices type A, B and C are found at 9.3±0.3, 4.3±0.2 and 2.3±0.1 kHz, 

respectively. The resonant frequency decreases when the thickness of Si layer is reduced as well as 

with the addition of a proof mass at the end of the beam. In table 5.4, the measured resonant 

frequencies (mean values) are compared with the simulated ones. The dimensions of the epitaxial PZT 

cantilevers used in the simulation are set to match with the ones of the fabricated cantilevers. The 

measure values are slightly lower than the simulated values. This observed discrepancy could be 

mainly due to differences between the design and the final geometry of the deposited layers and the Si 

cantilevers.   

The resonant frequencies of these devices were obviously higher than common environmental 

vibrations (60-200 Hz) because of the small proof mass limited by the thickness of the Si wafers used 

(2″ in diameter) and the thicker Si cantilever beam. The later is a crucial factor that must be precisely 

controlled to obtain a desired resonant frequency. We expect that the next design using the silicon-on-

insulator technology would lower the resonant frequency to reach the frequency range of the 

environmental vibrations. 
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Figure 5.5. Typical first resonant peaks for energy harvesting devices with different designs. 

 

Table 5.4. Comparison of simulated and experimental values of resonant frequencies for devices with 

different designs. 

Device type A B C 

Simulated values (kHz) 9.439 4.306 2.324 

Experimental values (kHz) 9.275 4.272 2.297 

Deviation (%) 1.7 0.8 1.2 

 

In energy harvesting applications, the quality factor (  factor) is another important 

parameter that reflects the power generation performance. The 

Q

Q  factor is defined as the ratio 

between the resonant frequency ( rf ) and the width of resonant peak at its half height ( fΔ ), i.e. 

/rQ f f= Δ . Basically, the energy harvesters having a higher  factor will have a larger deflection. 

The generated power is proportional to the maximum deflection, so consequently proportional to the 

 factor. The Q  factors of the epitaxial PZT cantilevers are extracted from the frequency responses 

in figure 5.5 and found to be 65, 138 and 363 for devices type A, B and C, respectively.   

Q

Q

 

5.4.2 Electromechanical coupling coefficient 

 The electromechanical coupling coefficient  of piezoelectric MEMS devices is a parameter 

commonly used as a measure of device efficiency. In general, the coupling coefficient  is defined 

as the energy transfer from a mechanical (electrical) system to an electrical (mechanical) system. The 

coupling coefficient  can be determined by measuring frequencies at resonance (

2k

2k

2k rf ) and 

antiresonance ( af ), defined as follows: 
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The resonant and antiresonant frequencies of epitaxial PZT harvesters were measured on a Hewlett 

Packard HP 4194A impedance/gain-phase analyzer. The values of coupling coefficients  of 

different epitaxial PZT cantilevers derived from the difference between the resonant and antiresonant 

peaks are shown in table 5.5. It should be noted that the coupling coefficient  is not the material 

constant value of epitaxial PZT layer, but depend on the geometry and other elastic materials [12, 17].  

2k

2k

 

Table 5.5. The coupling coefficients  of the epitaxial PZT harvesters. 2k

Device type A B C 

Coupling coefficient  2k 0.041±0.005 0.053±0.003 0.056±0.002 

 

5.4.3 Mechanical damping ratio  

 In vibratory system, mechanical damping is the effect that energy dissipates during 

oscillation. The loss of energy results in the decay of amplitude of the oscillations. Basically, output 

power of energy harvesters is proportional to the deflection. Therefore, low damping effect is highly 

desirable to maximize the power generation. The damping ratio (ζ ) is a parameter describing the 

level of damping in a system and defined as the ratio of the damping constant ( ) to the critical 

damping constant ( ). The damping ratio (

c

cc ζ ) of epitaxial PZT cantilevers was experimentally 

determined on the laser Doppler vibrometer using the half-power bandwidth method [62]. This 

approach is very simple for a quantitative measure of damping level from frequency domain, which is 

very good for single degree of freedom systems with small values of damping. Several measurements 

were conducted on each device. The damping ratio (ζ ) can be estimated using the following 

equation: 

 

2 1
2 r

f f
f

ζ −
=                                                                        (5.5)    

 

where 2 1f f−  is frequency difference at which the amplitude is 0.707 times the resonant amplitude. 

Table 5.6 illustrates the values of the damping ratios with respect to different designs of the epitaxial 

PZT cantilevers.     
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Table 5.6. The damping ratios ζ  of the epitaxial PZT harvesters. 

Device type A B C 

Damping ratio ζ  0.0077±0.0023 0.0008±0.0001 0.0004±0.0001 

 

5.4.4 Energy harvesting performance 

 The energy harvesting performance of the epitaxial PZT harvesters has been investigated with 

a shaker (Bruel & Kjaer type 4811) driven by a vibration exciter control (type 1050) and a power 

amplifier (type 2712), by applying an acceleration as a mechanical input. The harvesters placed inside 

a metallic box for noise protection were mounted on the shaker. The harvesters were connected with 

various resistive loads LR , and the ac current  generating through a resistive load under different 

acceleration levels was recorded with a multimeter (Agilent 34411A). The schematics of the 

experimental setup and the epitaxial PZT harvester are shown in figure 5.6. The generated voltage 

from the devices was calculated by Ohm’s Law. The corresponding average power is calculated by: 

rmsI

 
2

ave rms LP I R= .                 (5.6)    

 

   

 
 

 
Figure 5.6. Schematics of (a) the experimental setup for output power characterization and (a) the 

epitaxial PZT harvester mounted inside the metallic box for noise protection.  
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 The devices type A and B were excited under different acceleration levels ranging from 0.1 g 

to 1 g at their resonant frequencies in order to compare the performance of the devices with and 

without a Si proof mass. The g is the gravitational acceleration, where 1 g implies 9.81 m s-2. The 

theoretical and experimental values of the current generated through the various load resistors are 

shown in figure 5.7. The calculated power and voltage are also shown in figure 5.8 and 5.9, 

respectively. The theoretical results were obtained by introducing the experimental mean values of the 

coupling coefficients , the damping ratios 2k ζ , the resonant frequency rf , and the piezoelectric 

coefficient  in equations (5.1) and (5.2). These output data were normalized per square 

acceleration (g

31d
2) for output power and per acceleration (g) for current and voltage. The normalized 

values are used to quantify the absolute power, current, and voltage generated by an energy harvester 

at a given acceleration level. As expected, the device with the Si proof mass (type B) can generate 

higher power than the device without the Si proof mass (type A) because of the higher stress on the 

epitaxial PZT layer induced by the Si proof mass. The maximum output power was found to be 0.34 

nW g-2 at the optimal resistive load of 220 Ω for the device type A and 161 nW g-2 at the optimal 

resistive load of 330 Ω for the device type B. At the optimal resistive loads, the device type A 

produced 1.2 μA g-1 and 0.27 mV g-1, while the device type B produced 22 μA g-1 and 7.3 mV g-1. For 

both devices, the experimental results agree well with the theoretical values predicted by equation 

(5.1). However, there is some variability in the experimental values that resulted in the large error 

bars. This could be mainly due to the variations of the material properties and of the Si thicknesses as 

well as the changes of the elastic compliance of the PZT thin films due to nonlinear effects under 

large stress at high acceleration levels [63, 64]. 

 

 
 

Figure 5.7. Theoretical and experimental currents versus load resistance for the devices type A and 

type B. 

 65



 
 

Figure 5.8. Theoretical and experimental powers versus load resistance for the devices type A (upper) 

and type B (lower). 

 

 

 
 

Figure 5.9. Theoretical and experimental voltages versus load resistance for the devices type A and 

type B. 

 

 The device type C was then characterized by the same experimental procedures. The 

normalized values of the output current, average power and voltage as a function of resistive loads at 

different acceleration levels are shown in figure 10. A maximum output power of 13 μW g-2 with 48 

μA g-1 output current was obtained for an optimal resistive load of 5.6 kΩ, and thus resulting in the 
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output voltage of 0.27 V g-1. The theoretical results were also plotted in figure 5.10. The experimental 

results almost followed the theoretical calculations, but the experimental value of the optimal resistive 

load was found to be higher than the theoretical one. This discrepancy could be due to an 

overestimation of the capacitance value of the epitaxial PZT thin films due to the variations of either 

the dielectric constant or the thickness of the epitaxial PZT thin film.  

 

 
 

Figure 5.10. Theoretical and experimental power, current and voltage values versus load resistance for 

the device type C. 

 

 The experimental results of the epitaxial PZT harvesters with different designs are 

summarized in table 5.7. As adding the Si proof mass and decreasing the thickness of the Si cantilever 

beam, the resonant frequency was reduced significantly, and the power generation was also largely 

enhanced. The power density was calculated using the normalized power divided by the volume of the 

Si beam cantilever and the Si proof mass, which is the so-called effective volume. The power density 

is used to compare the performance of different energy harvesters irrespective of device size. The 

power density values of these three devices were 0.005 μW g-2mm-3 (type A), 0.879 μW g-2mm-3 (type 

B), and 85 μW g-2mm-3 (type C). Such a high power density of the device type C is of great interest for 

the realization of miniaturized energy harvesting MEMS devices. The optimal resistive load is 

generally inversely proportional to the capacitance of the piezoelectric materials. The devices type A 

and B have higher capacitance values than the device type C due to the thinner epitaxial PZT films. 

Therefore, the optimal resistive load for the device type C was larger than the devices type A and B. 

Usually, energy harvesting devices with a low optimal resistive load are highly desirable because their 

impedance can be easily matched to standard electronic devices [39]. Overall, the device type C 

optimized with the thicker epitaxial PZT layer and the thinner Si cantilever beam enables the highest 
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electric generation performance among the other designs. Although it required the higher optimal 

resistive load, this property can be further improved by changing the PZT composition in order to 

modify the dielectric constant value.   

 

Table 5.7. Output performance of the epitaxial PZT harvesters.  

Device type Resonant frequency 

(kHz) 

Power 

(μW g-2) 

Current 

(μA g-1) 

Voltage 

(mV g-1) 

Optimal load 

(Ω) 

Effective volume 

(mm3) 

Power density 

(μW g-2mm-3) 

A 9.275 0.00034 1.2 0.27 220 0.075 0.005 

B 4.272 0.161 22 7.3 330 0.183 0.879 

C 2.297 13 48 270 5600 0.153 85 

 

5.4.5 A comparison of piezoelectric energy harvesting devices 

 For different types of piezoelectric energy harvesters, many designs utilize polycrystalline 

PZT and AlN films. In this section, we compare the electrical characteristics, power, voltage, current 

and load of piezoelectric harvesters made of different materials and film textures. It should be noted 

that the comparison presented here were estimated from the data given in the references. Therefore, 

they should only be used as a guideline. Figure 5.11 compares the normalized power and power 

density of different types of selected piezoelectric energy harvesting devices. In figure 5.11(a), the 

epitaxial PZT harvester produced the output power slightly lower than the state-of-the-art energy 

harvester based on the AlN film [19]. It is worth to notice, anyway, that the higher impedance 

exhibited from energy harvesting devices based on polycrystalline AlN films limits their output 

current. Epitaxial PZT harvester exhibited the best power density over other harvesters as shown in 

figure 5.11(b). Besides the power generating performance, the other electrical characteristics such as 

current, voltage and load are also specified in table 5.8. Overall, the harvester based on the epitaxial 

PZT film produces superior performances, higher current and smaller resistive load due to excellent 

piezoelectric properties. A very interesting outcome is that the epitaxial PZT harvester generates 

higher power and current with usable voltage, and requires lower optimal resistive load compared to 

piezoelectric harvesters realized with polycrystalline PZT or AlN thin films. These results indicate the 

potential of epitaxial PZT thin films for the energy harvesting applications, which can improve the 

overall performance of energy harvesting devices. 
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Figure 5.11. Comparison of energy harvesting performances for different piezoelectric energy 

harvesters: (a) normalized power and (b) power density. Note that  and  refer to the operating 

modes, poly-PZT represents polycrystalline PZT, AlN represents aluminum nitride, and epi-PZT 

represents epitaxial PZT. 

31d 33d

 

Table 5.8. Energy harvesting performances of different piezoelectric energy harvesting devices.  

Harvester Type Piezo thickness 

(μm) 

Effective volume 

(mm3) 

Voltage density 

(V g-1 mm-3)  

Current density 

(μA g-1 mm-3)  

Frequency 

(Hz) 

Optimal load 

(kΩ) 

Fang [65] d31 poly-PZT  1.64 0.1944 1.059 49.516 608 21.4 

Shen [66] d31 poly-PZT 1 0.6520 0.087 14.570 462.5 6 

Lee [67] d31 poly-PZT 5 0.4245 1.869 12.462 256 150 

Lee [67] d33 poly-PZT 5 0.6120 1.872 3.672 214 510 

Jeon [16] d33 poly-PZT 0.48 0.0270 7.852 1.518 13900 5200 

Muralt [17] d33 poly-PZT 2 0.3248 2.463 2.694 870 1800 

Elfrink [19] d31 AlN 0.8 12.7272 0.204 0.454 572 100-1000 

Reilly [29] d31 epi-PZT 1 0.0000296 0.005 9.8×10-6 971 510000 

Morimoto [30] d31 epi-PZT 2.8 4.625 0.795 15.890 126 50 

Type C d31 epi-PZT 0.5 0.1530  1.76 313.73 2297 5.6 
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5.5 Conclusions 

 This paper addressed the realization and performance of energy harvesters by utilizing an 

epitaxial Pb(Zr0.2Ti0.8)O3 thin film for vibration energy harvesting applications. The epitaxial PZT thin 

film grown on a Si substrate through oxide layers exhibits a high piezoelectric coefficient and a low 

dielectric constant, characteristics that made it a promising material for piezoelectric energy 

harvesting devices. Different types of epitaxial PZT cantilevers, with and without a Si proof mass, 

have been successfully fabricated through optimized micro-patterning techniques. Electrical 

characteristics, i.e., generated current, voltage, power and load of the epitaxial PZT harvesters were 

theoretically and experimentally evaluated: the experimental results are in very good agreement with 

the theoretical ones. The optimized epitaxial PZT harvester produced   a power, current and voltage 

of, respectively, 13 μW g-2, 48 μA g-1 and 0.27 V g-1 at its resonant frequency of 2.3 kHz for an 

optimal resistive load of 5.6 kΩ. Compared to the other piezoelectric energy harvesters surveyed in 

the literature, the power and current density values of the epitaxial PZT harvester developed in this 

study were largest, while maintaining the lowest optimal resistive load. Based on the results of this 

study, the epitaxial PZT thin film has a high potential for vibration energy harvesting applications. 

The next points to be addressed are the lowering the resonant frequency through an improvement of 

the structure design based on the use of the silicon-on-insulator technology and a study of the power 

management circuits in order to realize fully-functional vibration energy harvesting systems based on 

this technology. 

 

Acknowledgements 

This work was supported by the Swiss National Science Foundation through the National 

Centre of Competence in Research ‘Materials with Novel Electronic Properties’ MaNEP and by the 

European Union through the project ‘Nanoxide’. The work at Yale was supported by NSF MRSEC 

DMR 0520495 and the FENA center. Don Isarakorn is grateful to the Ministry of Science and 

Technology, Thailand for the financial support for his PhD studies at EPFL IMT-NE SAMLAB. 

 

 

 

 

 

 

 

 

 

 

 70 



References 
[1]  Beeby S P, Torah R N, Tudor M J, Glynne-Jones P, O’Donnell T, Saha C R and Roy S 2007 

A micro electromagnetic generator for vibration energy harvesting J. Micromech. Microeng. 

17 1257-65 

[2] Harb A 2010 Energy harvesting: State-of-the-art Renewable Energy 1-14 (article in press) 

[3]  Beeby S P, Tudor M J and White N M 2006 Energy harvesting vibration sources for 

Microsystems applications Meas. Sci. Technol. 17 R175-R195 

[4] Anton S R and Sodano H A 2007 A review of power harvesting using piezoelectric materials 

(2003-2006) Smart Mater. Struct. 16 R1-R21 

[5]  Vullers R J M, van Schaijk R, Doms I, Van Hoof C and Mertens R 2009 Micropower energy 

harvesting Solid-State Electron. 53 684-93 

[6] Elvin N G, Lajnef N and Elvin A A 2006 Feasibility of structural monitoring with vibration 

powered sensors Smart Mater. Struct. 15 977-86 

[7] Granstrom J, Feenstra J, Sodano H A and Farinholt K 2007 Energy harvesting from a 

backpack instrumented with piezoelectric shoulder straps Smart Mater. Struct. 16 1810-20 

[8] Glynne-Jones P, Tudor M J, Beeby S P and White N M 2004 An electromagnetic, vibration-

powered gernerator for intelligent sensor systems Sens. Actuators, A 110 344-9 

[9] Peano F and Tambosso T 2005 Design and optimization of a MEMS electret-based capacitive 

energy scavenger J. Microelectromech. Syst. 14 435-529 

[10] Shen D, Choe S -Y and Kim D -J 2007 Analysis of piezoelectric materials for energy 

harvesting devices under high-g vibrations Jpn. J. Appl. Phys. 46 6755-60 

[11] Mitcheson P D, Reilly E K, Toh T, Wright P K and Yeatman E M 2007 Performance limits of 

the three MEMS inertial energy generator transduction types J. Micromech. Microeng. 17 

S211-S216 

[12] Roundy S and Wright P K 2004 A piezoelectric vibration based generator for wireless 

electronics Smart Mater. Struct. 13 1131-42 

[13] Muralt P, Polcawich R G and Trolier-McKinstry S 2009 Piezoelectric thin films for sensors, 

actuators, and energy harvesting MRS Bull. 35 658-64 

[14] Zheng Q and Xu Y2008 Asymmetric air-spaced cantilevers for vibration energy harvesting 

Smart Mater. Struct. 17 055009 

[15] Sodano H A, Inman D J and Park G 2005 Comparison of piezoelectric energy harvesting 

devices for recharging batteries J. Intell. Mater. Syst. Struct. 16 799-807 

[16] Jeon Y B, Sood R, Jeong J -H and Kim S -G 2005 MEMS power generator with transverse 

mode thin film PZT Sens. Actuators, A 122 16-22 

[17] Muralt P, Marzencki M, Belgacem B, Calame F and Basrour S 2009 Vibration energy 

harvesting with PZT micro device Procedia Chemistry 1 1191-4 

 71



[18] Zhang Q Q, Gross S J, Tadigadapa S, Jackson T N, Djuth F T and Trolier-McKinstry S 2003 

Lead zirconate titanate films for  mode cantilever actuators Sens. Actuators, A 105 91-7 33d

[19] Elfrink R, Kamel T M, Goedbloed M, Matova S, Hohlfeld D, van Andel Y and van Schaijk R 

2009 Vibration energy harvesting with aluminum nitride-based piezoelectric devices J. 

Micromech. Microeng. 19 094005 

[20] Muralt P 1997 Piezoelectric thin films for MEMS Integr. Ferroelectr. 17 297-307 

[21] Van Schaijk R, Elfrink R, Kamel T M and Goedbloed M 2008 Piezoelectric AlN energy 

harvesters for wireless autonomous transducer solutions Proc. of IEEE Sensors 2008, (Lecce, 

Italy) 45-8 

[22] Mathews S, Ramesh R, Venkatesan T and Benedetto J 1997 Ferroelectric field effect 

transistor based on epitaxial perovskite heterostructures Science 276 238-40 

[23] Haertling G H 1991 Ferroelectric thin films for electronic applications J. Vac. Sci. Technol., A 

9 414-20  

[24] Nguyen M D, Nazeer H, Karakaya K, Pham S V, Steenwelle R, Dekkers M, Abelmann L, 

Blank D H A and Rijnders G 2010 Characterization of epitaxial Pb(Zr,Ti)O3 thin films 

deposited by pulsed laser deposition on silicon cantilevers J. Micromech. Microeng. 20 

085022    

[25] Isarakorn D, Sambri A, Janphuang P, Briand D, Gariglio S, Triscone J -M, Guy F, Reiner J 

W, Ahn C H, de Rooij N F 2010 Epitaxial piezoelectric MEMS on silicon J. Micromech. 

Microeng. 20 055008  

[26] Ramesh R and Schlom D G 2002 Orienting Ferroelectric Films Science 296 1975-6 

[27] Kanno I, Fujii S, Kamada T and Takayama R 1997 Piezoelectric properties of c-axis oriented 

Pb(Zr,Ti)O3 thin films Appl. Phys. Lett. 70 1378-80 

[28] Kanno I, Kotera H and Wasa K 2003 Measurement of transverse piezoelectric properties of 

PZT thin films Sens. Actuators, A 107 68-74 

[29] Reilly E K and Wright P K 2009 Modeling, fabrication and stress compensation of an 

epitaxial thin film piezoelectric microscale energy scavenging device J. Micromech. 

Microeng. 19 095014 

[30] Morimoto K, Kanno I, Wasa Kiyotaka and Kotera H 2010 High-efficiency piezoelectric 

energy harvesters of c-axis-oriented epitaxial PZT films transferred onto stainless steel 

cantilevers Sens. Actuators, A 163 428-32  

[31] Kim M, Hoegen M, Dugundji J and Wardle B L 2010 Modeling and experimental verification 

of proof mass effects on vibration energy harvester performance Smart Mater. Struct. 19 

045023 

 72 



[32] Li Y, Li W, Guo T, Yan Z, Fu X and Hu X 2009 Study on structure optimization of a 

piezoelectric cantilever with a proof mass for vibration-powered energy harvesting system J. 

Vac. Sci. Technol., B 27 1288-90 

[33] Lu F, Lee H P and Lim S P 2004 Modeling and analysis of micro piezoelectric power 

generators for micro-electromechanical-systems applications Smart Mater. Struct. 13 57-63 

[34] Erturk A and Inman D J 2008 Issues in mathematical modeling of piezoelectric energy 

harvesters Smart Mater. Struct. 17 065016 

[35] Chen S -N, Wang C -J and Chien M -C 2006 Analytical modeling of piezoelectric vibration-

induced micro power generator Mechatronics 16 379-87 

[36] Shu Y C and Lien I C 2006 Analysis of power output for piezoelectric energy harvesting 

systems Smart Mater. Struct. 15 1499-512 

[37] Ajitsaria J, Choe S Y, Shen D and Kim D J 2007 Modeling and analysis of a bimorph 

piezoelectric cantilever beam for voltage generation Smart Mater. Struct. 16 447-54 

[38] Renaud M, Karakaya K, Sterken T, Fiorini P, Van Hoof C and Puers R 2008 Fabrication, 

modeling and characterization of MEMS piezoelectric vibration harvesters Sens. Actuators, A 

145-146 380-6 

[39]  Song H -C, Kim H -C, Kang C -Y, Kim H -J, Yoon S -J and Jeong D -Y 2009 Multilayer 

piezoelectric energy scavenger for large current generation J. Electroceram. 23 301-4 

[40] Roundy S, Wright P K and Rabaey J 2003 A study of low level vibrations as a power source 

for wireless sensor nodes Comput. Commun. 26 1131-44 

[41] Wang C, Wang Z, Ren T -L, Zhu Y, Yang Y, Wu X, Wang H, Fang H and Liu L 2007 A 

micromachined piezoelectric ultrasonic transducer operating in  mode using square 

interdigital electrodes IEEE Sens. J. 7 967-76 

33d

[42] Defay E, Millon C, Malhaire C and Barbier D 2002 PZT thin films integration for the 

realization of a high sensitivity pressure microsensor based on a vibrating membrane Sens. 

Actuators, A 99 64-7 

[43]  Luginbuhl Ph, Racine G -A, Lerch Ph, Romanowicz B, Brooks K G, de Rooij N F, Renaud Ph 

and Setter N 1996 Piezoelectric cantilever beams actuated by PZT sol-gel thin film Sens. 

Actuators, A 54 530-5 

[44] 1990 Landolt-Börnstein: Numerical Data and Functional Relationships in Science and 

Technology New serie, Group III, vol 26 (Berlin: Springer-Verlag) p 123 

[45] Dubois M -A and Muralt P 1999 Measurement of the effective transverse piezoelectric 

coefficient  of AlN and Pb(Zr31, fe x,Ti1-x)O3 thin films Sens. Actuators, A 77 106-12 

[46] Ledermann N, Muralt P, Baborowski J, Gentil S, Mukati K, Cantoni M, Seifert A and Setter 

N 2003 {100}-Textured, piezoelectric Pb(Zrx,Ti1-x)O3 thin films for MEMS: integration, 

deposition and properties Sens. Actuators, A 105 162-70 

 73



[47] Kim D -J, Maria J -P, Kingon A I and Streiffer S K 2003 Evaluation of intrinsic and extrinsic 

contributions to the piezoelectric properties of Pb(ZrxTi1-x)O3 thin films as a function of 

composition J. Appl. Phys. 93 5568-75 

[48] Trolier-McKinstry S and Muralt P 2004 Thin film piezoelectric for MEMS J. Electroceram. 

12 7-17 

[49] Wasa K, Kanno I and Kotera H 2009 Fundamentals of thin film piezoelectric materials and 

processing design for a better energy harvesting MEMS Proc. PowerMEMS 2009 61 

[50] Wang Y, Ganpule, Liu B T, Li H, Mori K, Hill B, Wuttig M, Ramesh R, Finder J, Yu Z, 

Droopad R and Eisenbeiser K 2002 Epitaxial ferroelectric Pb(Zr,Ti)O3 thin films on Si using 

SrTiO3 template layers Appl. Phys. Lett. 80 97-9 

[51] Kanno I, Kotera H, Wasa K, Matsunaga T, Kamada T and Takayama R 2003 

Crystallographic characterization of epitaxial Pb(Zr,Ti)O3 films with different Zr/Ti ratio 

grown by radio-frequency-magnetron sputtering J. Appl. Phys. 93 4091-6 

[52] Hoffmann M, Kuppers H, Schneller T, Bottger U, Schnakenberg U, Mokwa W and Waser R 

2003 Theoretical calculations and performance results of a PZT thin film actuator IEEE 

Trans. Ultrason., Ferroelect., Freq. Contr. 50 1240 

[53] Gariglio S, Stucki N, Triscone J -M and Triscone G 2007 Strain relaxation and critical 

temperature in epitaxial ferroelectric Pb(Zr0.20Ti0.80)O3 thin films Appl. Phys. Lett. 90 202905 

[54] Kuffer O, Maggio-Aprile I, Triscone J -M, Fischer O and Renner Ch 2000 Piezoelectric 

response of epitaxial Pb(Zr0.20Ti0.80)O3 films measured by scanning tunneling microscopy 

Appl. Phys. Lett. 77 1701-3 

[55] Lin A, Hong X, Wood V, Verevkin A A, Ahn C H, McKee R A, Walker F J and Specht E D 

2001 Epitaxial growth of Pb(Zr0.2Ti0.8)O3 on Si and its nanoscale piezoelectric properties 

Appl. Phys. Lett. 78 2034-36 

[56] Dekkers M, Nguyen M D, Steenwelle R, te Riele P M, Blank D H A and Rijnders G 2009 

Ferroelectric properties of epitaxial Pb(Zr,Ti)O3 thin films on silicon by control of crystal 

orientation Appl. Phys. Lett. 95 012902 

[57] Reiner J W, Garrity K F, Walker F J, Ismail-Beigi S and Ahn C H 2008 Role of strontium in 

oxide epitaxy on silicon (001) Phys. Rev. Lett. 101 105503 

[58] Su D, Yang B, Jiang N, Sawicki M, Broadbridge C, Couillard M, Reiner J W, Walker F J, 

Ahn C H and Zhu Y 2010 Valence electron energy-loss spectroscopy of ultrathin SrTiO3 

films grown on silicon (100) single crystal Appl. Phys. Letter. 96 121914 

[59] Smits J and Choi W 1991 The constituent equations of piezoelectric heterogeneous bimorphs 

IEEE Trans. Ultrason. Ferroelectr. Freq. Contr. 38 256-70 

[60] Shimamoto Y, Kushida-Abdelghafar K, Miki H and Fujisaki Y 1997 H2 damage of 

ferroelectric Pb(Zr,Ti)O3 thin-film capacitors—The role of catalytic and adsorptive activity of 

the top electrode Appl. Phys. Lett., 70 3096-7 

 74 



[61] Nagaraj B, Aggarwal S and Ramesh R 2001 Influence of contact electrodes on leakage 

characteristics in ferroelectric thin films J. Appl. Phys. 90, 375-82 

[62] Olmos B A and Roesset J M 2010 Evaluation of the half-power bandwidth method to estimate 

damping in systems without real modes Earthquake Engng Struct. Dyn. DOI: 

10.1002/eqe.1010 

[63] Wang Q -M, Zhang Q, Xu B, Liu R and Cross L E 1999 Nonlinear piezoelectric behavior of 

ceramic bending mode actuators under strong electric fields J. Appl. Phys. 86, 3352-60 

[64] Yao L Q, Zhang J G, Lu L and Lai M O 2004 Nonlinear dynamic characteristics of 

piezoelectric bending actuators under strong applied electric field J. Microelectromech. Syst. 

13 645-52 

[65] Fang H -B, Liu J -Q, Xu Z -Y, Dong L, Wang L, Chen D, Cai B -C and Liu Y 2006 

Fabrication and performance of MEMS-based piezoelectric power generator for vibration 

energy harvesting  Microelectron. J. 37 1280-4 

[66]  Shen D, Park J -H, Ajitsaria J, Choe S -Y, Wikle III H C and Kim D -J 2008 The design, 

fabrication and evaluation of a MEMS PZT cantilever with an integrated Si proof mass for 

vibration energy harvesting J. Micromech. Microeng. 18 055017 

[67]  Lee B S, Lin S C, Wu W J, Wang X Y, Chang P Z and Lee C K 2009 Piezoelectric MEMS 

generators fabricated with an aerosol deposition PZT thin film J. Micromech. Microeng. 19 

065014 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 75



 



Chapter 6 

 

Finite element analysis and experiments on a silicon 

membrane actuated by an epitaxial PZT thin film for 

localized-mass sensing applications  

 
D. Isarakorn1, D. Briand1, A. Sambri2, S. Gariglio2, J. -M. Triscone2, F. Guy3, 

J. W. Reiner4, C. H. Ahn4, N. F. de Rooij1 

 
1 École Polytechnique Fédérale de Lausanne (EPFL), Institute of Microengineering (IMT),  

The Sensors, Actuators and Microsystems Laboratory, 

Rue Jaquet-Droz 1, P.O. Box 526, 2002 Neuchâtel, Switzerland 
2 Department of Condensed Matter Physics, University of Geneva, 

24 quai Ernest-Ansermet, 1211 Geneva 4, Switzerland 
3 TIN, HEPIA, 4 Rue de la Prairie, CH-1202 Geneva, Switzerland 

4 Department of Applied Physics, Yale University, 

Becton Center, P.O. Box 208284 New Haven, CT 06520-8284 USA 

 

ABSTRACT 

In this paper, we investigate the performance of a piezoelectric membrane actuated by an epitaxial 

piezoelectric Pb(Zr0.2Ti0.8)O3 (PZT) thin film for localized-mass sensing applications. The fabrication 

and characterization of piezoelectric circular membranes based on epitaxial thin films prepared on a 

silicon wafer are presented. The dynamic behavior and mass sensing performance of the proposed 

structure are experimentally investigated and compared to numerical analyses. A 1500 μm diameter 

silicon membrane actuated by a 150 nm thick epitaxial PZT film exhibits a strong harmonic 

oscillation response with a high quality factor of 110-144 depending on the resonant mode at 

atmospheric pressure. Different aspects related to the effect of the mass position and of the resonant 

mode on the mass sensitivity as well as the minimum detectable mass are evaluated. The operation of 

the epitaxial PZT membrane as a mass sensor is determined by loading polystyrene microspheres. The 

mass sensitivity is a function of the mass position, which is the highest at the antinodal points. The 

epitaxial PZT membrane exhibits a mass sensitivity in the order of 10-12 g Hz-1 with a minimum 

detectable mass of 5 ng. The results reveal that the mass sensor realized with the epitaxial PZT thin 

film, which is capable of generating a high actuating force, is a promising candidate for the 

Published in Sensors and Actuators, B: Chemical, 2010, doi: 10.1016/j.snb.2010.10.009 



development of high performance mass sensors. Such devices can be applied for various biological 

and chemical sensing applications.    
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6.1 Introduction 

Mass sensors have attracted interest as a sensing platform for biomolecular and chemical detection. A 

great amount of research has been dedicated to the development of high performance mass sensors 

suitable for measuring masses down to molecular or atomic levels [1-10]. Mass sensors can be 

classified according to their operating principles as static and dynamic mode devices. In the static 

mode, the deflection of sensors due to surface stress caused by mass loading is measured as the output 

signal. In the dynamic mode, the mass microbalancing technique is adopted to measure the change in 

resonant frequency, which reflects the change in mass loading. Several types of microstructures 

including microcantilever, micromembrane, and microbridge have been investigated for mass sensing 

applications in the dynamic mode [1, 4, 5]. Among these microstructures, the resonant 

microcantilevers actuated by piezoelectric thin films have received the most attention in the field 

because of their high sensitivity, real-time detection capability, and simplicity [1, 10]. However, they 

are limited by their fragility under fabrication processes and real operating conditions, and they also 

suffer from a low quality factor in the operation in viscous liquid [1]. Moreover, an extra passivation 

layer on the cantilever is required to electrically insulate the electrodes and the piezoelectric layer 

during the operation in a liquid media, which often degrades the performance of the sensors [11]. 

To overcome these issues, several piezoelectric membrane sensors have been successfully 

demonstrated for mass sensing applications [1, 10, 12-14]. The membrane structures are advantageous 

compared to the cantilevers for three different reasons. First, the membrane structures are more rigid 

than cantilevers, thus minimizing the structural fragility problem. Second, the top surface of 

membrane structures is physically isolated from the bottom surface [11]. Thus, they can be easily 

adapted to be used in liquid solutions without requiring an additional passivation layer [9]. Third 

reason, the quality factor of the membrane is not effected by the variation of liquid viscosity within 

certain limits [12]. Therefore, the membrane structures could be a promising candidate for the mass 

sensing applications. 

 Beside the study related to the choice of an appropriate geometry, the properties of the 

piezoelectric films employed in the mass sensors represent a crucial factor that need to be investigated 

in order to improve the performances of such devices [15]. Ideally, the piezoelectric films must 

generate a high actuating force and large displacement in order to obtain a high quality factor, which 

is related to the minimum mass a sensor can detect. Typically, in the mass sensors, piezoelectric 

Pb(Zr,Ti)O3 (PZT) thin films are preferred to AlN and ZnO films, because of their superior 

piezoelectric properties. The use of PZT thin films for mass detection has already shown promising 

performances. However, the forces generated by PZT thin films, whose thickness is around 1 μm, are 

commonly too small to overcome the high effective mass in the viscous environment [16]. It have 

been reported that the mass sensor realized with about 22 μm thick PZT film demonstrated a very 

good quality factor due to an excellent harmonic oscillation response [16]. In spite of this positive 

advancement, it should be taken into account that for the integration of PZT thick films on Si 
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substrates, high processing temperature is required in order to obtain high density and good 

electromechanical properties. Moreover, the requirement of higher actuation voltages for PZT thick 

films with respect to the thinner is not suitable for realizing integration systems with an electronic 

read-out circuit [17]. It is evident that improving the actuating force of PZT thin films is one of the 

most important challenges in the development of high performance mass sensors. 

 Epitaxial PZT thin films on Si have attracted a lot of interest because their properties are 

promising for the realization of novel MEMS devices [18]. Indeed, epitaxial piezoelectric films 

exhibit properties, including piezoelectric coefficients, polarization, and dielectric constant superior to 

polycrystalline films [19]. Although the growth of epitaxial piezoelectric films on silicon is a 

challenging process, it can be achieved by mean of appropriate transition oxide layers. Recently, we 

have demonstrated the ability to grow very high quality epitaxial Pb(Zr0.2Ti0.8)O3 (PZT) thin film on 

silicon, with rms roughness of about 5 nm over 1 μm2 and very large piezoelectric coefficients. 

Cantilever and membrane transducers realized with 100 nm thick PZT films exhibits a strong 

harmonic oscillation at a low actuation voltage with a high quality factor in dynamic mode [20]. 

Taking these results into account, there is a great potential to use such epitaxial devices for mass 

sensing applications as well.  

In this study, we explore the application of the circular silicon membrane actuated by the 

epitaxial piezoelectric PZT thin film for a localized-mass detection. The fabrication and 

characterization of the epitaxial PZT membranes are presented. The focus is the exploration of 

different capabilities of the epitaxial PZT membrane as a mass sensor for localized-mass detection at 

atmospheric pressure. The mass sensing performance of the epitaxial device is investigated both 

numerically and experimentally. The operating characteristics of the epitaxial PZT membranes as a 

mass sensor are evaluated by loading polystyrene microspheres. The finite element model of the 

epitaxial PZT membrane is developed to determine the resonant frequency, the effect of the position 

of the mass and of the resonant mode on the mass sensitivity. Finite element analyses of different 

modes of resonances agree within a few percent deviations with the experimental values. We also 

report on the dependence of the mass sensitivity on the mass position and on the vibration mode, 

being highest at the antinodes of vibrations. The experimentally observed change in resonant 

frequency is of the order 10-12 g Hz-1, which is in excellent agreement with the simulated value. Our 

best minimum detectable mass measured using an optical technique based on laser vibrometry 

corresponds to ~5 ng. These results indicate the performance of the epitaxial PZT membrane that can 

be applied for various mass sensing applications.      

 

6.2 Mass sensing performance –theoretical background 

Mass sensing based on piezoelectric actuation is a powerful label-free technique that is receiving 

attention for many applications, ranging from biomedical, chemical, biosensors, and even atomic 
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physics [6]. The mass sensing behavior can be explained by the performance parameters, such as the 

mass sensitivity, the limit of detection or the minimum detectable mass, and the quality factor. These 

parameters are of considerable importance when developing a high performance mass sensor. In this 

section, the key performance parameters are introduced, and each of these parameters will be 

discussed in details in the following subsections. 

 

6.2.1 Mass sensitivity 

In the view of mass sensor development, the mass sensitivity is an important characteristic 

representing the sensor performance. A definition of mass sensitivity is the variation in a measurable 

parameter as a function of added mass on the sensing area. The measurable parameter commonly used 

for mass sensors operating in the resonant mode is the mechanical resonance, where the resonant 

frequency change fΔ  of the sensor is proportional to the added mass mΔ . Thus, the mass sensitivity 

can be defined as: 

 

1

0

2 effmm
f f

−Δ
= ℜ = −

Δ
                                                         (6.1) 

 

where  is the mass responsivity,  is the effective mass of sensor at a certain resonant mode, and ℜ effm

0f  is the initial resonant frequency before mass loading [21]. From the above equation, a lower 

absolute value of 1−ℜ  means that the sensor is more sensitive. The mass sensitivity can be increased 

by decreasing the sensor mass. This can be achieved by either using higher order mode of resonance 

to reduce the effective mass of the sensor or directly reducing the size of the sensor [22].  

 

6.2.2 Limit of detection 

Another important performance metric of a mass sensor is the ability to detect the smallest amount of 

mass. This performance metric is commonly characterized by the limit of detection (LOD). The LOD 

is determined using the mass sensitivity together with the noise level of the sensor signal [23, 24], 

given by: 

 
1m fδ δ −= ℜ                                                                         (6.2) 

 

where mδ  is the minimum detectable mass change, and fδ  is the fluctuation level of the resonant 

frequency around its peak. Since the mass sensitivity is defined by the dimensions and the material 

properties of the membrane sensor as given by equation (6.1), the minimum detectable mass mainly 
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pertains to the resonant frequency fluctuation. Therefore, depressing the resonant frequency 

fluctuation will improve the LOD of the sensor.    

 

6.2.3 Quality factor 

In mass sensing applications, the quality factor ( Q  factor) reflects the sensor resolution. The Q  

factor is defined as the ratio between the resonant frequency ( rf ) and the width of resonant peak at its 

half height ( rfΔ ), expressed as follows:  

r

r

fQ
f

=
Δ

                                                                              (6.3) 

 

A higher Q  factor value implies a sharper resonant peak, which results in a higher resolution in 

determining the change in the resonant frequency. Moreover, the Q  factor impacts directly on the 

resonant frequency fluctuation [22, 25, 26], which is related to the minimum detectable mass change. 

Therefore, the Q  factor is a key parameter for the performance of mass sensors. The mass sensors 

with the higher Q  factor value are highly desirable due to not only higher resolution but also better 

signal-to-noise ratio [27].   

 

6.3 Growth of epitaxial thin films on silicon 

The quality of piezoelectric thin films integrated on silicon devices is very important for device 

performances and reliable use. The epitaxial growth of piezoelectric thin films is a way to integrate 

high quality piezoelectric films on silicon.  

To grow high quality epitaxial PZT thin films on silicon, proper intermediate layers are 

required. In this work, a 10–20 unit-cell thick SrTiO3 (STO) buffer layer is grown on 2″ Si (001) 

wafers by molecular beam epitaxy (MBE) [28, 29]. Such layer represents a good template for the 

subsequent growth of a metallic SrRuO3 (SRO) film, used as a bottom electrode, grown by off-axis 

magnetron sputtering. With the same technique, a ferroelectric Pb(Zr0.2Ti0.8)O3 layer is successively 

grown. Such PZT stoichiometry presents a good lattice match with the underlaying SRO layer, 

essential requirement for epitaxy [30]. The typical final stack results as PZT (150 nm)/SRO (30 

nm)/STO (6 nm)/Si. X-ray 2θ θ−  diffractograms confirm the c-axis orientation of the oxide stack 

and the presence of finite size oscillations around the (001) Bragg peak attests the high crystalline 

quality of such layers. 

The current-voltage and hysteresis measurements realized on Cr/Au test electrodes (100 × 

100 μm2) using a TF analyzer 2000 system show clear ferroelectric switching peaks without a 

significant presence of leakage currents up to 16 V, indicating the robust dielectric properties of the 

epitaxial PZT thin film on silicon.  The epitaxial PZT films exhibit a dielectric constant rε  of 70–100 
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and a remanent polarization of about 70 μC cm-2. Piezoelectric Force Microscopy (PFM) 

measurements confirm the out-of-plane orientation of the polarization along the c-axis and show a 

mono-domain configuration for the ferroelectric polarization. The piezoelectric coefficient  is 

evaluated from deflection versus voltage measurements, performed on our PZT-based cantilevers, and 

it results to be as high as 130–140 pm V

31d

-1 [31]. It should be noted that the epitaxial PZT films were 

not subjected to a poling treatment prior to the measurements since they were naturally polarized. A 

description of the detailed structural and electrical characterization can be found elsewhere [20].  

 

6.4 Device fabrication 

Circular membranes actuated by the thin epitaxial PZT film are fabricated using micro-patterning 

techniques optimized for the oxide layers [20]. The structure was made as simple as possible and its 

process flow is depicted in figure 6.1. Starting from a heterostructure of PZT/SRO/STO grown on Si 

as described in the previous section (figure 6.1(a)), contact pads are opened through the epitaxial PZT 

film using a combination of 150 HCl: 350 H2O: 1 HF solution at 55 °C (figure 6.1(b)). The back side 

of the wafer is then etched by DRIE to define the thickness of the silicon membrane (figure 6.1(c)). 

Subsequently, an Au (100 nm)/Cr (10 nm) layer is evaporated as the top electrodes and for electrical 

contacts of the bottom electrodes by a lift-off process (figure 6.1(d)). Solid circular electrodes are 

used to electrically excite vibrations in the epitaxial PZT membranes. Since the thickness of silicon 

layer is much greater than the epitaxial PZT thickness, this electrode configuration produces more 

deflection compared to concentric rings, spirals and segmented electrodes [32]. Each chip shown in 

Figure 6.2, whose size is 5 mm × 5 mm, is glued on a printed circuit board and the connections are 

made with wire bonding. The measured dimension of the circular PZT membrane is 1500 μm ± 5 μm 

in diameter. The silicon thickness is 15 μm ± 2 μm. The dimensions of the device are designed based 

primarily on the resonant frequency determination. Our device is designed to operate in a resonant 

frequency range of 90–370 kHz [20], which allows us to use simple and inexpensive measurement 

equipment [1].  
 

 
 

Figure 6.1. Schematic of the microfabrication process for an epitaxial PZT membrane: (a) epitaxial 

multilayer deposition; (b) bottom electrode opening via wet etching; (c) Si membrane patterning by 

DRIE; (d) top electrode and electrical contact patterning by liftoff. 
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Figure 6.2. Optical image of an epitaxial PZT membrane. 

 

6.5 Finite element analysis 

Finite element model has been extensively used as a tool to design and develop complex micro 

devices [33-37], since it is a better approach for determining the performance of such devices 

compared to analytical model. In this work, the finite element analysis is performed to determine the 

characteristics of the epitaxial PZT membrane, e.g. its resonant behavior and its resonant frequency 

shift due to the added mass at various positions along the membrane radius. A three-dimensional 

finite element model was created with the finite element modeling software ANSYS® (ver. 12.0). The 

material properties and the geometric parameters were introduced into the model. The finite element 

model consists of the following three layers: a silicon membrane, an epitaxial PZT thin film, and a top 

electrode. The STO and SRO layers are not modeled since their thicknesses are much smaller than the 

thickness of the silicon membrane. Therefore, they are considered to be the parts of the silicon 

membrane in order to simplify the finite element model. Similarly, the thin Cr adhesive layer is 

included in the Au layer. The diameter of the circular PZT membrane used in the simulation is 1500 

μm. The thicknesses of silicon, PZT and Au layers are 15 μm, 150 nm, and 100 nm, respectively. Zero 

displacements are applied in the x, y and z directions at the boundaries as illustrated in figure 6.3. The 

piezoelectric coefficient 31d  was derived from the displacement at the free end of the epitaxial PZT 

cantilever beam structure [20]. The permittivity of the epitaxial PZT thin film was characterized by 

the measurement of the capacitance values on the Cr/Au top electrodes of 100 × 100 μm2 area. 

Material properties for the silicon [38], the epitaxial PZT [20, 39], and the Au [40] layers are listed in 

table 6.1.      
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Figure 6.3. Schematic (side view) of boundary conditions and the mass position along the radius of 

the epitaxial PZT membrane in the modeling. Positions A, B, C, D, E, F, G, H, and I are at x=0, 100, 

200, 300, 400, 500, 600, 700, and 750 μm from the center of the membrane, respectively. 

 

Table 6.1. Material properties for finite element analysis. 

Material  Density  

(kg m-3) 

Young's modulus 

(GPa) 

Poisson's ratio Elastic constant 

(GPa) 

Piezoelectric constant 

(C m-2) 

Dielectric constant 

Silicon 2330 120 0.28 - - - 

Epitaixial PZT 7550 - -   c11 = 119.0 e31 = -5.6  ε33 = 100 

    c12 = 57.9  e33 = 11.3   

    c13 = 56.0              e15 = 7.6  

      c33 = 110.0   

    c44 = 30.5   

    c66 = 30.4   

Au 19300 78 0.35 - - - 

Polystylene 1050 3.6 0.34 - - - 

 

6.5.1 Resonant frequency simulation 

A modal analysis was carried out to determine the vibrational characteristics, including the resonant 

frequencies and modal shapes of the epitaxial PZT membranes. The epitaxial PZT layer was meshed 

using the SOLID98 tetrahedral coupled-field solid elements. The other layers including the silicon 

and Au layers were meshed using the SOLID95 3-D 20-node structural solid elements. The Block 

Lanczos method was chosen for finding the resonant frequencies. Figure 6.4 shows the modal shapes 

corresponding to the first four resonant frequencies of the 1500 μm diameter membrane with the color 

indicating the displacement of the membrane, where red and blue represent the antinode and node of 

vibrations. The resonant frequencies of symmetrical vibration modes corresponding to the 01- and 02-

modes were found at 94.11 and 367.43 kHz, while those of asymmetrical vibration modes were at 

196.23 and 322.79 kHz for 11- and 21-modes, respectively.    
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Figure 6.4. Modal shapes of the epitaxial PZT membrane obtained through a finite element analysis 

with the color indicating the displacement of the membrane (red=antinode; blue=node). The 

resonances appeared at (a) 94.11 kHz for 01-mode, (b) 196.23 kHz for 11-mode, (c) 322.79 kHz for 

21-mode, and (d) 367.43 kHz for 02-mode. 

 

6.5.2 Mass-change sensitivity 

The mass-change sensitivity characteristics of the epitaxial PZT membrane are studied to determine 

the optimum sensitivity as a function of the mass position and the vibration mode. The mass loading 

can be performed with a localized mass or a distributed mass. It has been reported that the sensitivity 

for a localized-mass sensor is better than that for a distributed-mass sensor [41-43]. Moreover, adding 

mass locally can avoid stiffening of the sensor structure due to the much smaller contact area between 

the sensing surface and mass [43]. Thus, the mass sensing performance is investigated by adding a 

point-mass to the epitaxial PZT membrane along the radius direction of the membrane and examining 

the resonant frequency for several modes. The polystyrene microsphere (used as a mass in the 

experiments) was modeled as a polystyrene box for simplification. The length of the polystyrene box 

ranges from 24 μm to 66 μm depending on the desired weight. The weight of the polystyrene box was 

set to match with the one of the polystyrene microsphere. The mechanical properties of polystyrene 

are shown in table 6.1. 

 The effect of mass loading (72.2 ng) at various positions on the resonant frequency of all four 

modes is examined for the epitaxial PZT membrane with a diameter of 1500 μm. The positions of the 

added mass are illustrated in figure 6.3, where A, B, C, D, E, F, G, H, and I are x=0, 100, 200, 300, 

400, 500, 600, 700, and 750 μm from the center of the membrane (A point), respectively. The change 

in resonant frequency for the four resonant modes of the epitaxial PZT membrane as a function of the 

mass position along the radius was simulated, and the results are shown in figure 6.5. The change in 

frequency depends strongly on the mass position. For the 01- and 02-modes, the highest sensitivity is 

obtained at the center of the membrane (x=0 μm). The sensitivity of the 11-mode is highest at the 

position D (x=300 μm), while the highest sensitivity of the 21-mode is found at the position E (x=400 

μm). The modal shapes reveal that the membrane exhibits the highest sensitivity when the mass is 

positioned at the vibration antinode as shown in the insets of figure 6.5. These results show that it is 
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necessary to use certain areas of the membrane for specific vibration mode to obtain the highest 

sensitivity.  

    

 
 

Figure 6.5. Relative change in resonance as a function of mass position for the four modes of 

vibration. The highest sensitivity found at positions A (x=0 μm) for 01-mode, D (x=300 μm) for 11-

mode, E (x=400 μm) for 21-mode, and A (x=0 μm) for 02-mode. The insets show corresponding 

modal shapes of the epitaxial PZT membrane with the polystyrene box positioned at the antinode, 

where the highest sensitivity is obtained. 

 

The sensitivity at the antinodal points for different vibration modes as a function of added 

mass is also investigated. The mass ranged from 15 to 300 ng was placed on the antinode A for the 

01- and 02-modes, and the antinodes E and D for the 11- and 21-modes, respectively. The response as 

a function of the added mass exhibits a linear behavior for all vibration modes as shown in figure 

6.6(a). From the slopes of the linear fits, the mass sensitivity was calculated for all modes, and ranged 

from 260 to 45 pg Hz-1, depending on the vibration mode. The absolute change in frequency increases 

with the higher vibration mode. On the contrary, if the mass positions are at the nodes of vibrations 

(node A for the 11- and 21-modes and node H for the 01- and 02-modes), the change in frequency is 

significantly lower than placing mass at the antinode, and the response is unpredictable when varying 

the mass as shown in figure 6.6(b).   
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Figure 6.6. Change in frequency versus added mass at (a) antinode and (b) node positions. 

 

 Through the finite element analysis, we observe two important characteristics related to the 

sensitivity of the epitaxial PZT membrane. Firstly, the sensitivity is a strong function of the mass 

position, which is changing with the vibration mode. Specifically, the sensitivity is highest at the 

antinodal points. Secondly, the use of higher modes enhances the sensitivity of the membrane based 

mass sensor. This implies that the membrane sensor operating at higher modes can detect a smaller 

mass compared to the fundamental mode. As the results, the mass sensing areas must be located at the 

vibration antinodes of the membrane for optimum sensitivity. For symmetrical vibration modes, the 

antinodes are always at the center of the membrane, while the antinodes for asymmetrical modes vary 

depending on the modes of vibration. It is, however, difficult to examine the antinodes of 

asymmetrical modes in the sensor design phase. Thus, we propose to use only the symmetrical modes 

and define the mass position at the center of membranes. In the experiments, a focus is laid on the 

investigation of different capabilities in the localized-mass detection for an epitaxial membrane 

excited in symmetrical vibration modes.  It should be noted that these analyses are not restricted to 

epitaxial PZT circular membranes, but they can be applied to a variety of membrane type sensors.    

         

6.6 Experimental results and discussion 

Several experiments have been carried out to evaluate operating characteristics of the epitaxial PZT 

membranes. The first experiment was conducted to examine the dynamic behavior of the epitaxial 

PZT membranes by presenting measurements on the resonant frequencies, modal shapes, and Q  

factors. In this work, an optical technique based on laser vibrometry is used to investigate the dynamic 

behavior. This technique allows us to observe all modes of resonances and especially modal shapes, 

which is an advantage over an electrical impedance measurement [44, 45]. The mass loading and 

sensing characterizations were then performed to estimate the mass sensitivity. Finally, the resonant 

frequency fluctuation of the system was determined to find the minimum detectable mass. All 
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experiments were performed at atmospheric pressure and at room temperature. The instrument setup 

was placed on a vibration-free table to avoid mechanical noises.  

 

6.6.1 Resonance characterization 

The resonant frequencies, modal shapes, and quality factors of the epitaxial PZT membranes are 

characterized using a Polytec MVS-400 laser Doppler vibrometer. The membranes are first excited by 

a white noise signal with an amplitude of 1 V in the frequency range of 50 to 400 kHz to find the first 

four modes of resonances. The laser beam is positioned slightly off-centered from the center of the 

membrane in order to detect both symmetrical and asymmetrical modes of vibrations. The typical 

frequency response of a 1500 μm wide membrane is presented in figure 6.7. In order to determine the 

right resonant frequencies, excluding the response peaks due to environmental inputs, the modal 

shapes of vibrations are characterized by means of laser scanning while applying a 1 V sinusoidal 

signal. The insets of figure 6.7 illustrate the corresponding modal shapes obtained using the laser 

scanning. The 01-mode resonance appeared at 94.38 kHz, the 11-mode at 192.96 kHz, the 21-mode at 

317.81 kHz, and the 02-mode at 353.75 kHz. In table 6.2, the simulated resonant frequencies are 

compared with the measured ones. The resonant frequency for the 01-mode resonance shows a small 

deviation from the simulated value. The deviation is larger for the higher vibration modes, which is 

probably due to the finite flexural rigidity of the structure [46]. These measured resonant frequencies, 

however, are in good agreement within a few percent with the simulated ones. The Q  factor of the 

membrane is also analyzed at atmospheric pressure, for the different modes of resonances. In this 

case, the membrane is actuated by a sinusoidal signal with the amplitude of 1 V. The laser beam is 

positioned on the center of the membrane for detecting the symmetrical modes and on off-center for 

detecting the asymmetrical modes. The frequency responses for all four modes are shown in figure 

6.8. The Q  factors are found to be ~110 for the 01- and 11-modes, while increasing to be ~144 for 

the 21- and 02-modes. Remarkably, the membrane exhibits high Q  factors in atmospheric pressure 

even when actuated by a very thin epitaxial PZT film. 
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Figure 6.7. Typical frequency response of an epitaxial PZT membrane. The corresponding modal 

shapes are shown in the insets. The first four modes of resonances were found to be at 94.38, 192.96, 

317.81, and 353.75 kHz. 

 

Table 6.2. Comparison of simulated and experimental values of resonant frequencies for different 

modes of operations. 

Resonant mode 01-mode 11-mode 21-mode 02-mode 

Simulated values (kHz) 94.11 196.23 322.79 367.43 

Experimental values (kHz) 94.38 192.96 317.81 353.75 

Deviation (%) 0.28 1.67 1.54 3.72 

 

 
 

Figure 6.8. Resonant frequencies of an epitaxial piezoelectric membrane for four resonant modes 

actuated by a sinusoidal signal with the amplitude of 1 V.  
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6.6.2 Mass loading and sensing 

Once the resonant frequencies of the epitaxial PZT membranes without the added mass have been 

characterized as the reference frequencies, the mass loading characterizations are carried out. The 

basic principle of mass sensors operating in resonant mode is the measurement of the resonant 

frequency shift due to the added mass to the sensor surface. For the estimation of sensor sensitivity, 

polystyrene microspheres (Polysciences, Inc.) with a diameter of 30 μm ± 0.22 μm are used for the 

localized-mass loading on the epitaxial PZT membranes [47]. These microspheres are suspended in 

de-ionized water with residual surfactant. The polystyrene density is ~1.05 g cm-3 giving an average 

mass of 14.84 ng. A droplet of a suspension containing 30-μm polystyrene microspheres is placed 

onto the surface of membranes using a syringe, and dried under nitrogen flow. A probing station 

equipped with a tip is used for manipulating the polystyrene microspheres into desired position. The 

position and number of polystyrene microspheres attached on the surface are determined by an optical 

microscope. The frequency responses as a function of the mass loading are characterized using the 

Polytec MVS-400 laser Doppler vibrometer at atmospheric pressure. 

The resonant frequencies of an epitaxial PZT membrane are measured before and after 

different mass loadings. The polystyrene microspheres are positioned at the center of the membrane. 

The added mass area is always less than 0.6% of the total electrode surface. The membrane is actuated 

by a sinusoidal signal with the amplitude of 1 V in the range from 90 to 97.5 kHz, near its 01-mode 

resonance. The frequency spectra of 01-mode resonance shown in figure 6.9 reveal a significant 

frequency shift toward to lower frequencies with increasing the mass. This first result confirms the 

proper operation of the device and instrumental setup, thereby providing confidence to pursue the next 

experiments. By using the same technique, the frequency change as a function of the mass loading for 

the other resonant modes is also investigated. Each experiment is repeated at least three times and the 

data presented here are the mean value of the results obtained. Figure 6.10 shows the measured 

frequency changes as a function of the added mass for the symmetrical (01- and 02-modes) and the 

asymmetrical (11-mode) resonances. The frequencies of the symmetrical resonances shift down in 

linear proportion to the amount of the added mass. For the 02-mode resonance, the down shifting of 

the resonant frequency is higher as expected. The experimental mass sensitivity obtained from the 

slop of the linear fit is found to be 170 pg Hz-1 for the 01-mode resonance and 46 pg Hz-1 for the 02-

mode resonance. The large increase in sensitivity with the higher mode of resonance is mainly due to 

a decrease in the effective mass as defined in equation (6.1). The frequency change values obtained 

from the simulations and from the experiments are compared, which are in good agreement. The 

detailed mass sensing results of the 01- and 02-mode resonances are specified in table 6.3. Most of the 

measured frequency changes are higher than the simulated values. This discrepancy could be due to 

an underestimation of the polystyrene microsphere density or the deviation of the microsphere 

diameter, the differences between the model and the final geometry of the deposited layers and the 

silicon membrane, and the variations of the material properties. On the other hand, the resonant 
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frequency response of the asymmetrical mode is almost constant because the mass positions are at the 

nodes of vibrations (figure 6.10), which corresponds to the simulations. This result is also confirmed 

by the modal shape of vibration, tested by using the laser scanning as shown in figure 6.11.  

 

 
 

Figure 6.9. Typical frequency spectra of an epitaxial PZT membrane with different added mass. 

 

 
 

Figure 6.10. Measured frequency change as a function of added mass for symmetrical (01- and 02-

modes) and asymmetrical (11-mode) resonances compared to the simulations. The masses are 

positioned at the center of the membrane. The solid lines represent the linear fits to the measured data. 

Note that exp and sim represent experiment and simulation, respectively. 
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Table 6.3. Change in frequency determined by simulation ( simfΔ ) and experiment ( expfΔ ) for the 

symmetrical 01- and 02-modes of resonances. 

Mode-01  Mode-02 
Added mass (ng) 

expfΔ expfΔ(kHz) (kHz) simfΔ simfΔ(kHz) (kHz) Deviation (%)  Deviation (%) 

14.84 0.1420 0.1575 10.92 0.9500 1.0052 5.81 

59.36 0.3034 0.3277 8.01 2.0665 1.9053 7.80 

74.20 0.4230 0.4688 10.83 2.2700 2.3450 3.30 

103.88 0.6273 0.6815 8.64 3.0438 3.0860 1.39 

178.08 0.9367 1.0938 16.77  4.2951 4.5890 6.84 

 

 

 
 

Figure 6.11. Modal shape of the 11-mode resonance of the epitaxial PZT membrane with the 

polystyrene microspheres at the vibration node.  

 

The limit of detection for the current measurement setup and the epitaxial PZT membrane 

configuration is determined by the fluctuation level of resonant frequency together with the mass 

sensitivity. The resonant frequency data without any mass loading are recorded over 30 min using the 

laser Doppler vibrometer. The measured fluctuation level of the 01-mode resonance is shown in figure 

6.12(a). The standard deviation of the resonant frequency variation is about 30 Hz. Thus, the LOD is 

calculated using equation (6.2) to be about 5.1 ng. For the 02-mode resonance, the resonant frequency 

fluctuation of 107 Hz is observed as shown in figure 6.12(b) resulting in the LOD of 4.9 ng. 

Although, the 02-mode resonance gives a higher resonant frequency shift than the 01-mode 

resonance, the resonant frequency fluctuation obtained from 02-mode resonance has a larger value 

than that obtained using the 01-mode resonance. The larger resonant frequency fluctuation of the 02-

mode resonance is due to the frequency instability, which gives rise to the increased uncertainty in the 

peak position [12, 48]. As the result, the minimum detectable mass of the 02-mode resonance is 
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similar to that of the 01-mode resonance. The frequency stability of the sensor depends on different 

noise sources, e.g. thermomechanical noise, temperature fluctuations, and electrical noise [49]. By 

refining the measurement setup to reduce the noises, the resonant frequency fluctuation should be 

improved significantly to values as low as units of millihertz, and thus the minimum detectable mass 

would reach to the range of picograms.     

 

 
 

Figure 6.12. Resonant frequency fluctuations: (a) 01-mode and (b) 02-mode. 

 

 The experimental results presented here reveal the capabilities of circular silicon membranes 

actuated by the epitaxial PZT thin films as mass sensing devices. The silicon membrane actuated by a 

thin epitaxial PZT layer demonstrates a strong harmonic oscillation with a high Q  factor due to 

excellent piezoelectric properties of the epitaxial films. The experimental results show excellent 

agreement with the FEM analyses. For optimum sensitivity, the specific position of the mass loading 

must be defined for a given resonant mode. Based on our numerical and experimental results, we 

propose to specify the mass position at the center of membrane and use the symmetrical modes of 

vibrations. Currently, the mass sensitivity of the epitaxial PZT membrane as a localized-mass sensor 

is of the order 10-12 g Hz-1 at atmospheric pressure, which allows us to detect DNA molecules [10], 

proteins [48], cells [50], and mercury vapor [51]. For these different sensing applications, the epitaxial 

PZT membranes have to be coated locally with specific functional layers. One possible method is to 

use the drop-on-demand inkjet printing technique, which can handle various solution-based materials 

and deliver small amounts of liquids with good spatial accuracy [52]. Further enhancement of the 

mass sensing sensitivity can be achieved by reducing the size of a membrane. The finite element 

analysis predicts that the mass sensitivity will approach 10-15 g Hz-1, when the epitaxial PZT 

membrane is reduced to 500 μm in diameter with the silicon thickness of 5 μm. With the current 

measurement setup, the minimum detectable mass is limited by the high noise level. With the use of 
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an improved measurement setup, one can expect the reduction of the frequency fluctuation leading to 

a better minimum detectable mass value.  

 

6.7 Conclusions 

In this study, we presented a circular silicon membrane actuated by an epitaxial piezoelectric PZT thin 

film for mass sensing applications. The integration of epitaxial PZT thin film grown on silicon 

substrates with a metallic SrRuO3 bottom electrode, exhibits high crystalline quality and excellent 

piezoelectric properties. The epitaxial PZT membrane device was successfully fabricated through a 

sequence of microfabrication processes optimized for epitaxial oxide layers. A 150-nm thick epitaxial 

PZT film is able to actuate the 1500-μm membrane with a strong harmonic oscillation response and a 

high Q  factor at atmospheric pressure, promising characteristics for mass sensing applications. The 

mass sensing performances of the proposed structure were evaluated both numerically and 

experimentally. It is found that the sensitivity is a function of the mass position, where is highest at 

the antinodal points. Therefore, we propose to use only the symmetrical modes of vibrations and 

define the mass position at the center of membranes as a localized-mass sensor for the optimum 

sensitivity and ease of sensor design. The epitaxial PZT membrane demonstrates a mass sensitivity of 

170 pg Hz-1 for the 01-mode resonance, and the sensitivity increases significantly to 46 pg Hz-1 for the 

02-mode resonance. The experimentally observed changes in resonant frequency are in excellent 

agreement with the numerical analyses. This sensor with the mass sensitivity of the order 10-12 g Hz-1 

and the minimum detectable mass of 5 ng has the potential for the detection of small quantities of 

biomaterials. Further improvements on measurement setups and optimization of the sensor 

dimensions will allow enhancing the quality factor, resulting in higher mass sensitivity, smaller 

minimum detectable mass, and better signal-to-noise ratio since 1 Q  represents the intrinsic noise of a 

system [53]. Future study will address these issues as well as the sensing performance of the epitaxial 

PZT membrane in a viscous environment.  
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ABSTRACT 

In this paper, we introduce a charge integrator as a read-out system for piezoelectric cantilever 

sensors. The charge integrator is used to monitor the surface charge induced by piezoelectric materials 

as a function of mechanical stress. This technique improves the response of piezoelectric cantilever 

sensors in low frequency measurements which makes them suitable for chemical and biological 

detection. Furthermore, it is capable of real-time, portable and all-electrical detection. The detection 

of alkanethiols on the Au-coated piezoelectric cantilevers is demonstrated to verify the concept.  
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7.1 Introduction 

There has been a growing interest in piezoelectric materials applied in micro-devices [1-6]. The 

piezoelectric cantilever sensor is a technology that has attracted much attention due to its potential as 

a sensing platform for chemical and biological detection. The piezoelectric cantilever offers many 

advantages in bio-sensing applications including high sensitivity, portability, and simplified sensing 

system. Most of the piezoelectric cantilevers are operated in dynamic mode, where the adsorption of 

biological molecules causes a shift in the resonance frequency [7-11]. However, they may not be 

suitable for the operation in viscous liquid since the sensitivity decreases dramatically due to low 

quality factor [12-14]. To overcome this problem, many chemical and biological sensors have been 

designed using the static detection method, where the surface stress produced on a cantilever can be 

observed as changes in cantilever deflection. Using this concept, the feasibility of chemical and 

biological detection with extremely high sensitivity has been demonstrated [15-21]. However, these 

sensors are based on silicon requiring bulky and expensive optical beam deflection measurements. 

The use of piezoelectric cantilevers in the static mode which is based upon changes in the deflection 

induced by the biomolecular interactions on the cantilever surface would be great promises for the 

detection of biological molecules in a liquid environment since they do not require bulky optical 

detection system. Nevertheless, when a quasi-static force is applied to the piezoelectric cantilever, the 

electrical charges developed by piezoelectric materials decay with a finite time constant. Utilizing a 

charge integrator, the charge decay on the piezoelectric cantilevers can be monitored. Hence, the 

detection of surface stress induced deflections in the piezoelectric cantilevers becomes possible. This 

measurement technique is not limited to only chemical and biological detection: it can be applied to a 

variety of piezoelectric sensors, such as impact sensors, piezo switches, fluid level sensors, and flow 

sensors.      

In this paper, we report on the development of the charge integration technique for surface 

stress detection of piezoelectric cantilever sensors operating in the static mode. The concept of the 

charge integration technique and the detail of apparatus used to realize the detection system are 

presented. Several control experiments are performed to test the instrumental setup and sensor 

responses induced by environments, which provide useful information about any interference to 

sensor responses. The proposed technique is demonstrated with the detection of alkanethiols using 

Au-coated piezoelectric cantilevers in liquid environment.  

 

7.2 Charge integration technique  

The charge integration technique was originally introduced for piezoelectric force transducers, which 

improved the response of piezoelectric transducers in low frequency force measurements [22]. Later, 

it was extensively applied for the determination of the piezoelectric coefficient of piezoelectric thin 

films [23-27], low-level current sensor measurements [28], and pressure sensors [29]. To our best 

knowledge, the use of charge integrators for bio-sensing applications has not been reported yet. In this 
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study, we explore the feasibility to detect electrically and statically the deflections of piezoelectric 

cantilevers in real time and to develop a readout method suitable for a portable device based on the 

charge integrators. Detection of surface stress induced deflections in piezoelectric cantilever sensors 

can be easily performed by the charge integrator based detection system incorporating with reset-and-

integrate operation.  

The charge integrator based detection system consists of three main parts: (1) the 

piezoelectric cantilever, (2) the precision switched integrator IVC102 [30], and (3) reset-and-integrate 

measurement, as illustrated in figure 7.1. Each of these parts is described in the following subsections.  

 

 
 

 
 

Figure 7.1. Charge integrator based detection system: (a) block diagram, (b) schematic of 

experimental setup. 

 

7.2.1 Piezoelectric cantilevers 

The surface stress induced by alkanethiol formation is monitored with an Au-coated Polyvinylidene 

Fluoride (PVDF) piezoelectric cantilever to demonstrate the concept of the charge integration 

technique. The PVDF cantilever is our choice due to excellent chemical stability and mechanical 
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flexibility as well as commercially available at low cost [29, 31]. Basically, the monolayer of 

alkanethiols is easily formed on the Au substrate due to the affinity of the sulfur atom to the Au 

surface. The alkanethiol molecule consists of three chemical entities: sulfur group, spacer group and 

terminal group. The formation of alkanethiol on gold is initiated by the strong chemical interactions 

between the sulfur and gold surface. The spacer group, which is typically a chain of methylene 

carbons, creates lateral interchain interactions to align the molecules parallel on the gold surface to 

form the self-assembled monolayers. The properties of the terminal group define the surface 

properties, which can be any desired functionality. In this work, the PVDF piezoelectric cantilevers 

LDT1-028K/L from Measurement Specialties Inc were used. The thickness of PVDF element is 28 

μm, which is laminated by 125-μm-thick polyester layer. The width and length are 16.25 mm and 32 

mm, respectively. The properties of the PVDF material taken from the company are listed in table 7.1. 

On the topside of the cantilever, a Ti (20 nm) adhesion layer followed by an Au (100 nm) layer is 

deposited by e-beam evaporation as the sensitive layer for the alkanethiol formation.    

 

Table 7.1. Main properties of PVDF material. 

Property Value 

Piezoelectric coefficient  (pm/V) 31d 23 

Electromechanical coupling  31k 0.12 

Dielectric constant 12-13 

Capacitance (nF) 1.38 

Young's modulus (Gpa) 2-4 

Maximum temperature (˚C) 80 

 

7.2.2 Precision switched integrator 

The change in the electrical charge due to surface stress of piezoelectric cantilevers can be detected 

using a charge integrator based on the precision switched integrator IVC102. The IVC102 is a 

precision integrating amplifier with FET op amp, integrating capacitors, and low leakage FET 

switches. The main function of this device is for measuring low-level sensor currents. Even fast 

current pulses are accurately measurable. The IVC102 can convert an input current or charge to an 

output voltage by integration. The circuit connection of the IVC102 with the piezoelectric cantilever 

for reset-and-integrate operation is shown in figure 7.2. The piezoelectric cantilever is connected to 

the inverting input of the IVC102, pin 2. The switch S1 is always closed by connecting pin 11 to 

ground (0V). During integration period, the input current ( ) is collected on the internal reference 

capacitors C

inI

1, C2 and C3, which are connected in parallel for a total capacitance ( ) value of 100 totC
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pF. The switch S2 is used to control the integration and reset periods. A measurement cycle starts 

when S2 opens and stops when S2 closes. The output (pin 10) from the IVC102 is displayed as a 

voltage ( ) which is proportional to the amount of input charge collected on the internal capacitors.         oV
 

 
 

Figure 7.2. Schematic of precision switched integrator IVC102 connected to a piezoelectric cantilever. 

 

7.2.3 Reset-and-integrate operation 

The timing diagram of the reset-and-integrate operation is illustrated in figure 7.3. The surface stress 

induced charge from the PVDF piezoelectric cantilevers (figure 7.3(a)) is directed to a charge 

integrator based on the precision switched integrator IVC102. It integrates and stores the input current 

( ) on the internal reference capacitors for a pre-determined period. The sampling command pulse 

(figure 7.3(b)) based on HP 33120A function generator is sent to IVC102 to control the sampling 

period (T ). The reset time must be longer than 10 μs to allow the op amp to slew to 0V. The range of 

integration period can range from 100 μs to many minutes depending on the total capacitance value 

and the input current. The integrate output voltage (figure 7.3(c)) depends on the input current from 

the piezoelectric cantilever and the period of integration time, which is defined as:  

inI

 

0

T
in

o
tot

IV d
C

= −∫ t .                     (7.1) 

 

The sampled output voltage (figure 7.3(d)) is then recorded in a computer-controlled Agilent 34411A 

multimeter. The surface stress profile (figure 7.3(e)) will be reconstructed by summing the sampled 

output voltage at the end of measurement. It should be noted that the accuracy of the measurements 

depends on the reset and integration period. These periods must be selected to meet the desired 

application requirements.  
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Figure 7.3. Timing diagram of reset-and-integrate operation. 

 

7.3 Results and discussion 

The use of PVDF cantilevers combined with the proposed charge integrator based detection system 

requires extensive testing of the instrumental setup and responses induced by environments. In this 

section, the first experiment is conducted to validate the operation of the IVC120 charge integrator 

circuit. The PVDF cantilevers are then expose to different environments to observe their responses. 

Finally, the detection of alkanethiols is demonstrated to verify the concept. All experiments presented 

here are carried out at room temperature (approx. 23˚C). The instrumental setup is placed on a 

vibration isolation table to avoid mechanical noises.      

 

7.3.1 Control experiments 

Prior to exposing the piezoelectric cantilevers to alkanethiol solutions, several experiments were 

performed to characterize the IVC102 charge integrator circuit and instrumental setup. The initial 

characterization experiment was conducted to test the output voltage of the IVC102 with different 

modes of operation. The PVDF cantilever LDT1-028K/L mounted on a PCB board was connected to 

the IVC102. The three modes of operation (Reset, Hold and Integrate) of the IVC102 are controlled 

by the S1 and S2 switches. Referring to figure 7.2, the modes of operation are summarized in table 7.2. 

For each mode of operation, an output voltage was recorded each 10 msec over 300 sec in the 

computer-controlled multimeter as shown in figure 7.4.  
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Table 7.2. IVC102 modes of operation. 

Switch 
Mode 

S1 S2

Reset open close 

Hold open open 

Integrate close open 

 

In Reset mode, the integration capacitor is discharged and the output voltage is driven to 0V. 

The voltage response is stable over time. Then, Hold mode begins when S2 is opened. The output 

voltage should remain at the present voltage value at 0V. However, the offset voltage of -18 mV is 

observed. This offset error is due to the charge injection of S2 opening. Moreover, a slow change in 

output voltage (Hold-mode droop) caused by op amp input bias current is also noticed. The droop rate 

of the IVC102 is typically 1nV μs-1 [30], which rarely contributes significant error. For testing the 

Integrate mode, the sequence begins with opening S1 and closing S2 to reset the IVC102 to 0V for 10 

sec. Opening S2 (Hold mode) is then followed for another 10 sec prior to integration. The offset 

voltage dominated by the charge injection of S2 is around -20 mV, which is nearly identical to the 

voltage response in the Hold mode test. The Integrate mode begins when S1 is closed. The residual 

charge in the PVDF cantilever transfers immediately to the internal capacitors resulting in a step 

output voltage.                

 

 
 

Figure 7.4. Typical output voltage curves of the IVC102 charge integrator circuit.  
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The next experiment was conducted to confirm that the IVC102 was working correctly. We 

applied a force to the PVDF cantilever LDT1-028K/L by placing a 10 g mass of aluminum M1 onto 

the tip of the piezoelectric cantilever within the area of 10 × 10 mm2.  The stress induced deflection in 

the piezoelectric cantilever generated the current flowing into the internal reference capacitors, which 

produced the negative output voltage at Vo as shown in figure 7.5. When the mass M1 was applied to 

the PVDF cantilever, the output voltage quickly reached around -6 V before stabilization around -4 V. 

This is due to the impact force upon applying the mass. At 25 sec, another 12 g mass of aluminum M2 

was gently placed to avoid the impact force at the same position of M1, which induced more current 

charging into the internal capacitors. The integrator output voltage Vo from IVC102 responded as 

expected, which was proportional to the mass. It should be noted that the slow changes in output 

voltages after the application of the M1 and M2 are primarily due to small asymmetrical oscillations of 

the cantilever.  

 

 
 

Figure 7.5. Integrator output voltage from mass loading. 

 

For comparison between the voltage responses obtained with and without the charge 

integrator, a force was applied to the PVDF cantilever without the charge integrator by placing a 10 g 

mass. In this case, the cantilever was connected directly to the computer-controlled multimeter. Figure 

7.6 shows the output voltage of the PVDF cantilever without the charge integrator. The voltage 

developed by the PVDF cantilever decay with a finite time constant. These results reveal the potential 

of the proposed technique to cope with the static measurement in piezoelectric sensors. 
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Figure 7.6. Output voltage of a PVDF cantilever without the IVC102 charge integrator circuit. 

 

The piezoelectric cantilevers were then exposed to air and water for 8 hours in order to 

determine their responses to environments, which are not specifically induced by alkanethiols. There 

were no other factors involved in these experiments. The reset and integration period values are 0.5 

sec and 1 sec, respectively. The output voltage in both cases was recorded each 100 msec in the 

computer-controlled multimeter. We observed very small output voltage drifts of piezoelectric 

cantilevers both in air and water as shown in figure 7.7. The responses appear to be stable in both 

environments with minimal noise in the signal. These results provided important information about 

any interference with the integrator output voltage. 

The results obtained from the control experiments confirm the function of the charge 

integrator readout and instrumental setup, thereby providing confidence to pursue the experiments of 

alkanethiol detections that will be demonstrated in the next section.   

 

 
 

Figure 7.7. Output voltage drifts of piezoelectric cantilevers: (a) in air, (b) in water for 8 hours. 
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7.3.2 Alkanethiol detection 

Alkanethiols are known to form self-assembled monolayers (SAMs) on gold surfaces [17, 32-36]. 

There are two distinct phases involved in the alkanethiol monolayers [37]. The first phase is the 

adsorption of the sulfur groups on the Au surface. The adsorption depends strongly on thiol 

concentration. Higher concentration of thiol can lead to faster adsorption speed. This step is a very 

fast step, which usually takes only a few minutes. The second phase is a slow step (several hours) 

occurring gradually over time as the carbon chains orient themselves in an all-trans ordered fashion. 

The phenomena of surface stress (deflection) are investigated relative to the formation of alkanethiol 

SAMs on the Au-coated piezoelectric cantilevers to verify the effectiveness of the proposed detection 

system. In our experiments, two alkanethiols, 11-Mercaptoundecanoic (NanoThinksTM ACID11) and 

16-Mercaptohexadecanoic (NanoThinksTM ACID16)   acids purchased from Aldrich were used to 

study the self-assembly process on the gold surfaces of the piezoelectric cantilevers. These 

alkanethiols have the same head group (-SH) and terminal group (-COOH) but different length of 

alkyl chains. The concentrations of ACID11 and ACID16 in solution were held constant at 5 mM in 

ethanol. All experiments were conducted at room temperature in the liquid phase. Before further 

processing, the piezoelectric cantilevers must be carefully cleaned. In this work, we cleaned the 

piezoelectric cantilevers in isopropanol and deionized water for 15 minutes each before gold 

deposition. The Ti/Au layer was then deposited onto the cleaned piezoelectric cantilevers. We again 

rinsed the Au-coated piezoelectric cantilevers with ethanol for 5 minutes just before the experiments.  

The Au-coated piezoelectric cantilever was immerged vertically into ACID11 with the 

volume of 100 ml in an enclosed glass container. A sample output voltage was recorded each 100 

msec over 6 hours in the computer-controlled multimeter at the 0.5-sec reset and 1-sec integration 

periods. The initial deflection was set to zero. Figure 7.8(a) shows the reconstructed sample output 

voltage due to the formation of ACID11 on the Au-coated piezoelectric cantilever. This result 

indicated the two phases involved in the formation of ACID11 monolayer [33]. The first phase was 

the initial adsorption of the sulfur groups on the Au surface, which took only minutes. The second 

phase was the organization of alkyl chains, where the deflection of piezoelectric cantilever was 

gradually increasing over time (5 hours). Once the SAM of alkanethiol has been formed completely, 

the response became stable. To check whether the voltage response was caused by the formation of 

ACID11 monolayer, a reference test was carried out on a PVDF cantilever without an Au layer. The 

voltage response labeled control displayed totally different from that obtained from the Au-coated 

piezoelectric cantilever, and was constant over time as shown in figure 7.8(b). These results revealed 

a significant change in surface stress due to the formation of ACID11 acid on the Au surface, 

confirming the effectiveness of the charge integrator based detection system.    
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Figure 7.8. (a) Reconstructed surface stress profile due to the formation of ACID11 on the Au-coated 

piezoelectric cantilever obtained from the sampled output voltage. (b) The magnification of the 

voltage response labeled control of a PVDF cantilever without an Au layer. 

 

To further investigate the detection of alkanethiol using the charge integration technique, we 

observed another alkanethiol having longer length of alkyl chains, ACID16. The experimental 

conditions were the same as those used with the ACID11. The result for the adsorption of ACID16 on 

the Au-coated piezoelectric cantilever compared with a PVDF cantilever without an Au layer is 

illustrated in figure 7.9. It is obvious that in the initial adsorption the ACID16 created a tensile stress 

on the surface resulting in the deflection of piezoelectric cantilever in upward direction. At 

approximately 20 minutes, the piezoelectric cantilever gradually began to bend in opposite direction 

(organization phase). The SAM formation of ACID16 seemed to be well ordered at approximately 4 

hours, which was faster than that of ACID11 due to the Van der Waals interactions between the alkyl 

chains become stronger with the longer alkyl chain length promoting the production of SAM 
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formation [38]. However, after 40 minutes of full monolayer formation, the piezoelectric cantilever 

bent in upward direction. It is believed that unbound alkanethaiol molecules formed the interplane 

hydrogen bonds on the terminal group (-COOH) of alkanethiol monolayer leading to a second layer of 

alkanethiol on the top of SAM or unbound alkanethiols induced an imperfect SAM formation [39]. It 

was found that adding a small amount of CF3COOH can improve the quality of monolayers. This 

phenomenon has not yet been explored in this work. It is difficult to observe the evolution of 

monolayer formation as it is occurring. However, the results we have obtained with the use of the 

charge integrator to detect the surface stress in the piezoelectric cantilevers have enabled us to 

monitor SAM formation in real time.      

     

 

 

 

Figure 7.9. Reconstructed surface stress profile due to the formation of ACID16 on the Au-coated 

piezoelectric cantilever obtained from the sampled output voltage. (b) The magnification of the 

voltage response labeled control of a PVDF cantilever without an Au layer. 
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In order to verify the presence of monolayers, a simple test to characterize the monolayer 

formation was performed using the microdroplet condensation technique [40, 41]. The Au-coated 

cantilever and the ACID16-SAM cantilever were cooled on a Peltier element below the dew point 

until droplets of ambient water condensed on the surface. The difference in size of water droplets for 

the Au surface and the ACID16-SAM surface appeared obviously as shown in figure 7.10. The 

droplets on the hydrophilic ACID16 monolayer are larger than those on the Au surface [17]. The size 

and density of droplets reflect different wettability properties of the cantilevers with and without the 

self-assembled monolayer, which indicate the presence of SAM. 

 

 
 

 
 

Figure 7.10. Optical microscope images of microdroplet condensation: (a) on Au surface, (b) on 

monolayer of ACID16.  

 

7.4 Conclusions 

A simple and efficient charge integration technique was proposed to measure the surface stress 

induced deflections in piezoelectric cantilevers. We demonstrated the use of the charge integrator to 

detect the alkanethiols in liquid environment. Utilizing this detection technique, the operation of 

piezoelectric cantilevers in static mode becomes possible. This charge integrator based detection 

system provides numerous advantages such as real-time, in-situ, low-cost detection. Furthermore, the 

deflection of piezoelectric cantilevers can be measured electrically without requiring external bulky 

optical devices, which enables the realization of portable sensor systems. Although, the charge 

integrator based detection system has been designed to operate with the peripheral electronics 

(computer, multimeter and function generator), it is capable of a stand-alone operation by using a 

microcontroller. The outcome of the study should incite to the establishments of the static detection 
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method of piezoelectric cantilever sensors for chemical and biological applications. The charge 

integrator is not restricted to cantilevers: it can be applied to piezoelectric sensors in general. 

Currently, we are attempting to use our epitaxial piezoelectric MEMS devices with the charge 

integrator for sensing molecular interactions. The epitaxial piezoelectric MEMS on silicon 

demonstrate better performances compared to the polycrystalline piezoelectric devices [42]. This 

combination could improve significantly the detection sensitivity in the static way. 
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Chapter 8 

 

Conclusions and outlook 

 
This thesis dealt with several aspects that are necessary for the realization of piezoelectric MEMS 

based on epitaxial PZT thin films. The PZT thin films epitaxially grown on silicon wafers through 

oxide layers exhibit high crystalline quality and excellent piezoelectric properties. The micro-

patterning techniques and process flow optimized for the epitaxial oxide layers deposited on silicon 

substrates have been developed. The success of integration of PZT thin films on silicon with 

appropriate microfabrication allows the superior properties of the epitaxial PZT thin films to be 

utilized in piezoelectric MEMS devices, i.e. large amplitude actuation with lower driving voltage, 

high sensitivity, and high efficiency in energy conversion. Two applications have been successfully 

demonstrated. First, different PZT/Si cantilever structures with and without a Si proof mass were 

realized for vibration energy harvesting applications. The optimized device has shown a high power 

density, while maintaining a low optimal resistive load. Second, the performance of a Si membrane 

actuated by an epitaxial PZT thin film was evaluated for localized-mass sensing applications, 

achieving a mass sensitivity in the order of 10-12 g Hz-1 with a minimum detectable mass of 5 ng. The 

charge integration technique was also investigated for measuring the deflection of piezoelectric 

cantilevers in static mode.  

The PZT thin films investigated in this work were epitaxially grown on silicon substrates 

through the STO buffer layers and SRO oxide electrodes. Pb(Zr0.2Ti0.8)O3 was chosen for its good 

lattice match with the STO and SRO layers. The epitaxial PZT thin films on silicon exhibit high 

crystalline quality, large remanent polarization, and excellent piezoelectric properties, which are 

important requirements for piezoelectric MEMS. The epitaxial PZT layers were grown onto 2″ Si 

(001) wafers with a thickness up to 500 nm. The residual stress was obtained within the range of 60–

100 MPa depending on the thickness of the epitaxial PZT films. Such a small level of residual stress 

could not deteriorate the behaviors of devices. The effective piezoelectric coefficient 31, fe  of 18.2 ± 

0.9 C m-2 was estimated for the Pb(Zr0.2Ti0.8)O3 thin films without a poling treatment. This value is 

excellent when compared to the ones previously reported. However, the performance of piezoelectric 

MEMS devices is not only dependent on the piezoelectric coefficient, but also on the dielectric 

constant, since the figures of merit for various criteria depend on these two properties. Therefore, 

further investigation is required to understand the properties of epitaxial PZT thin films with different 

compositions. Moreover, for better reproducibility, improved sensitivity and higher throughput, the 

growth of a thicker epitaxial PZT layer on larger silicon wafers needs to be considered.  
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The integration of epitaxial PZT layers on silicon substrates through the SRO and STO oxide 

layers requires specific microfabrication processes. These are the patterning methods for the metallic 

oxide SRO electrodes and the epitaxial PZT thin films. The ion milling process with alternating 

etching and cooling steps was successfully demonstrated to pattern the PZT/SRO/STO multilayer 

stack in a single processing step, allowing for the use of standard photoresist masks. The influence of 

the processing temperature and of the type of materials used as top electrodes on the epitaxial PZT 

film properties was also investigated. The results reveal that the thermal effect is a primary cause of 

the degradation of the properties of piezoelectric thin films covered with top electrode materials. 

Therefore, the electrode materials must be carefully selected, deposited and patterned at the end of the 

fabrication process to avoid the loss of ferroelectricity during the process. Epitaxial PZT cantilevers 

and membranes were fabricated using the optimized processes, exhibiting superior behaviors: high 

deflection at low driving voltage in static mode and strong harmonic oscillation with a high quality 

factor in dynamic mode. It is worth noting that in order to use such epitaxial PZT devices as actuators, 

further measurements of zero-force displacement would be required. As a conclusion, one can say that 

the microfabrication processes with associated process flow proposed in this thesis are optimized for 

the epitaxial PZT MEMS since no degradation in the piezoelectric properties was observed 

throughout the processes. However, the metal top electrodes should be replaced with epitaxial SRO 

top electrodes to improve fatigue characteristics for stability and reliability in final devices and their 

operation at higher temperature conditions. The use of DRIE should also be considered for structuring 

PZT/SRO/STO heterostructures instead of ion milling, since the etch rate and selectivity could be 

improved. Alternatively, it has been demonstrated that it is possible to use wet etching for patterning 

the epitaxial PZT thin films followed by laser micromachining to structure the SRO/STO layers in 

some cases where lateral resolution and photoresist undercut of wet patterning are not issues.    

The superior properties of the epitaxial PZT thin film and the effectiveness of the optimized 

microfabrication processes have been verified by two examples of epitaxial PZT MEMS devices. 

First, the performance of vibration energy harvesting devices based on the epitaxial PZT thin film has 

been evaluated. A high power density of up to 14 μW g-2 was obtained, which is higher than the other 

piezoelectric energy harvesters surveyed in the literature. This is due to the high quality of the c-axis 

oriented PZT layer resulting in a high piezoelectric coefficient and a low dielectric constant (high 

figure of merit for power generation). The epitaxial PZT harvesters exhibit also high current 

generation with usable voltage, while maintaining lower optimal resistive load. Obviously, the 

epitaxial PZT thin film can improve overall electrical performances of piezoelectric energy harvesting 

devices. However, further improvements would require the use of the silicon-on-insulator substrates 

to obtain thinner and uniform silicon cantilever beam to reduce the resonant frequency and the 

development of the power management circuits in order to realize fully-functional vibration energy 

harvesting systems. The rule of thumb for their design is to increase the effective mass of the structure 

by adding a heavy proof mass which can provide low resonant frequency, high output power and 
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compactness, simultaneously. The robustness of the harvesting devices should also be investigated for 

applications where high acceleration is required.  

The second application focused on an epitaxial PZT membrane. The study of the basic 

dynamic characteristics of such structures has shown excellent results, i.e., a 150 nm thick epitaxial 

PZT film exhibits a strong harmonic oscillation response with a high quality factor at atmospheric 

pressure. The aim was to produce a resonant sensor for localized-mass sensing applications. As a 

localized-mass sensor, the mass sensitivity is a strong function of the mass position and the vibration 

mode, being highest when placing mass at the antinode and operating the sensor at higher mode of 

resonance. The epitaxial PZT membrane achieved the mass sensitivity of 46 × 10-12 g Hz-1 for the 02-

mode resonance with the minimum detectable mass of 5 ng that demonstrates interesting opportunities 

in various biological and chemical sensing applications. Further enhancement of the mass sensing 

sensitivity can be achieved by reducing the size of a membrane. The finite element analysis predicts 

that the mass sensitivity will approach 10-15 g Hz-1, when the epitaxial PZT membrane is reduced to 

500 μm in diameter with the silicon thickness of 5 μm. In this domain, a further improvement would 

address the controlled deposition of functional layers, which is the key to convert the epitaxial PZT 

membrane into biological or chemical sensors. It is also worth to evaluate the mass sensing 

performance of this epitaxial PZT membrane with the distributed-mass loading in order to fully 

understand its behaviors and to be able to compare its performances with other mass sensors.  

In the last part of this thesis, a measurement technique based on a charge integrator, which 

can electrically and statically measure the deflection of piezoelectric sensors, was developed. The 

proposed technique has been verified and demonstrated by means of detecting the alkanethiols in 

liquid environment using the Au-coated PVDF cantilevers. Experimental results revealed the potential 

of the charge integration technique to cope with the static measurement in piezoelectric sensors, 

which is a promising technique for the detection of biological molecules in a liquid environment. This 

measurement technique is not limited to only chemical and biological detection: it can be applied to a 

variety of piezoelectric sensors, such as impact sensors, piezo switches, fluid level sensors, and flow 

sensors. It is worth noting that in order to meet the desired application requirements, the influence of 

integration and reset periods on the accuracy of the measurements should be studied. Moreover, the 

charge integrator is not restricted to only PVDF piezoelectric materials; it can be used with various 

types of piezoelectric materials in general. 

 In summary, it has been demonstrated in this study that the properties of epitaxial PZT thin 

films lead to piezoelectric MEMS with superior performances. However, some issues have to be 

investigated to further improve the performances of piezoelectric MEMS based on epitaxial PZT thin 

films. In piezoelectric MEMS, the performances of the devices are governed by two major properties: 

the piezoelectric coefficient and the dielectric constant, which are strongly dependent on the Zr/Ti 

compositions of the PZT thin films. Thus, the first issue that has to be addressed is the study of 

properties of epitaxial PZT thin films with different Zr/Ti compositions to find the optimal 
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composition for specific applications. Second, the optimal deposition process of epitaxial PZT thin 

films on large silicon wafers should be developed in order to achieve high fabrication throughput, 

which could be of high interest to manufacture epitaxial piezoelectric MEMS. Third, the thickness of 

the epitaxial PZT films should also be considered since it was reported that the piezoelectric 

coefficients were found to be higher for PZT films with higher thicknesses. Fourth, it is of interest to 

investigate the characteristics of multilayered dielectric/ferroelectric thin films and superlattices for 

MEMS devices. It has been reported that they can enhance the dielectric, ferroelectric, and 

pyroelectric properties with respect to the conventional ferroelectric thin films. Thus, it is expected to 

be an efficient way to better improve the piezoelectric properties and reduce the leakage currents.                   

The integration of epitaxial perovskite thin films on silicon is a promising technology, which 

could allow advanced MEMS to be realized. It can be applied to a wide range of devices, including 

high frequency resonators, RF switches, micromirrors, lab-on-a-chip systems, piezoelectric 

transformers, or high-sensitivity sensors. As progress is made towards nanoscale applications, where 

uniform control of the piezoelectric response is required at nanometer scale, the highly controllable 

piezoelectric properties of the epitaxial PZT thin films on silicon substrates can also offer several 

possibilities for the development of high performance nanoelectromechanical systems (NEMS).     
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