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Chapter 1 - General introduction 

1.1 Research background 

1.1.1 Piezoelectricity and ferroelectricity 

Piezoelectricity is an electromechanical phenomenon that convert mechanical energy into electric 

energy (known as the direct piezoelectricity), and vice versa (known as the converse piezoelectricity). The 

knowledge about piezoelectric effect originated from 1880s, when the Curie brothers discovered that electric 

charges in quartz can be generated by applying pressure on it [1,2]. Since that time, however, piezoelectric 

materials had not been widely used owing to their fairly low Curie temperature and other unstable chemical 

properties. Not until 1940s, the discovery of a piezoelectric perovskite material, barium titanate (BaTiO3, 

BT) [3ï5], had formally initiated the application of piezoelectric materials and devices owing to a Curie 

temperature Tc over 120 . In 1954, Jaffe [6] observed a giant piezoelectric response in lead zirconate 

titanate (Pb(Zr,Ti)O3, PZT) with the composition around morphotropic phase boundary (MPB) [7]. As the 

PZT phase diagram [8] illustrates in Figure 1-1, PZT with a Zr/Ti ratio of 52/48, which locates at the phase 

transition boundary between a tetragonal crystal and a rhombohedral, can easily cause a discontinuous change 

of the physical properties. The discovery of PZT and MPB became a milestone in the development of 

piezoelectric materials and devices, and have been changing the world until today. 

 

Figure 1-1 Phase diagram for PZT [8]. PC, FT, FR, AT and AO represent paraelectric cubic, ferroelectric tetragonal, 

ferroelectric rhombohedral, and antiferroelectric tetragonal and antiferroelectric orthorhombic phases, respectively. 

Among a variety of piezoelectric materials, there is one the polarization of which can be rearranged by 

an external electric field, and even exists in the absence of the electric field. This phenomenon is called 

ferroelectricity, which was first discovered by Valasek [9] who observed a hysteretic relationship between 

the polarization (P) and the external electric field (E) in Rochelle salt in 1920s. Figure 1-2 shows a typical 
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P-E relationship [10], known as a hysteresis loop for ferroelectric materials. In general, a piece of ferroelectric 

material contains many domains in random directions and need to be poled by applying an external electric 

field for utilization. After all the ferroelectric domains are switched to a preferred direction during poling, P 

becomes a linear function of E along the line BC shown in the figure. The P intercept of BC is called saturated 

polarization, Ps, which reflects the intrinsic polarization in the material. When reducing E afterwards, P 

decreases as the ferroelectric domains partially switch back to the initial state. When E goes back to zero, 

there are still a number of domains maintaining the preferred direction, causing a remnant polarization Pr at 

E = 0. Continuing applying a reverse E, P further decreases from Ps to zero at ïEc, and the similar behaviors 

start in the opposite direction. The reverse E that is able to cancel Ps is called coercive electric field Ec. 

 

Figure 1-2 A typical hysteresis loop for ferroelectric materials [10]. 

 A representative ferroelectric is the perovskite structure, with a general chemical formula of ABO3 

such as BT and PZT. As an example of the PZT atom structure shown in Figure 1-3 [10], Pb2+ of A-sites and 

Zr4+/Ti4+ of B-sites are located at the center of oxygen octahedra, showing the coincidence of the centers of 

positive and negative charges. When the temperature goes down below Tc, the cubic perovskite will transform 

into a tetragonal structure and an electric dipole is produced by the ions deviated from the symmetric position, 

as shown in Figure 1-3(b). Since the dipole moment varies with the change of the ion position which can be 

affected by external pressure, the material exhibits piezoelectricity. This also indicates that the 

piezoelectricity and ferroelectricity must exist in the materials with a non-centrosymmetric point group, 

whereas the centers of positive and negative charges will always coincide for the centrosymmetric crystals.  

 

Figure 1-3 Perovskite structure of PZT [10]. (a) The cubic phase above Curie temperature. (b) The tetragonal phase below 

Curie temperature, in which the deviation of atoms exhibits piezoelectricity. 
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Apart from piezoelectricity, many factors, e.g. heat, light, etc., can affect the electric dipole and thus 

derive various interesting phenomena that achieve mutual conversion among different sorts of energy, as 

listed in Table 1-1 [11]. Materials with those off-diagonal coupling properties are known as ñsmartò materials, 

which can be utilized in multiple fields as high-permittivity dielectrics, piezoelectric/pyroelectric/electro-

optic sensors and actuators, etc. Although ferroelectric materials have not achieved the industrial application 

in some areas where competitive materials exist, their promising potential in miniaturized and integrated 

devices has been attracting considerable interests and efforts from researchers and experts. 

Table 1-1 Various effects in materials [11] 

 

 

1.1.2 Piezoelectric energy harvesting 

Since the industrial revolution, excessive exploit of fossil fuels has made a negative impact on the global 

environment. Toughing issues such as air pollution and global warming are calling for reasonable and 

effective utilization of non-renewable resources as well as the exploit and application of eco-friendly energy 

sources, e.g. solar, wind, hydra, biomass, etc. [12]. As one of the promising technologies to produce 

renewable energy, energy harvesting PEH, that converts the ambient energy to electric power, has received 

much attention. In addition, energy harvesting plays an important role in the development of micro-

electromechanical systems (MEMSs). For those wireless sensors and actuators that operate in the remote area 

where replacing the battery will be a demanding task or even impossible, energy harvesting will  become an 

expected solution [13].  

Among three mechanisms to convert mechanical energy to electric power: (1) electromagnetic [14-15], 

(2) electrostatic [16] and (3) piezoelectric, piezoelectric energy harvesting (PEH) can be easily integrated 

with other transducers to create self-powered devices due to the rapid electromechanical response [17-18]. 

The inspiration of using piezoelectric materials to generate electrics derived from piezoelectric dampers, 

which intended to consume kinetic energy more rapidly [19-20]. However, instead of wasting the generated 

power by converting to Joule heat, many problems in piezoelectric configuration, circuitry, power storage, 

etc. need to be deal with. Until now, there has not been an absolutely clear criterion to evaluate the output 
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performance of PEH devices. Most studies evaluate the output voltage or active power, but it is difficult to 

compare them with each other due to the diverse vibration source and device configuration. 

To simplify the discussion and highlight the effect of piezoelectric materials on PEH, the output 

performance in this dissertation is evaluated mainly based on the piezoelectric configuration. Figure 1-4 

shows two basic working modes for piezoelectric materials. Here, available energy Ea, which is proportional 

to the output power, is expressed as Eq. (1-1) in the model of charging a parallel plate capacitor. 

 Ὁ ὅὠ   (1-1) 

where C stands for the capacitance of the piezoelectric materials, V the voltage generated by applying a 

mechanical stress ů. C is known as Eq. (1-2) with the dimension given in Figure 1-4, 

 ὅ   (1-2) 

where Ů is the dielectric constant of the piezoelectric materials. According to the piezoelectric equation, V in 

the 33 mode (Figure 1-4(a)) and the 31 mode (Figure 1-4(b)) is expressed as Eqs. (1-3) and (1-4), 

respectively. 

 ὠ „Ὤ  (1-3) 

 ὠ „Ὤ  (1-4) 

Substituting Eqs. (1-2)ï(1-4) for Eq. (1-1), Ea becomes  

 Ὁ „ ὥὦὬ for the 33 mode,  (1-5) 

 Ὁ „ ὥὦὬ for the 31 mode.  (1-6) 

 

Figure 1-4 Two basic working modes for piezoelectric materials. (a) The 33 mode and (b) the 31 mode. 

It is concluded from Eqs. (1-5) and (1-6) that Ea, or the available energy density which is expressed with 
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Ὁ ὥὦὬϳ , are affected by the applied stress ů and Ὠ ‐ϳ (or Ὠ ‐ϳ) which is defined as the figure of merit 

(FOM) that is only determined by the material-specific property. Thus, methods to improve Ea are mainly 

based on two viewpoints: (1) optimizing the device structure for large applied stress and (2) achieving 

piezoelectric materials with an excellent FOM. The optimization for the device structure always depends on 

the specific occasions. For instance, the flexible PEH [21-23] can serve as wearable or implantable devices 

to scavenge mechanical energy from human motions; the frequency-tunable PEH [24-25] can adapt to the 

vibration with a varied frequency. Above all, this dissertation mainly involves the improvement of the 

piezoelectric materials, the electrical and electromechanical properties of which are discussed in the later 

sections as the major point.  

1.1.3 Piezoelectric materials for PEH 

Up to now, lead-containing piezoelectric materials are still predominant in various piezoelectric 

applications. Besides the outstanding properties near the MPB composition, it is also found that many 

elements are easy to solute in Pb-based compositions, which provides more modified solutions with desirable 

properties. For example, the commercial PZT ceramics [26-27] can exhibit a piezoelectric constant d33 as 

high as 593 pC/N and d31 as -274 pC/N, showing a FOM in the 33 mode (FOM33) of 5.4-14.4 TPa-1. 

Furthermore, the single-crystal ferroelectric relaxor such as Pb(Zn1/3Nb2/3)O3ïPbTiO3 (PZN-PT) and 

Pb(Mg1/3Nb2/3)O3ïPbTiO3 (PMN-PT) developed by Park et al. [28] showed a giant d33 over 1000 pC/N and 

FOM33 is 7-8 times larger than that of PZT. However, because lead is harmful to the human bodies, the use 

of lead-containing items will be restricted more and more in the near future [29-30]. Nevertheless, improving 

the piezoelectric properties of PZT and clarifying the mechanism of this enhancement are meaningful, which 

can be used as a guidance to exploiting the excellent lead-free piezoelectric materials. 

Except for PZT and BT, many prospective candidates have been reported in recent decades. For example, 

(Na0.5Bi0.5)TiO3 (BNT), which was first discovered by Hagivev et al. [31], exhibits a higher Tc (320ÁC) but a 

lower piezoelectric constant (72.9 pC/N) [32] compared with BT. Since then the binary system BNT-BT has 

been intensively investigated [33-35] for the comprehensive Tc and d33 properties. In 2004, Saito et al. [36] 

prepared a KNN-based derivation by doping LiTaO3 and LiSbO3, achieving d33 of 416 pC/N that is 

comparable to that of PZT ceramics. 

Apart from piezoceramics, piezoelectricity was also found in the polymer polyvinylidene fluoride 

(PVDF) by Kawai [37]. The piezoelectric polymer shows excellent flexibility, indicating a much longer 

working life span than the peizoceramics have. In spite of a much lower d33 (-12 pC/N) than PZT, FOM can 

reach 4ï8 TPa-1 due to a low dielectric constant [27], which is suitable for the PEH application. 

1.2 Research topics on improving FOM of piezoelectric materials 

As mentioned above, FOM is an important criterion to evaluate the output performance of the 

piezoelectric materials. However, there is seldom straightforward way to achieve a high FOM as the way to 

improve piezoelectric constant, due to the positive correlation between dielectric and piezoelectric properties. 
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Figure 1-5 shows a range of FOM33 for some common piezoelectric materials. It is shown that FOM33 

between BT, PZT, KNN and PVDF are comparable to each other, even though the piezoelectric constant of 

PZT can be one or two orders of magnitude larger than that of PVDF. Of note, FOM33 of PZT is still higher 

than that of PVDF due to a quadratic relationship between FOM33 and d33. Thus, it should be admitted that 

improving the piezoelectric properties does not contradict with improving FOM. 

 

Figure 1-5 FOM33 for different piezoelectric materials [38] 

In recent years, it has been found that two classes of polarization behavior, as shown in Figure 1-6, are 

correlated with the piezoelectric response: (1) polarization extension, which changes the magnitude of 

polarization by ionic displacement and (2) polarization rotation by the movement of domain walls [39]. The 

latter behavior that greatly affect the piezoelectric response includes the movement of non-180Á ferroelectric 

domains under electric fields (domain wall motion) and the electrical response of the domain wall itself. 

However, controlling the polarization rotation is not easy because it involves the change of the polarization 

state, domain structure and even the phase of the ferroelectric materials. Strategies to control the polarization 

rotation would be obtained by clarifying the related factors and their mechanisms. 

 

Figure 1-6 Two classes of polarization behavior that relate to the piezoelectric response in ferroelectric materials. (a) 

Polarization extension and (b) polarization rotation. 

1.2.1 Polarization rotation controlled by the MPB composition 

It has been reported that giant electric and electromechanical properties exist in the bulk PZT ceramics 
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around the MPB composition. This phenomenon result from the metastable coexistence of tetragonal and 

rhombohedral phases that can increase the ease of changing the polarization [39]. However, for the PEH 

application, highly-oriented thin films are widely used and the scenario is quite different from the bulk PZT. 

It has been reported that the piezoelectric response of the thin films is clearly suppressed by the substrate 

clamping [40-42]. For example, it has been reported that even though a single-domain thin film, the 

piezoelectric constant is only about 1/3 of that for the bulk with the same composition. In addition, 

considering PZT as a reference, MPBs that involve simple phase transition and do not change dramatically 

with temperature are extremely rare. Thus this strategy may not fit the situation of other materials, which 

requires to explore other innovative strategies. 

1.2.2 Polarization rotation controlled by the external field 

Since the MPB composition may not play a dominant role in the ferroelectric thin films, other factors, 

such as the external field (e.g. electrical, mechanical, thermal, etc.), should be taken into consideration. It is 

reported that domain wall motion can be driven by an electric field due to the energetically equivalent 

domains, and a large macroscopic distortion is caused by the sum of different micro distortions from each 

domain movement [43]. It has also been reported that when an electric field is applied on a ferroelastic 

material in the non-poling direction, the domain wall itself exhibits giant piezoelectric properties [44]. Of 

note, the strain induced by the domain wall motion can be considerable large. It is reported that even lead-

free materials such as BT can generate an electric field-induced strain of about 1% [45]. In addition, a similar 

approach is often adopted for ferroelastic materials and magnetostrictive materials, and the reported strain 

that is associated with domain wall motion can reach as much as 10% [46].  

In particular, the electric field-induced strain in the thin films can be larger than in the bulk materials, in 

which the contribution of this domain wall motion is a one-off phenomenon because there is no driving force 

returning to the initial state when the voltage is not applied. The analyses focusing on the non-linear behavior 

of permittivity and piezoelectric constants in the ferroelectric thin films have been conducted since the early 

2000s, and it is reported that domain wall motion is remarkably affected by the film thickness [47,48]. In 

recent years, with the assistance of direct observations by in-situ transmission electron microscopy (TEM) 

and X-ray diffraction (XRD), it has been found that electrical and electromechanical properties are greatly 

affected by domain wall motion even in the film with the thickness lower than 100 nm [49,50]. An interesting 

phenomenon in the film clamped by the substrate is illustrated in Figure 1-7. Due to the stress from the 

substrate, the domain structure can return to the initial state even though the electric field is canceled [51]. 

This indicates that it is possible to design a unique domain structure in the thin film by utilizing the substrate 

constraint, which is supposed to be a negative factor in the conventional viewpoint. Therefore, dealing with 

the constraint from the substrate would be an important strategy to improve the piezoelectric response in the 

ferroelectric film. 
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Figure 1-7 Schematics of domain wall motion for ferroelectric (a) bulk ceramics and (b) thin films [51]. 

In brief, by utilizing the stress induced by the substrates, it is possible to break though the conventional 

perspectives and achieve the enhanced extrinsic piezoelectric response which originates from the 

reorientation of polarization driven by an external electric field for the ferroelectric thin films. 

1.3 Objective and organization of the dissertation 

1.3.1 Objective of this study 

As mentioned above, electrical and electromechanical properties of the ferroelectric thin films for PEH 

can be improved from the perspective of how to deal with the internal stress induced in the films. For one 

thing, it is possible to eliminate this internal stress to avoid the disadvantage of the substrate clamping and 

thus achieve the piezoelectric properties comparable to the bulks. For another thing, it is also possible to 

utilize this internal stress to control the polarization rotation, which can exhibit the similar behavior as the 

phase transition near MPB for the ferroelectric bulks. In this dissertation, methods and analyses on the 

improvement of piezoelectric response and output performance for the highly-oriented ferroelectric thin films 

originate from these two perspectives, and two objectives are established as follows.  

(1) Fabricating and evaluating aligned PZT nanorods to improve the output performance, from the 

perspective of reducing the lateral stress (Chapter 2 ï Chapter 4). The finite-element method (FEM) and the 

experiments conducted by pulsed laser deposition (PLD) will be used to evaluate the FOM of a nanorod array 

and compare it with that of a dense film. In addition, fabricating PZT nanorod arrays by RF-magnetron 

sputtering will be attempted for the purpose of commercializing the nanorod-based PEH devices. 

(2) Fabricating and evaluating PZT superlattice films to improve the piezoelectric response, from the 

perspective of utilizing the lateral stress (Chapter 5 ï Chapter 6). The dependence of the lateral stress on the 

polarization state and piezoelectric properties in the PZT films will be first clarified based on the Landau-
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Gintzburg-Devonshire (LGD) phenomenological theory. Then theoretically analyzed dependence will be 

validated by the superlattice films fabricated by PLD.  

1.3.2 Organization of the thesis 

Figure 1-8 shows the organization of this dissertation. Corresponding to the abovementioned objectives, 

two types of nanostructure, nanorod arrays and superlattice films, are investigated on their piezoelectric 

property and output performance and compared with the traditional clamped films. For either nanostructure, 

theoretical analysis is first conducted to predict the effectiveness the stress strategies, and then fabrication of 

the nanostructure is followed to validate the theoretical prediction. Contents of each chapter are explained in 

detail as follows. 

 

Figure 1-8 Organization of the dissertation 

Chapter 2 - Theoretical analysis on the output performance of piezoelectric nanorod arrays 

From the perspective of reducing the clamping stress in the film, using the piezoelectric nanorod array 

would be an effective way to improve the output performance along the out-of-plane direction. In this chapter, 

a theoretical model of a nanorod array is studied on the output voltage and power, by deducing their 

expressions from the piezoelectric equations and conducting the FEM simulation in the software COMSOL 

Multiphysics. The study includes (1) effect of the aspect ratio of one nanorod on piezoelectric constant d33, 

(2) effect of the density of the nanorod array on the output voltage and output power, and (3) comparison 

with the 33-mode film and the cantilever-based film on their output performance. 

 

Chapter 3 - Enhanced FOM from the decreased density of PZT nanorod arrays 

The theoretical study has predicted the enhanced output power of using the nanorod array, due to the 

increased d33 and the decreased density compared with a 33-mode film. It is worth noting that the decreased 
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density achieved in the nanorod array is significant to improve FOM for the PEH application, since there is 

seldom straightforward way to achieve a high FOM in a piezoelectric film due to the positive correlation 

between dielectric and piezoelectric properties. However, the effect of the decreased density was scarcely 

validated by direct experiments. In this chapter, a nanorod array made of tetragonal PZT, with the 

piezoelectric property similar to a dense film, is fabricated by PLD. For the purpose of distinguishing the 

significance of the decreased density of the nanorod array from other factors, discussion on (1) the 

crystallinity and domain structure, (2) dielectric, converse piezoelectric and direct piezoelectric properties, 

(3) Ea and FOM is conducted in this study. 

 

Chapter 4 - Fabrication of PZT nanorods by RF-magnetron sputtering 

For the purpose of commercializing the nanorod-based PEH devices, PZT nanorods are expected to 

grow in an area up to several cm2 and thus the fabrication using RF-magnetron sputtering is taken into 

consideration. Different from the fabrication in PLD, it is difficult to use high pressure for sputtering because 

the growth rate will be severely reduced by the interaction of the gas molecules. In this chapter, the strategy 

to grow PZT nanorods without elevating the pressure and the optimal fabrication condition are investigated. 

Effect of the parameters that are independent of the particle energy, such as Pb concentration in targets, 

targetïsubstrate distance and deposition time, are first investigated on the crystallinity and growth rate of the 

PZT samples. Then the effect of temperature and pressure which affect the particle energy are investigated 

on the crystallinity and possibility of forming nanorods. In particular, it is found that the O2 partial pressure 

also plays an important role in forming the nanorod structure, which can be used as a strategy to avoid high 

pressure sputtering. 

  

Chapter 5 - Theoretical analysis on piezoelectric response of ferroelectric superlattice films 

Previous studies have revealed the possibility of improving the piezoelectric response by utilizing the 

lateral stress. However, it is difficult to validate this possibility in a single-layer film with the thickness over 

100 nm, in which a multidomain structure will form due to the local deformation determined by the minimal 

elastic energy. One of the strategies to achieve a single-domain film is using the superlattice structure with a 

thin layer thickness. In this chapter, the LGD phenomenological theory is used to clarify the stabilized 

polarization state in a single-layer film and a superlattice film, with the assumption of single-domain structure 

in the films. Calculation on (1) the phase diagram of the misfit strain and external electric field, (2) the 

stabilized polarization state, (3) the dielectric constant Ů33 and (4) the piezoelectric constant d33 and e31 in this 

study, and the piezoelectric property of the superlattice film is evaluated by comparing to the (111)-oriented 

bulks with the same clamping stress. 

 

Chapter 6 - Large piezoelectric response from polarization rotation in artificial superlattice films 

The theoretical analysis has predicted the enhanced piezoelectric property by achieving a desired misfit 

strain to induce the polarization rotation in a single-domain film. The prediction can be validated by 
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fabricating the superlattice films. In this chapter, (111)-epitaxial artificial superlattice films consisting of 

Pb(Zr0.4Ti0.6)O3 and Pb(Zr0.6Ti0.4)O3 were fabricated by PLD, which is in accordance with the theoretical 

model. The fabricated films with the layer thickness of 24, 12 and 3 nm are characterized on (1) the 

crystallinity and periodicity of the structure, (2) the domain structure and polarization state, and evaluated on 

(3) the piezoelectric property with comparison of the theoretical result. 

 

Chapter 7 - General conclusion and future prospective 

  A general conclusion for all the studies conducted in the dissertation is given in this chapter. In addition, 

the effectiveness of the strategies employed in this dissertation are presented by positioning the piezoelectric 

constant and FOM achieved in this study among the recent research progress. Finally, the future prospective 

based on the present study is summarized in this chapter. 
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Chapter 2 - Theoretical analysis on the output performance of 

piezoelectric nanorod arrays 

2.1 Introduction 

From the perspective of reducing the clamping stress in the film, using the piezoelectric nanorod array 

[52-55] would be an effective way to improve the output performance along the out-of-plane direction. In 

this chapter, a theoretical model of a nanorod array is studied on the output voltage and power, by deducing 

their expressions from the piezoelectric equations and conducting the FEM simulation in the software 

COMSOL Multiphysics. The study includes (1) effect of the aspect ratio of one nanorod on piezoelectric 

constant d33, (2) effect of the density of the nanorod array on the output voltage and output power, and (3) 

comparison with the 33-mode film and the cantilever-based film on their output performance. 

2.2 Theoretical models 

2.2.1 Direct d33 of a clamped film 

To evaluate the output performance of a nanorod array, comparison with the film clamped by the 

substrate will be frequently needed in this study. For the theoretical model of a nanorod, one assumes that 

the lateral stress is completely eliminated, and thus the nanorod will exhibit the same deformation as a bulk 

material, for which the theoretical model can be easily referred from the previous studies. In contrast, the 

deformation of a film that is fully clamped by the substrate is more complicated and how the deformation 

affects the piezoelectric property, especially in the direct mode, needs to be clarified. 

Figure 2-1 shows two common stress states in a piezoelectric unit. Here the coordinate system (1,2,3) 

corresponds to the crystallographic frame of the piezoelectrics. For a piezoelectric bulk, there is nothing to 

limit the deformation and thus the material tends to shrink in the transverse direction (here refers to the 1,2-

direction) while expands along with the tensile stress (here refers to the 3-direction), as shown in Figure 

2-1(a). For a piezoelectric thin film, in most occasions, the transverse deformation is prevented by the 

substrate and thus the deformation in the 3-direction becomes small, as shown in Figure 2-1(b). These two 

stress state can be approximately described as 

 „ „ πȟ„ π for a bulk,  (2-1) 

 ό ό πȟ„ π for a fully clamped film,  (2-2) 

where u and ů stand for the strain and the stress, respectively. 



16 

 
Figure 2-1 Deformation of a piezoelectric unit with different stress states. (a) Transverse deformation is allowed for a bulk. 

(b) Transverse deformation is not allowed for a clamped film. 

Equation (2-3) gives the general piezoelectric equation in a tensor form, 

 
◊ ▼Ɑ ▀Ͻ╔
╓ ▀ϽⱭ Ⱡ╔

  (2-3) 

where, the upper equation is used for describing the converse piezoelectric effect and the lower one is for the 

direct piezoelectric effect. D and E are vectors which represents the dielectric displacement and the electric 

field, respectively. u and ů stands for the strain and the stress, respectively, in the form of the second-order 

tensor in Voigt notation. Ůů is also a second-order tensor, representing the dielectric constant under constant 

stress. d is the piezoelectric coefficient in the form of a third-order tensor and dt is the transpose of d. sE is 

the elastic compliance constant under constant electric field, and known as a fourth-order tensor. In this study, 

the differences caused by the boundary conditions (denoted by the superscript E or ů) of measuring s and Ů 

are neglected. With respect to the clamped film shown in Figure 2-1(b), the following equations are obtained 

from Eq. (2-3). 

 ό ί ί „ ί„ Ὠ Ὁ  (2-4) 

 ό ί ί „ ί „ Ὠ Ὁ  (2-5) 

 Ὀ ςὨ „ Ὠ „ ‐Ὁ  (2-6) 

where one assumes that the physical properties in 1- and 2-direction are isotropic. The piezoelectric constant 

d33 can be figured out with the mechanical boundary condition given by Eq. (2-2) as well as the open-circuit 

condition, giving D3 = 0. Then solving the simultaneous Eqs. (2-4) and (2-6), one obtains 

 

„

Ὁ
  (2-7) 

To discuss the clamped film as the way to deal with the bulk material, the apparent piezoelectric constant 

Ὠ ȟ, redefined from definition of the bulk d33, is frequently used. For the direct piezoelectric mode, Ὠ ȟ is 

given by 

 Ὠ ȟ   (2-8) 
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Substituting Eq. (2-8) with the solution given in Eq. (2-7), Ὠ ȟ is expressed as 

 Ὠ ȟ Ὠ ςὨ   (2-9) 

From the above expression, it is found that Ὠ ȟ is not only determined by the piezoelectric property but 

also by the dielectric property, which is different from the apparent piezoelectric constant in the converse 

mode. It is difficult to conclude from this complicated expression whether Ὠ ȟ  is suppressed by the 

clamping effect when compared with the bulk d33. 

2.2.2 Output performance of the nanorod array 

A model of a nanorod array in connection with an external resistance R and its equivalent circuit are 

shown in Figure 2-2. For the model shown in Figure 2-2(a), a sinusoidal vibration expressed by F = Fmsin(ɤt), 

where Fm is the maximum force, ɤ the angular frequency of the vibration and t the time, is applied uniformly 

along the axial direction of the nanorods. Here the axial direction is defined as the 3-direction and thus the 

operation mode of the nanorod array is known as the 33 mode. Each of the nanorod units is treated as a cuboid 

with the height of h and the width of b. The total contact area between the nanorod array and the substrate, 

occupied by both nanorods and air gaps, is denoted with A, and the ratio of the nanorod part to the total is 

denoted with xNR. The bottom surface of the nanorods is fixed (total displacement is always zero) and the top 

surface is free (without clamping). Considering the low working frequency of the PEH devices, the dielectric 

loss is neglected and then the piezoelectric layer can be treated as a parallel plate capacitor with the reactance 

of Xc. Then the mechanical and electrical boundary conditions of the nanorod array are related via the 

piezoelectric equation from Eq. (2-3). 

 Ὀ Ὠ „ ‐Ὁ  (2-10) 

here, ů3 = F/(AxNR) according to the above definitions. The current in the circuit, IR, and the voltage applied 

on the resistance, VR, are expressed as shown in Figure 2-2(b). 

  

Figure 2-2 (a) Schematic configuration of a model of a nanorod array connected to the resistance R. (b) Equivalent circuit of 

the model. 

The open-circuit voltage Vopen can be deduced from Eq. (2-10) at D3 = 0. Substituting ů3 and E3 with F 
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and Vopen, one obtains 

 ὠ ὉὬ ÓÉÎ‫ὸ  (2-11) 

Similarly, the short-circuit current Ishort at E3 = 0 with the substitution of D3 is expressed as 

 Ὅ ὃὼ ‫Ὠ ὊÃÏÓ‫ὸ  (2-12) 

With respect to the nanorod array connected with an external resistance, current and voltage are not both 

zero. The relationship can be deduced by differentiating Eq. (2-10) with respect to the time t as 

 Ὠ ‐   (2-13) 

Substituting D3, ů3 and E3 with the above expressions, Eq. (2-13) becomes 

 Ὅ Ὠ   (2-14) 

where VR is known as RIR according to the Ohmôs law. The equivalent capacitance CNR of the nanorods is 

expressed as 

 ὅ   (2-15) 

then Eq. (2-14) becomes 

 Ὅ Ὠ   (2-16) 

which is a partial differential equation. Here the initial current is assumed to be zero at t = 0. Then the solution 

for Eq. (2-16) is 

 Ὅ ÓÉÎ‫ὸ ÃÏÓ‫ὸ ÅØÐ   (2-17) 

Assuming that the PEH device operates for a sufficiently long time, the exponent term tends to be zero and 

then Eq. (2-17) becomes 

 Ὅ
ὨσσὊά‫

Ὑς

ὢὅ
ς ρ

ÓÉÎ‫ὸ •   (2-18) 

where 

 ÔÁÎ•    (2-19) 

The effective current Ieff, also known as the root mean square (RMS) value of IR, is 

 Ὅ ᷿ ὍὨὸ   (2-20) 

and thus the output power Pout is 
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 ὖ ὍὙ Ὑ ὢ   (2-21) 

The maximum Pout, denoted with Pm, is obtained when and only when R = XC at which R is known as the 

optimal resistance Ropt. 

  The above equations for the output performance can also be applied to a clamped film operated in the 

33 mode, when xNR = 1 and Ὠ Ὠ ȟ. Here one gives the ratio of the nanorod array to the film on Vopen 

and Pm as follows, which will be further discussed in the next section. 

 
ȟ

ȟ ȟ

ὼ   (2-22) 

 
ȟ

ȟ ȟ

ὼ   (2-23) 

where ñNRò and ñfò in the subscript denote the case of a nanorod array and the case of a clamped film, 

respectively. 

2.2.3 Theoretical models analyzed via the finite-element method 

The output performance based on the abovementioned equations is only applied to some simple and 

ideal piezoelectric models. For the more complicated models, such as a partially clamped film or a 31-mode 

(cantilever-based) film, the finite-element method (FEM) conducted by the simulation software COMSOL 

Multiphysics is used to evaluate their output performance. Figure 2-3 shows the simulation procedures in 

COMSOL, taking the 31-mode PEH device as an example. The output performance of the 31-mode PEH 

device is also used to compare with that of the nanorod array from the perspective of the practical applications. 

 

Figure 2-3 Simulation procedures in COMSOL. (a) Model building. (b) Setting boundary conditions. (c) Meshing. (d) 

Computing and result display. 

In this study, Pb(Zr0.35Ti0.65)O3 is selected as the piezoelectric layer for comparison with experimental 

results. The dielectric and piezoelectric constants are based on the average of those properties of 
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Pb(Zr0.3Ti0.7)O3 and Pb(Zr0.4Ti0.6)O3, which are obtained from the study of Haun et al. [56]. The elastic 

compliance constants of a PZT ceramic in the material library of COMSOL are used. Steel is selected as the 

material of the substrate and seismic mass for the built models. The detailed values are listed in Table 2-1. 

 Table 2-1 Properties of materials used in simulation. [51] 

 Property Notation Value 

Piezoelectric layers, 

made of Pb(Zr0.35Ti0.65)O3 

Piezoelectric constants 

(pC/N) 

d33 133 

d31 -45.8 

Elastic compliance constants  

(10ī12 Paī1) 

s11 16.4 

s12 -5.74 

s13 -7.22 

Relative permittivity Ů 155 

Density (g Å cm-3) ɟ 7.75 

Substrates and masses, 

made of steel 

Youngôs module (GPa) Ysub 200 

Poisson ratio ɜ 0.3 

Density (g Å cm-3) ɟsub 10 

 

2.3 Results and discussion 

2.3.1 Effect of the aspect ratio 

The aspect ratio determines the clamping state of the piezoelectric unit. It is known that the small aspect 

ratio will lead to a large proportion of the clamped area in the piezoelectric unit. Figure 2-4 shows a FEM 

model of a cuboid piezoelectric unit and the deformation depended on the aspect ratio. The boundary 

condition is illustrated in Figure 2-4(a). As mentioned above, the total displacement of the bottom surface is 

fixed to zero and the top surface is free of clamping. The aspect ratio is defined as h/b, where h (i.e. the 

thickness of the film or the height of the nanorods) is set to 1 ɛm and thus h/b only varies with the width b. 

A sinusoidal vibration with the stress amplitude of 1 MPa and the frequency of 100 Hz is applied along the 

out-of-plane direction, which can be treated as an off-resonant vibration since the nature frequency of the 

one-side-fixed unit is over 1 MHz. In addition to the deformation, the total lateral stress, expressed by 

„ „ and represented by the color map is shown in Figure 2-4(b) and (c). Here a unit of h/b = 0.05 is 

exemplified for a case of a film and h/b = 5 for a rod. It can be concluded from the color map of two units 

that a low lateral stress is induced in the unit with a large h/b, indicating the rod will deform more easily and 

exhibit larger piezoelectric constant than the film. 

With the model in Figure 2-4, effect of h/b on the apparent piezoelectric constant of the unit can be 

clarified by calculating the open-circuit voltage, as illustrated by Figure 2-5. The ordinate is the voltage ratio 

as described in Eq. (2-22). When h/b is smaller than 0.001 or larger than 10, the voltage is almost constant, 

which can be assumed as a fully clamped film or a free bulk, respectively. For 0.001 < h/b < 10, 
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ὠ ȟ ὠ ȟϳ  increases gradually as h/b becomes large, indicating a partially clamped piezoelectric unit. 

Since ů3 and h are set to be constant and the effect of the mechanical boundary condition on Ů33 is neglected, 

the change of the open-circuit voltage is due to the change of apparent d33 according to the equation shown 

in Figure 2-5. Therefore, it is indicated that d33 can be increased by 33% if one employs the nanorod array 

instead of a dense film in the 33 mode. Of note, an experimental dependence of the aspect ratio on d33 was 

obtained by Barzegar et al. [57], who observed a similar enhancement of d33 in the PZT ceramics with various 

aspect ratios. Although the material properties and size are different between our simulation and their 

experiment, the similar dependence supports our scenario. 

 

Figure 2-4 Effect of the aspect ratio on the deformation and induced lateral stress. (a) The model in FEM with the related 

boundary conditions. (b) The result for a film with h/b = 0.05. (c) The result for a rod with h/b = 5 

 

Figure 2-5 Effect of the aspect ratio on the open-circuit output voltage. 
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For the fully clamped film with the condition given in Eq. (2-2), Ὠ ȟ can be figured out with Eq. (2-9). 

Using the parameters shown Table 2-1, Ὠ ȟ is estimated to 99.5 pC/N and the ratio of d33 (= 133 pC/N) to 

Ὠ ȟ is 34%, which basically agrees with the enhancement shown in Figure 2-5. For further discussion, the 

converse clamped piezoelectric constant Ὠ ȟ  can be figured out to 71 pm/V by the following equation 

[55]. 

 Ὠ ȟ Ὠ ςὨ   (2-24) 

It is found that the direct d33,f is larger than the converse d33,f but still smaller than the bulk d33. Comparison 

of theses d33 constants can be further clarified by investigating PZT with different Zr/Ti ratio, as shown in 

Figure 2-6. The piezoelectric constants are obtained in Ref. [58] and The elastic compliance coefficients s11, 

s12, s13 are assumed to be constant and have the values given in Table 2-1. All the compositions are calculated 

in the tetragonal phase. It is shown that except for Pb(Zr0.5Ti0.5)O3 that is near the MPB composition, the 

direct d33,f is smaller than the bulk d33 but larger than the converse d33,f. Therefore, employing the nanorod 

structure to enhance the piezoelectric response is meaningful for both direct and converse situations. 

 

Figure 2-6 comparison of the bulk d33, the converse d33,f and the direct d33,f for PZT with different Zr/Ti ratios. 

2.3.2 Effect of the density of the nanorod array 

In the above section, the enhanced piezoelectric response has been clarified by enlarging h/b without 

changing the applied stress. In more cases, the force applied on a PEH device is given and thus the applied 

stress will change with the density of the nanorod array, specifically, the contact area between the 

piezoelectric layer and the substrate. The effect of the density of the nanorod array on the output performance 

is studied with the model shown in Figure 2-7(a). The boundary conditions of the surfaces of each nanorods 

are the same as used in Figure 2-4(a). A vibration force is applied along the z-direction, with the amplitude 

of Fm = 25 ɛN and a frequency of 50 Hz which is far from the resonant frequency. The aspect ratio of h/b = 

10 is employed to all the nanorods, and the dimension of the nanorod-based device is limited to 10˷10˷1 

ɛm for shortening the computation time. According to the experimental results found in the PZT nanorods 
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fabricated by PLD [62ï64], it is easy to achieve a nanorod with an aspect ratio larger than 5, and thus the 

unclamped d33 (= 155 pC/N) is used for the simulated nanorods. 

The maximum output voltage is calculated with the open-circuit condition and the maximum output 

power is evaluated with the connection to the optimal resistance Ropt. For the latter condition, generated 

current IR depended on time is calculated by FEM as shown in Figure 2-7(b). It is shown that the dependence 

is in accordance with the expression of IR in Eqs. (2-17) and (2-18). The amplitude of IR is suppressed at the 

beginning due to the exponent term, and the wave has a phase shift of ű compared to the wave of the vibration 

F. 

 

Figure 2-7 (a) Model of the nanorod array used for studying the effect of the density on the output performance. (b) generated 

current IR depended on time by FEM with the connection to Ropt. 

Figure 2-8 shows the theoretical open-circuit voltage and output power density depended on the density 

of the nanorod array. Here the density of the nanorod array is denoted by xNR, the volume ratio of the nanorod 

part to the total device. For xNR = 1, the piezoelectric layer is assumed as a dense film and Ὠ ȟ (=99.5 pC/N) 

is employed to this case. In Figure 2-8(a), the amplitude of Vopen, denoted by Vm, is used as the ordinate. The 

black dots represent the result of the FEM simulation, and the red line and the blue line stand for the results 

calculated by Eq. (2-11) with the unclamped d33 and Ὠ ȟ, respectively. It is clear to see that Vm increases as 

xNR decreases, and a discontinuous change occurs from the film to the nanorod structure in the FEM result, 

indicating the enhancement of d33 due to the change of the aspect ratio. Comparing with the difference 

between the red line and the blue line, caused by the different aspect ratio, it is shown that xNR also plays an 

important role in increasing the open-circuit voltage. In addition, the FEM result for the nanorod array agrees 

well with the result calculated by Eq. (2-11) with the unclamped d33. Figure 2-8(b) shows the FEM simulation 

of the maximum power density depended on xNR. Here the power density is defined as the output power 

divided by the volume of the piezoelectric layer. The dependence with xNR is in accordance with that of the 

open-circuit voltage in Figure 2-8(a). This dependence can also be clarified with Eqs. (2-22) and (2-23), 

which is also shown in the figures. It is known that both voltage and power are inversely proportional to the 
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density of xNR < 1, and the discontinuous change of the power at xNR = 1 is larger due to the larger coefficient 

of proportionality. 

 

Figure 2-8 Dependence of the (a) output voltage and (b) power on the area ratio of the nanorods. 

Therefore, the nanorod structure is proved to be an effective way of improving the output power of the 

PEH device because of the enhanced d33 (thus FOM) and stress of the piezoelectric materials. Since d33 is 

known to be always higher than d31, the d33 working mode will be more efficient as long as the generated 

stress is comparable to that of the 31 mode used in a cantilever structure.  

There are, however, several limitations for the practical use of nanorod arrays. For example, the 

enhancement of stress has a limitation because of the mechanical strength of the piezoelectric material. Since 

in the environment the vibration cannot be applied perfectly along the axial direction of the nanorods, it is 

inevitable that lateral oscillations of a low frequency are generated. Such lateral oscillations cause shear 

stresses in the nanorods, which become larger with decreasing the area ratio of nanorod array. Therefore, the 

nanogenerators have to be designed so that the induced stresses can be enough below the fracture stress. It 

should also be noted that the output voltage and power in the practical devices will be limited by the 

mechanical, dielectric and piezoelectric damping, though they are not major factors to limit power at off-

resonance frequencies. For example, the effect of dielectric loss on the output power can be neglected due to 

the low working frequency (hundreds of Hz) of the PEH devices. 

2.3.3 Comparison of devices in the 33 and 31 modes 

From the perspective of applying nanorods to practical PEH devices, it is necessary to compare the 

nanorod array with the cantilever structure which has been widely utilized so far. In this study, three structures, 

(1) a nanorod array in the 33 mode, (2) a film in the 33 mode and (3) a film in the 31 mode are selected and 

compared to evaluate the output performance of the nanorod array. As shown in Figure 2-9, piezoelectric 

layers in the three models occupy the same volume, and the same mass is applied to them. The vibration 

source is expressed as 






























































































































