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ABSTRACT 

 

Energy harvesting is a technology for generating electrical power from ambient or wasted 

energy. It has been investigated extensively as a means of powering small electronic devices. 

The recent proliferation of devices with ultra-low power consumption ï devices such as RF 

transmitters, sensors, and integrated chipsets ï has created new opportunities for energy 

harvesters. There is a variety of ambient energies such as vibration, thermal, solar, stray current, 

etc. Depending on energy sources, different kinds of energy conversion mechanism should be 

employed.  For energy harvesters to become practical, their energy conversion efficiency must 

improve. This efficiency depends upon advances in two areas: the system or structural design 

of the energy harvester, and the properties of the materials employed in energy conversion. 

This dissertation explores developments in both areas. In the first area, the role of nano-, micro-, 

and bulk structure of the energy conversion materials were investigated. In the second area, 

piezoelectric energy harvesters and a magneto-thermoelectric generator are treated from the 

perspective of system design. 

In the area of materials development, PbTiO3 (PTO) nanostructures consisting of nanofibers 

and three-dimensional (3-D) nanostructure arrays were hydrothermally synthesized. The 

growth mechanism of the PTO nanofibers and 3-D nanostructures were investigated 

experimentally and theoretically. The PTO nanostructures were composed of oriented PTO 

crystals with high tetragonality; these arrays could be promising candidates for nanogenerators. 

Different designs for energy harvesters were explored as a means of improving energy 

conversion efficiency.  Piezoelectric energy harvesters were designed and constructed for 

applications with a low frequency vibrational energy and for applications with a broadband 

energy spectrum. A spiral MEMS piezoelectric energy harvester design was fabricated using a 

silicon MEMS process and demonstrated to extract high power density at ultra-low resonance 

frequencies and low acceleration conditions. For a broadband energy harvester, a magnetically-

coupled array of oscillators was designed and built that broadened the harvesterôs effective 

resonance frequency with considerably improved output power.  

A new design concept for thermal energy harvesting that employs a magneto-thermoelectric 

generator (MTG) design was proposed. The MTG exploits a thermally-induced second order 

phase transition in a soft magnetic material near the Curie temperature. The MTG harvested 

electric power from oscillations of the soft magnet between hot and cold sources. For the MTG 

design, suitable soft magnetic materials were selected and developed using La0.85Sr0.15MnO3-

Ni0.6Cu0.2Zn0.2Fe2O4 magnetic composites. The MTG was fabricated from a PVDF cantilever 

and a gadolinium (Gd) soft magnetic material. The feasibility of the design for harvesting 

energy from the waste heat was demonstrated by attaching an MTG array to a computer CPU. 
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GENERAL AUDIENCE ABSTRACT 

 

Energy harvesting is a technology for generating electrical power from ambient or wasted 

energy. It has been investigated extensively as a means of powering small electronic devices. 

The recent proliferation of devices with ultra-low power consumption ï devices such as RF 

transmitters, sensors, and integrated chipsets ï has created new opportunities for energy 

harvesters. There is a variety of ambient energies such as vibration, thermal, solar, stray current, 

etc. Depending on energy sources, different kinds of energy conversion mechanism should be 

employed.  For energy harvesters to become practical, their energy conversion efficiency must 

improve. This efficiency depends upon advances in two areas: the system or structural design 

of the energy harvester and the properties of the materials employed in energy conversion. This 

dissertation explores developments in both areas. In the first area, the role of nano-, micro-, 

and bulk structure of the energy conversion materials were investigated. In the second area, 

vibration energy harvesters using piezoelectric materials (mechanical to electrical energy 

conversion) and thermoelectric generator employing magnetic phase transition are treated from 

the perspective of system design. 
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system. (a) Photograph and (b) enlarged image of three commercial green LEDs driven by 

MTG arrays. (c) Photograph of a hard magnet attached to the CPU inside desktop and measured 

temperature on the CPU. (d) Photograph of two commercial green LEDs driven by bimorph 

cantilever based MTG. (e) Snapshots of MTG attached to CPU inside desktop and (f) surface 

temperatures on CPU with MTG and without MTG. 

 

Figure 7.16. Heat dissipation of MTG. (a) Snapshots of MTG attached to Peltier heater and (b) 

surface temperatures on Peltier heater with MTG and without MTG. 

 

Figure 8.1. Schematic illustration for fabrication of piezoelectric nanocomposites using (a) 

PbTiO3 3-D nanostructures and (b) PbTiO3 nanofibers 

 

Figure 8.2. (a) Schematic description and (b) snapshot of the deflection of cantilever beam 

energy harvesters in MaCoPEHA by the magnetic repulsion force.  
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1. Chapter 1: Introduct ion to Energy Harvesting 

1.1. Introduction  

Recent advanced technologies in low power consumption sensors, RF transmitters and 

CMOS circuitry have led to focused research effort on a self-sustain power system. In particular, 

the energy harvesting technology can generate the useful electrical energy from the dumped 

ambient energy i.e. engine vibration, human activity, boiler pipe heat, indoor light, stray current 

surrounding power cord etc. has been extensively investigated as a means of powering small 

electronic devices such as wireless sensor nodes as described in Figure 1.1. 

The standalone wireless sensor by the energy harvesting is attractive due to cost-effective as 

removing the cost of batteries and the labor required to install complex wiring as well as time-

effective as saving time to replace and maintain the batteries. Sometimes, the replacement of 

battery or power wiring are almost impossible in hazardous, harsh and large terrain 

environments when we consider that a large number of sensors are typically installed in 

ubiquitous sensor networks (USN). Therefore, in such cases, developing on-site generators that 

can convert any available environmental energy at that location into electrical energy is more 

reasonable.[1] Moreover, the energy harvesting can provide a breakthrough for implantable 

sensors and artificial electronic organs such as pace maker, glucose sensor for diabetes, 

artificial retina, cochlea, etc. as avoiding repeat surgery for changing batteries. 

Energy harvesting technology can provide a battery-less solution by power generating from 

unused environmental energy sources such as machines, human body, vehicles, and structures, 

all of which could be an excellent source of capturing small power without affecting the source 

itself. Furthermore, energy harvesting can offer alternative solution for severe environmental 

conditions hard to use battery such as very high or low temperature environment of dessert, 

deep in the sea, and polar regions. The energy harvesting can be simply classified according to 
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size in two categories: (i) energy harvesting for small electronic devices using bulk size devices, 

and (ii) energy harvesting for USN using Microelectromechanical systems (MEMS). The bulk 

energy harvester can provide a main or additional electric power to operate small electronic 

devices.   The MEMS energy harvester can give a new opportunity for system-on-chip 

integration with low power consumption sensors and microprocessor, which can provide 

capability to interact with vast range of platform leading to new and enhanced functionality.  

 

 

Figure 1.1. Schematic illustration of energy harvesting.  

 

In past decades, several energy harvesting approaches have been proposed using solar, 

thermoelectric, electromagnetic, capacitive, piezoelectric, and magneto-electric schemes.[1-3] 

Depending on energy sources, different type of energy conversion mechanism should be 

utilized. Typically, the direction energy conversion mechanism from ambient energy source 

into electrical energy is employed because it is more efficient than the multi-step energy 

conversion. For examples, thermal gradient for thermoelectric (Seebeck) effect, mechanical 

stress for piezoelectric effect, light for photovoltaic effect, and stray electromagnetic wave for 
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electromagnetic induction generally are exploited for the electric energy conversion. However, 

in some cases, the multi-step energy transformation could be more attractive option due to the 

limitation of environmental conditions such that the figure of merits, ZT values, of the 

thermoelectric materials at low temperature are very poor for thermal energy harvesting.[4]  

Mechanical energy can be converted into electrical energy using piezoelectric, 

electromagnetic and electrostatic transducers. Among them, the piezoelectric transducers are 

the most attractive due to their high energy density and conversion efficiency. Furthermore, 

the piezoelectric energy conversion offers more following advantages: (1) scaling of devices 

for miniaturization because the energy density of piezoelectric materials remains high with 

reducing size, (2) temperature stability at low and high temperatures, (3) easy implementation 

by simple structure, and (4) easy application to high frequency. In this work, to overcome 

limitations of the direction energy conversion of thermoelectric and electromagnetic induction 

effects, different forms of energies of vibration, thermal gradient, and stray magnetic field were 

transformed to the mechanical energy and then the electrical energy were obtained from the 

mechanical energy through the piezoelectric materials as shown in Figure 1.2. For the 

mechanical energy conversion from the thermal gradient and the stray magnetic field, the 

thermally induced second order phase transition of soft magnetic material and the coupling of 

magnets and magnetic fields were exploited, respectively. Based on the piezoelectric energy 

harvester, different types of vibration, thermal, and stray magnetic field energy harvesters were 

developed and investigated at different scales of bulk, micro and nano. 
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Figure 1.2. Energy conversion steps for the multi-source energy harvesting: vibrations, 

thermal energy, and stray magnetic field convert into mechanical energy which is transformed 

to electrical energy by piezoelectric materials 

 

The ultimate goal of the energy harvesting research is improving the total energy conversion 

efficiency from the ambient energy to the electrical power in order to generate the maximum 

power from limited energy. Energy transition flow in the typical piezoelectric energy 

harvesting is shown schematically in Figure 1.2. There are three primary energy couplings or 

energy transition steps in the piezoelectric energy harvesting as outlined in this schematic: (a) 

Mechanical-to-mechanical energy coupling in trapping the mechanical AC stress from ambient 

mechanical source, (b) mechanical-to-electrical energy coupling in converting the mechanical 

into the electrical energy by direct piezoelectric conversion, and (c) electrical-to-electrical 

energy coupling in processing and storing the generated electrical energy. To increase the total 

energy conversion efficiency, each steps of energy couplings should be improved and the losses 

occurring at each step should be reduced. First step of the energy coupling is closely influenced 

by the harvester structure how efficiently extract the external mechanical stress. Depending 



 5 

upon the frequency and amplitude of the mechanical stress, one can design the required 

transducer, its dimensions, and vibration mode. In particular, the natural frequency of the 

energy harvester is the most important factor on designing the transducer since the vibration 

amplitude of a system at resonance is significantly larger than that at off-resonance. Thus, the 

natural frequency of the energy harvester should be tuned in accordance with the ambient 

vibration frequency to become a resonance and maximize output power. The mechanical-to-

electrical coupling is solely related to the energy conversion media from mechanical to 

electrical energy (piezoelectric material). The magnitude of the electromechanical coupling 

factor (kp) of the piezoelectric material can directly affect to the energy conversion efficiency 

of this step [5-8]. For improving the mechanical-to-electrical coupling, the proper piezoelectric 

material selection is necessary. The final step of energy conversion is the electrical-to-electrical 

coupling. The generated electrical energy from the piezoelectric material have AC form as 

presented in Figure 1.3 need to be rectified for powering electronic devices or storing batteries. 

The diodes consumes a certain amount of electrical energy during the rectifying process. In 

addition, the electrical loss can occur due to the impedance mismatch between the energy 

harvesting system and the load. To improve the electrical-to-electrical coupling, therefore, the 

electrical loss consumed in the electrical circuit should be reduced through developing the low 

loss rectifying circuit and impedance matching to avoid the current reflection from the load. 

 This dissertation mainly focuses on improving the mechanical-to-mechanical and the 

mechanical-to-electrical energy couplings as devising the novel structure of piezoelectric 

transducers and developing the piezoelectric materials. The impedance matching between the 

piezoelectric energy harvester and the load was also employed in all energy harvesting studies 

for enhancing the electrical-to-electrical coupling. 
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Figure 1.3. Energy transition flow in piezoelectric energy harvesting. 

 

1.2. Fundamentals of Piezoelectric Energy Harvesting 

1.2.1. Fundamentals of Piezoelectricity  

Piezoelectricity is the property of certain crystals to generate an electric potential in response 

to applied mechanical stress. There are two different kinds of phenomena commonly observed 

which are termed as direct and the converse piezoelectric effects. When the mechanical stress 

is applied to a piezoelectric material, an electric charge proportional to the applied stress is 

produced. This refers to the direct piezoelectric effect. Conversely, when electric field is 

applied to the same material, strain or displacement is produced proportional to the magnitude 

of electric field. This is called as converse piezoelectric effect. The following two constitutive 

equations are used to describe the piezoelectric effect: 

 

Ὀ Ὠ „ ‐Ὁ   or  Ὀ Ὡ Ὓ ‐Ὁ                                 (1.1) 

 

Ὓ  ί  „  ὨὉ  or  Ὕ  ὧ  Ὓ  ὩὉ                             (1.2) 
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Here in these two constitutive equations Ὀ is the electrical displacement, Ὓ is mechanical 

strain, „is mechanical stress, Ὁ is the electric field, cij is the elastic stiffness coefficient, sij  is 

the elastic compliance coefficient, andŮij is the permittivity. The superscript used in the equation 

shows the constant parameter used. dij and eij are piezoelectric coefficients which are third rank 

tensors.  

 Piezoelectric ceramics are anisotropic in nature implying that the electromechanical 

properties exhibit maximum along specific crystallographic direction. The properties are 

commonly described using two subscripts (reduced order tensor notation) which indicate the 

direction of the electrical and mechanical parameters. Figure 1.4 shows the direction indexes 

of constants in rectangular crystallographic system. The principal properties along X, Y and Z 

axes are described using 1, 2 and 3 notations, respectively. The shear constants are represented 

by 4, 5 and 6 respectively. For example, in case of piezoelectric charge constant d31, the first 

index ñ3ò indicates that electrodes are perpendicular to axis 3 and the second index ñ1ò 

indicates that the applied stress or induced strain is along direction 1. A superscript index on 

the electromechanical constant is used to represent the constant condition under which 

measurements were conducted. For example, in case of compliance, ί, ñE ò indicates that the 

compliance was measured under constant electric field or with electrodes connected together. 
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Figure 1.4. Direction index of electromechanical constants in poled piezoelectric ceramics. 

 

Non-centrosymmetricity is requirement for observing the piezoelectric effect and most of 

the high performance piezoelectric materials are ferroelectric perovskites as shown in Figure 

1.5. The leading representative of the perovskite piezoelectric ceramics, Pb(Zr,Ti)O3 (PZT), 

has many possible variations depending upon the doping and solid solution. As shown in Figure 

4 (a), PZT unit cell has a symmetric cubic structure above the Curie temperature (paraelectric), 

however, below that it transforms into asymmetric tetragonal structure (approximately Zr/Ti 

ratio < 1, where Zr+Ti=1) as schematically depicted in Figure 1.5 (b). Thus, PZT unit cell 

shows spontaneous polarization because of the shift in the position of B-site atom. 
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Figure 1.5. Perovskite PZT unit cell. (a) PZT unit cell in the symmetric cubic state above the 

Curie temperature. (b) Tetragonally distorted unit cell below the Curie temperature. 

 

Neighboring dipoles formed in the distorted perovskite unit cell align together to form 

domains. Typically, polycrystalline piezoelectric ceramics have randomly oriented domain 

distribution as shown in Figure 1.6 (a), thus, overall net polarization of material is negligible. 

Because of the ferroelectric nature of the material, domains can be permanently aligned by 

applying strong electric field. This process is called poling (see Figure. 1.6 (b)) and is normally 

performed at an elevated temperature slightly below Curie point to facilitate the domain wall 

motion. During poling process, most of the domains are aligned along applied electric field 

direction and neighboring domains exhibit new dimensions through nucleation and growth. 

After poling process, most of the dipoles retain their alignment imparting the piezoelectric 

material a remanent polarization (see Figure. 1.6 (c)). 
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Figure 1.6. Piezoelectric domains in piezoelectric materials. (a) Randomly oriented domains, 

(b) domains during and (c) after poling process.  

 

Besides piezoelectric ceramics, there are piezoelectric polymer materials which have semi-

crystalline structure for examples polyvinylidene fluoride (PVDF), polyamides, ParyleneC, 

liquid crystal polymers, PVDF-TrFE block copolymer and etc. The operation principle of these 

piezoelectric polymers are similar to piezoelectric ceramic materials. The semi-crystalline 

polymers have microscopic crystals inside matrix which are also polarized and function as 

dipoles as described Figure 1.6. The microcrystals are distributed within an amorphous matrix. 

To obtain effective piezoelectricity of such materials, there should be reoriented these small 

crystals and keep them in one orientation through electrical poling or mechanical stretch 

process. There is another type of piezoelectric materials known as voided charged polymers 

(VCP, sometimes called ferroelectret or piezoelectret) that contain internal gas voids. When 

the polymer surfaces surrounding the void are charged by electrical poling or X-ray, the space 

charges are created inside matrix and the VCP behaves like piezoelectric material. These 

polymers have very high d33 values of several tens of thousands pC/N in some cases. However, 

these piezoelectric polymers have serious life time and ageing problems. The VCP is easily 
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neutralized in extremely moist environment and the surface charge can be rapidly decayed in 

high temperature.  

 

1.2.2. Transfer Function for Energy Harvester 

The simple vibration energy harvester can be modeled as a second-order, spring-mass system. 

The characteristics of the energy harvester can be described by damping constant and natural 

frequency of the system. A cantilever beam structure with piezoelectric plate and proof mass 

is equivalent to a lumped spring mass system of a vibrating rigid body. Thus, the governing 

equation of motion of a lumped spring mass system can be written as: 

 

             άϽ   ὦϽ ὯϽᾀὸ  άϽ                              (1.3) 

 

which can be transformed using Laplace transform as following: 

 

άϽίᾀί  ὦϽίϽᾀί ὯϽίϽᾀί  άϽὥί                     (1.4) 

 

where ὥίis the Laplace transform of the acceleration, ὥὸ, given as: 

 

ὥὸ                                                            (1.5) 

 

Therefore, the transfer function of the energy harvester can be expressed as: 

 

                  ρ
ί  ί

 ρ
ί  ί ‫

                          (1.6) 

 

where 1 ЍὯάὦϳ  is quality factor of system and ‫  is resonance frequency of the energy 

harvester. The natural frequency of the spring mass system and energy harvester can be given 

as: 
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                                                            ‫                                                             (1.7) 

 

where K and M are the transverse stiffness and effective mass, respectively. The stiffness K can 

be calculated from loading condition. In case of simple cantilever beam structure, the stiffness 

can be expressed as: 

 

                                     ὑ σὉὍὒϳ                                                       (1.8) 

 

where E is modulus of elasticity, I is the moment of inertia, and L is the length of beam. The 

moment of inertia for a rectangular cross-section is Ὅ ὦὬ, where b and h are the width 

and thickness of the beam in transverse direction, respectively. 

 

1.2.3. Frequency Dependence of Output Power 

The vibration displacement of energy harvester can be maximized in resonance. The 

harvester will convert mechanical to electric energy most effectively when the applied 

vibration frequency is closer to the fixed natural frequency of the device. As shown in Figure 

1.7, a few percent of mismatched frequency with resonance results in a dramatic decrease of 

output power. Therefore, tuning or adjusting frequency to an external vibration source is 

essential in order to improve energy conversion efficiency. From Equation 1.7, the natural 

frequency of the energy harvester is closely related to dimension and effective mass. The 

natural frequency of the energy harvester is usually adjusted by changing the weight of proof 

mass. However, the bandwidth at resonance frequency is usually narrow and thus needs some 

additional mechanism to effectively capture ambient vibrations which usually represent a wide 

spectrum of frequencies or time varying vibration spectra. 



 13 

 

 

Figure 1.7. Frequency dependent output power of typical vibration energy harvester. The 

maximum output power can be achieved at resonance frequency. 

 

1.2.4. Vibration Kinematics  

Vibration is common ambient energy source that can be found in household appliances 

(refrigerators, microwave ovens, washing machines etc.), large civil structures (buildings, 

bridges etc.), industrial plant (refineries), automobiles and many other common locations. 

Table 1 shows some of the common sources of mechanical energy that can be harnessed 

through piezoelectrics. Table 2 quantifies the vibration energy available in some of these 

environments.[9, 10] 

 

Table 1. Sources of energy available in the surrounding which are/can be tapped for generating 

electricity. 

Human body Vehicles Structures Industrial Environment 

Breathing, blood 

pressure, exhalation, 

body heat 

Aircraft, uav, 

helicopter, 

automobiles, 

trains 

Bridges, roads, 

tunnels, farm 

house structures 

Motors, 

compressors, 

chillers, pumps, 

fans  

Wind, solar, 

temperature 

gradient, daily 

temperature  

Walking, arm 

motion, finger 

motion, jogging, 

swimming, eating, 

talking 

Tires, tracks, 

peddles, brakes, 

shock absorbers, 

turbines 

Control-switch, 

hvac systems, 

ducts, cleaners, etc. 

Conveyors, cutting 

g and dicing, 

vibrating mach. 

Ocean currents, 

acoustic waves, em 

waves, rf signal  
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Table 2. Peak acceleration and frequency of common structures. [11, 12] 

 

Vibration Source Peak acceleration (m/s2) Frequency (Hz) 

Base of a 5 HP 3-axis machine tool 10 70 

Notebook computer while CD is 

being read 
0.6 75 

Clothes dryer 3.5 120 

Second story floor of a wood frame 

office building 
0.2 100 

Railway 1.078 ï 1.568 12 - 16 

Truck 1.96 - 3.43 8 - 15 

Ship 0.98 ï 2.45 12 - 13 

 

 

The general model of a vibration energy harvester is a typical mass-spring-damper system. 

Maximum power is achieved when the excitation frequency w is equal to the natural frequency 

wn. Maximum extractable electrical power in terms of mechanical damping ratio ɕm, electrical 

damping ratio ɕe, proof mass m and acceleration A becomes, 

 

                                              ὖ
 
άὃ                                                  (1.9) 

 

Several conclusions can be drawn from the observation of Equation 1.9.[13] The extractable 

power from the beam is inversely proportional to resonance frequency at a fixed acceleration, 

A; therefore the energy harvester should be designed at lowest possible frequency to achieve 

highest power if we do not consider that frequencies of external vibration sources are normally 

fixed in real applications. The extractable power is also proportional to the square of 

acceleration [14], which limits the energy available for conversion with low-g vibrations 

whatever the specific design is chosen. It can also be seen that power is proportional to the 

proof mass, so a large proof mass is always desirable for energy harvesting. Finally, the term 
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composed of the mechanical and electrical damping ratio implies that the maximum power is 

achieved when the electrical damping matches the mechanical damping.[15] When the 

electrical damping is equal to mechanical damping (‒  ‒ ), the maximum electrical power 

is given as: 

 

                        (1.10)

 

 

where the acceleration amplitude A and proof mass deflection Y are related by the relationship 

given as: 

 

                                    (1.11)
 

 

Equation (1.10) represents the theoretical maximum of extractable power, which can be 

dissipated in the electrical load. This is actually a limiting factor for all linear resonator based 

energy harvesters if the piezoelectric layerôs transformation capacity is not a limiting factor. It 

has been reported that a nonlinear resonator based energy harvester can circumvent this limit 

and is able to generate much higher power than the mechanical damping, which will be 

discussed in the later section. Another parameter of interest in design of thin film harvesters is 

given by the generalized electromechanical coupling (GEMC) factor, kG
2.[8] The GEMC factor 

is obtained from the equation: 

 

 Ὧ
 
                                                  (1.12) 

 

where ɤshort and ɤopen are the angular resonance frequencies of the associated short and open 

circuits, respectively. The GEMC represents the power generation performance of the vibration 

Pe,max (wn) =
mA2

16wnzm

=
mY2wn

3

16zm

A =wn

2Y
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harvesters, and this value can be theoretically derived from the mechanical properties, 

thickness ratio, and electromechanical coupling factors of piezoelectric thin films.[16] 

 

1.2.5. Impedance Matching 

Likewise the natural frequency matching with an external vibration source, the impedance 

of the piezoelectric generator should be matched to that of an external circuit in order to 

maximize the power extraction. Usually, an electrical impedance matching circuit is placed 

between the piezoelectric generator and external loads such as a rechargeable battery and 

supercapacitor. Thus, the matching network should be lossless and requires that the input 

impedance should be matched to the output impedance. Equation 1.13 shows the mechanical 

input impedance of the energy source generated by the piezoelectric harvester.  

 

╩
ⱫⱷϽ╒

                                                       (1.13) 

 

where ⱷ is vibration frequency of energy harvester, C0 is capacitance of piezoelectric materials. 

The impedance matching circuit can be consisted of load resistors in accordance with the 

impedance of the piezoelectric generator calculated by Equation 1.13. 
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2. Chapter 2: Growth of Piezoelectric PbTiO3 Nanofiber 

Arrays on Rutile Seed Crystals 

2.1. Introduction 

Over the past few decades, one-dimensional (1-D) piezoelectric nanomaterials including 

nanorods[1-3], nanotubes[4], nanobelts[5] and nanofibers[6] have been studied extensively 

because of their unique physical and chemical properties such as a large surface area[7], 

excellent charge transport[8, 9], high electro-mechanical coupling[10] and superior 

ferroelectric properties[11]. One-dimensional nanostructures have high aspect ratio and 

anisotropic geometry that can provide higher sensitivity as compared to planar 

configurations.[12] Further, one-dimensional piezoelectric nanostructures are promising 

candidates for nonvolatile memory[13, 14], pressure sensors[12, 15-18], actuators[19], bio-

interfaced mechanical probes[20] and nanogenerators.[21-27] In this paper, we report one-

dimensional epitaxial piezoelectric nanofiber arrays grown through a rutile template and 

provide their growth mechanism. 

Among the piezoelectric nanomaterials, semiconducting ZnO nanowire is the most 

extensively studied material over the past decade. Single crystal vertically aligned ZnO 

nanowire can be grown with preferred direction and without any seed layer owing to its 

hexagonal Wurtzite structure. However, the piezoelectric constant (d) of ZnO (d33 = ~26.7 

pm/V) is low compared to typical piezoelectric materials with perovskite structure.[28] Thus, 

there is desire to fabricate the piezoelectric nanostructures having perovskite crystal structure 

and exhibiting high piezoelectric properties from compositions such as PbTiO3, Pb(Zr,Ti)O3, 

Pb(Mg,Nb)O3ïPbTiO3, BaTiO3, KNbO3 etc. Among these different perovskite piezoelectric 

materials, PbTiO3 (PTO) has some appealing characteristics such as a low aging rate of the 
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dielectric constant, a high voltage constant (g), and a high Curie temperature of 490 oC.[29, 30] 

Also, PTO has high tetragonality (c:a ratio of 1.063) which can provide a low ratio for the 

planar-to-thickness coupling factor.[31] However, the high tetragonality also makes PTO 

ceramics difficult to synthesize via conventional high temperature synthesis. As PTO 

undergoes the ferroelectric phase transition at the Curie temperature, it experiences a large 

expansion in crystal c-direction and contractions in the two orthogonal crystal directions during 

cooling from high temperature and these strains generate internal stress and cause micro 

cracks.[32] It has been suggested that these problems can be avoided by fabricating PTO phase 

below the phase transition, under 490 oC, through low temperature synthesis routes.[33]   

A number of studies on PbTiO3 nanostructures have been reported, however, in most cases 

the material was randomly oriented polycrystalline phase[34-36], or in powder form if 

synthesized as single crystalline phase.[37-41] Only limited number of studies have been 

conducted on vertically aligned crystals grown on semiconducting or metallic substrates.[42, 

43] A vertically aligned piezoelectric nanostructure array can offer many advantages such as 

enhanced mechanical to electrical energy conversion efficiency and facilitate the fabrication of 

devices such as nanogenerators and sensors. Moreover, the growth mechanism in terms of 

single crystal PTO nanostructures through TiO2 seed crystals has not been cleary verified yet.  

Here, we report the epitaxial growth of vertically aligned PTO nanofibers array on a Ti metal 

substrate coated with a rutile TiO2 seed layer. High quality single crystal PbTiO3 nanofibers 

oriented along the [100] PTO direction were obtained on an (110) oriented TiO2 seed layer 

using a low temperature hydrothermal synthesis technique. The seed layer was established by 

electrolytic polishing Ti foil, spin coating sol-gel TiO2 seed crystals, and annealing under 

controlled conditions. The vertically aligned PTO nanofiber arrays were densely packed and 

grown over a large area of the TiO2/Ti foil substrate. The crystalline phase, orientation, and 

morphology of the PTO nanofibers were confirmed with high resolution transmission electron 
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microscopy (HRTEM) and scanning electron microscopy (SEM). Furthermore, a systematic 

study of the growth mechanism of PTO nanofiber through rutile TiO2 seed layer is provided by 

crystallographic matching between PTO and TiO2 atomic surfaces by computational simulation. 

 

2.2. Experimental 

2.2.1. Electrolytic Polishing Ti Foil 

Titanium foils (99.99% pure, Sigma-Aldrich) were mechanically polished to a mirror finish 

and ultrasonically cleaned in Micro-90 clean solution, sequentially rinsed with acetone, 

isopropanol, and methanol prior to electrolytic polishing. Titanium anode and platinum cathode 

sheets 1 cm × 1 cm in size were electropolished at ~1 °C in an agitated solution of glacial acetic 

acid /perchloric acid (9/1 volume ratio) at 55 V for roughly 2 min.[44] The polished Ti surface 

was examined with SEM to assess the topography of the electropolished foil surface. 

 

2.2.2. TiO2 Seed Layer Growth 

The TiO2 sol-gel solution for the seed layer was prepared using a previously reported 

process.[44] About 369 ɛL of titanium isopropoxide (99.99% pure, Sigma-Aldrich) was mixed 

with 2.53 mL of ethanol. In a separate vial, 35 ɛL of 2 M HCl solution (99% pure, Sigma-

Aldrich) was added to 2.53 mL of ethanol. This HCl solution was then added dropwise to the 

titanium isopropoxide solution under 500 rpm stirring for 1 h and then the mixture was filtered 

by using a PTFE 0.2 ɛm filter. The prepared TiO2 sol-gel solution was spin coated on the 

mechanically polished Ti plates at 6000 rpm for 60 s. After drying at 120 ÁC for 10 min, the 

TiO2 films were annealed at 450 ÁC, 650 ÁC and 800 ÁC for 10 min, respectively. The annealing 

was carried in air at atmospheric pressure in the tube furnace. The morphology and structure 

of the annealed films were examined with FESEM (LEO 1550) and XRD (Bruker D8 advance). 
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2.2.3. PbTiO3 Nanofiber Growth by Hydrothermal Synthesis 

Chemical grade tetrabutyl titanate (C4H9O)4Ti and lead nitrate Pb(NO3)2 were used as 

reactants and potassium hydroxide (KOH) was employed as a mineralizer. Poly(vinyl 

alcohol)(PVA) and Poly(acrylic acid) (PAA) were added as a polymer surfactant to facilitate 

one dimensional growth. Firstly, (C4H9O)4Ti was distilled with a high purity ethanol under 200 

rpm stirring for 10 min. Next this solution was precipitated in a 0.1 M ammonia solution. The 

precipitate was filtered and washed with distilled D.I. water for 10 min in order to remove 

ammonium ions and ethanol. The TiO(OH)2 precipitate was re-dispersed with 50 ml D.I. water 

to a 0.1M concentration and a stoichiometric amount of Pb(NO3)2 was added to this aqueous 

solution with vigorous stirring. Pellets of KOH were slowly introduced to a 2M concentration. 

Finally, the polymer components, 0.02g PVA and 0.4g PAA, were added to the solution and 

stirred for more than 12 hours. Hydrothermal synthesis was performed in a stainless autoclave 

with a 23 ml volume Teflon vessel (Parr Instrument Company). Titanium foil with the TiO2 

seed layer was vertically suspended in the solution from a Teflon holder. The Teflon vessel was 

filled with 20 ml of hydrothermal solution, sealed in a stainless steel autoclave and placed in a 

low temperature furnace at 225 ÁC for 12 hours. After cooling to room temperature, the 

synthesized specimens were washed several times with D.I. water and high purity ethanol 

(99.9%) and dried in the air. The fabricated piezoelectric nanostructures were characterized by 

XRD (Bruker D8 advance), FESEM (LEO 1550), HRTEM (FEI Titan 300), and PFM (Bruker). 

 

2.3. Results and Discussion 

2.3.1. PbTiO3 Nanostructure on Rutile TiO2 Seeds 

A schematic of the sequence of the fabrication process of PTO fibers array is depicted in 

Figure 2.1 (a). We started with a titanium foil with mirror like flat surface prepared by 



 23 

mechanical and electrolytic polishing for the vertical alignment of PTO nanofibers on the Ti 

foil. Prior to the electrolytic polishing, the mechanically polished Ti foil was cleaned by 

ultrasonication. The electrolytic polishing was conducted at low temperature (below 1oC) in 

consideration of the polishing plateau to broaden with decreasing temperature.[45] Figure 2.1 

(b) shows SEM image of the electrolytic polished surface of the Ti foil and a quite flat surface 

with very small plateaus was obtained. The TiO2 thin film was deposited on the polished Ti foil 

via sol-gel process for seeding epitaxial PTO growth and annealed at 700oC for a short time (5 

min) to obtain desired rutile TiO2 thin film without excessive oxidation of Ti substrate. The 

surface SEM image of the deposited TiO2 is depicted in Figure 1c and it shows a quite flat and 

clean surface. It is interesting to note that grain like section was observed as indicated by white 

dash line in Figure 2.1 (c). There are also boundaries between each sections which have 

different TiO2 grain sizes. The formation of these sections could be related to grains of Ti 

substrate under TiO2 seed layer. The different grain size of TiO2 depending on sections could 

be attributed to orientation dependent grain growth rate governed by the surface of Ti foil. The 

actual grain size of TiO2 seeds was approximately from 20 nm to 50 nm with respect to different 

grain sections as indicated by white arrows in Figure 2.1 (c). Using this TiO2/Ti substrate, PTO 

nanofibers were synthesized hydrothermally at 225oC for 12 hours. The vertically well aligned 

PbTiO3 dense nanofiber array were obtained as shown Figure 2.1 (d) by small size grain 

seeding. The mean diameter and length of PbTiO3 nanowire were measured from a magnified 

SEM image and was found to be approximately 200 nm and 10 ɛm, respectively. The aspect 

ratio (c/a) of the PbTiO3 nanowires was mostly larger than 50 which can be controlled by 

adjusting PVA/PAA surfactant ratio and quantity.[46] Furthermore, we can fabricate vertically 

aligned PbTiO3 nanofiber arrays on the considerably large dimension through formation of 

homogenous TiO2 seed layer on Ti foil as shown in Figure 2.2 (a) and (b). 
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Figure 2.1. (a) Schematic illustration of fabrication process of PbTiO3 nanofibers on Ti 

substration with rutile TiO2 seed layer. (b) Surface SEM image of electrolytic polished Ti foil. 

(c) Surface SEM image of TiO2 seed layer on Ti foil annealed at 700 
oC for 5 minutes. (d) 

Vertically grown PbTiO3 nanofiber arrays on TiO2(Rutile)/Ti substrate by hydrothermal 

synthesis. 

 

 

Figure 2.2. Vertically grown PbTiO3 nanofiber arrays on the considerably large area of 

TiO2/Ti substrate in (a) 1,000 and (b) 500 times magnification.  

 

From our experimental results, the seed layer of TiO2 plays important role in growth of single 

crystal PTO nanofibers in case of solution-based synthesis. Generally, the template has very 

similar crystal structure as the phase being targeted. In case of TiO2, however, the atomic 

structure is quite different from the PTO perovskite, and thus we  need to understand why the 
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TiO2 template layer can provide an epitaxial growth for PTO nanofiber. Firstly, in order to 

investigate the growth mechanism, we carried out 3-dimensional crystal structure matching 

between interface of PTO and TiO2 atomic surfaces using computational simulation. In case of 

TiO2 crystal structure, a rutile phase was selected owing to the most similarity with PTO 

perovskite structure among several polymorphic TiO2 phases. Through simulation of random 

orientation relationships between PTO and rutile TiO2 stucrues, the best matching orienation 

were found to be: (0 0 1)Rrutile // (0 -1 0)PTO and  (1 0 -1)Rutile // (1 1 0)PTO . However, (110) 

orientation is mostly prefered growth direction in typical condtions because the surface entropy 

of the (110) surface is known to be much smaller than those of the (001) and (101) surfaces 

((10-1) and (101) have same surface entropy). The calculated surface energy values of (110), 

(100) and (101) are 2.61 J/m2, 3.69 J/m2 and 4.33 J/m2, respectively.[47]  Taking into account 

the consideration that (110) facet is the most stable surface, we fixed rutile TiO2 orientation as 

(110) facets. The atomic structures of O-terminated rutile TiO2 (110) and Ti-terminated PTO 

(001) surfaces which are the most plausible interface in a lattice match are presented in Figure 

2.3 (a). The top-view of interface between rutile TiO2 (110) and Ti-terminated PTO (001) 

surfaces are depicted in Figure 2.3 (b). The blue and red balls are titanium and oxygen atoms 

in the rutile TiO2 and the light blue and pink balls are titanium and oxygen atoms in the PTO, 

respectively. Along the horizontal direction, six Ti atoms in (0 -1 0)PTO-type planes 

approximately matched seven Ti atoms in (-1 1 0)Rutile-type planes. Similarly, along the vertical 

direction, four Ti atoms in (0 -1 0)PTO-type planes correspond to five Ti atoms in  (-1 1 0)Rutile-

type planes. While a PTO thin film on ruitle TiO2 is constrained laterally due to the lattice 

misfits during growth, a nanofiber can relieve the strain energy through lateral relaxation.[48] 

Thus, we can expect that one dimensional PTO nanofibers can be grown dislocation-free single 

crystals more readily than two dimenstional PTO thin films. The lattice matched O-terminated 
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Ti sites in rutile TiO2 can play important role in nucleation that drives the epitaxial growth of 

the [001] orientation of PTO nanofibers.   

At elevated temperature and pressure of hydrothermal conditions, the nuclei of crystalline 

PTO can be formed at the lattice matched site on the rutile TiO2 by precipitation of the solute 

ions according to following reaction: 

 

 

 

The PTO crystalline nuclei grow and gradually evolve to a facet nanocrystal with cube shape. 

The dissolved ions re-precipitate on surfaces of the nanocrystal grown in all direction except a 

conjoined facet. When the nanocrystal reaches a certain diameter and thickness, the growth of 

PTO crystal is temporarily hindered by adsorption of surfactants (PVA/PAA) on the surface 

by hydrogen boding. The surfactant encapsulation of exposed (001) facet which has the lowest 

surface energy can be broken in order to create chemical bonding with growth components, 

while the other facets are hindered by steric surfactant due to surface energy differences. 

Because of big difference of growth rate with respect to orientations, the nanocrystals on 

nucleation sites can be elongated and lead to nanofiber growth. Additionally, the presence of 

dipole in the growth components is able to facilitate one dimensional growth in [001] dipole 

direction by dipole induced attractions.[49] The nanofiber growth is accomplished by reduction 

of the concentration of the growth components until equilibrium is reached.  
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Figure 2.3. (a) 3-D atomic structures of interface of TiO2 (110) Rutile and PbTiO3 (001) 

surfaces. (b) Schematic illustration of in-plane atomic structure between (110)Rutile and (001)PTO 

surfaces which are in parallel. Along the horizontal direction, six Ti atoms in (0 -1 0)PTO -type 

planes match seven Ti atoms, (-1 1 0)Rutile -type planes. Similarly, along the vertical direction, 

four Ti atoms, (0 -1 0)PTO-type planes correspond to five Ti atoms in (-1 1 0)Rutile-type planes. 

Blue or light blue ball: Ti; red of pink ball: O; yellow ball: Pb. 

 

To validate the simulation results for lattice matching of the rutile (110) TiO2 and (001) PTO, 

we fabricated PTO nanofibers with varying TiO2 phases by changing annealing temperature. 

Figure 6.4 (a) shows the X-ray diffraction (XRD) patterns of TiO2 seed layers on Ti foil after 

annealing at different temperature. The TiO2 films were fabricated via sol-gel chemical solution 

technique and annealed at 450 oC, 650 oC and 800 oC for 10 min, respectively. To prevent 

excess oxidation of the Ti foil substrate under TiO2 seed layer, the specimens were also quickly 

cooled to room temperature in air atmosphere by taking them out of the furnace as soon as the 

annealing process was over. Rutile TiO2 phase was formed above 650 oC annealing temperature 

as shown in XRD pattern in Figure 2.4 (a). With increasing annealing temperature from 650 

oC to 800 oC, the intensity of the XRD peak was considerably increased which is related to the 

crystallinity of rutile TiO2 film. As shown in Figure 2.4 (a). the (110) orientation peak is the 
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most dominant which indicates that the TiO2 film on Ti foil annealed at 800 oC has a (110) 

preferred orientation and 96% texturing along this orientation (calculated by peak instensity 

comparison). This corresonds to previously reported results that (110) facet is the most stable 

for a rutile TiO2.[50, 51] The TiO2 film annealed at 450 oC for 10 min did not show any other 

perceptible XRD peaks except the Ti substrate peaks. This might be because annealing time is 

too short to form the anatase phase at low temperature. The XRD results well correspond with 

the known TiO2 phase diagram with respect to temperature and pressure as shown in Figure 

2.4 (b).   

 

Figure 2.4. (a) XRD patterns of TiO2/Ti substrate annealed at 450
 oC, 650 oC and 800 oC. (b) 

TiO2 phase diagram with temperature and pressure (Reproduced with permission.[52] 2000, 

Springer).  

 

Surface scanning electron microscopy images of Figure 2.5 (a), (b) and (c) show the TiO2 

seed layer deposited on the mechanically polished Ti foils annealed at 450 oC, 650 oC and 800 

oC for 10 min, respectively. The TiO2 film annealed at 450 oC shows no tangible grains which 

is consistent with the XRD data of Figure 2.5 (a). The average grain size of the TiO2 films was 

determined from a magnified SEM images (Figure 2.6 (a), (b) and (c)) and found to be 50 ~ 

200 nm at 650 oC and 200 ~ 500 nm at 800 oC, respectively. Despite same material and 
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annealing condition, the different mean grain size was observed according to the sections 

indicated by white arrows in Figure 4b. With increasing annealing temperature to 800 oC, the 

grain size of TiO2 was significantly increased and abnormal grain growth was also observed as 

indicated by white circles in Figure 2.6 (c). Figure 2.5 (d), (e) and (f) show surface SEM images 

of PTO nanofibers grown on Figure 2.5 (a), (b) and (c) TiO2 templates by hydrothermal 

reaction at 225 oC for 12 hours. As expected, TiO2 phase formed at low temperature did not 

achieve one dimensional PTO nanostructure. On the other hand, the hydrothermal growth using 

the rutile TiO2 seed layers formed above 650 oC resulted in a bush-like PbTiO3 nanostructures 

as shown in Figure 2.5 (e) and (f). A relatively rough surface and abnormal grain growth of the 

TiO2 layer without electrolytic polishing resulted in the formation of the bush-like 

nanostructures instead of vertically aligned. Inset figures of Figure 2.5 (e) and (f) show 

magnified SEM images of the bush-like PbTiO3 nanostructures with the rutile TiO2 seed layers 

annealed at 650 oC and 800 oC, respectively. The length and density of the bushes further 

increased with increasing annealing temperature of TiO2 seed. Each nanofiber has rectangular 

cross-sectional shape. The nanofiber at 650 oC of TiO2 seeding showed a larger mean diameter 

of ~ 400nm than that of 800 oC TiO2 seeding of ~ 250 nm. The close packed nucleation sites 

obstruct the planar direction growth of nanofiber and have smaller diameter. Thus, dense 

PbTiO3 nano bushes would have smaller diameter of nanofiber. From the XRD patterns for 

TiO2 seed layer and SEM image for PbTiO3 nanofibers, we can clearly confirm that only rutile 

TiO2 seed layer would serve as suitable seed to guide the growth of the PbTiO3 nanorods. 
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Figure 2.5. Surface SEM images of TiO2 seed layers on Ti plate annealed at (a) 450 
oC, (b) 

650 oC and (c) 800 oC for 10 minutes. SEM images of PbTiO3 nano rods grown on TiO2/Ti 

substrates annealed at (d) 450 oC , (e) 650 oC and (f) 800 oC for 10 minutes by hydrothermal 

synthesis at 225 oC for 12 hours. Insets are magnified images of PbTiO3 nano rods. 

 

 
 

Figure 2.6. Surface SEM images of TiO2 seed layers on Ti foils annealed at (a) 450 oC, (b) 

650 oC and (c) 800 oC for 10 minutes. 

 

Further morphological and structural characterizations of the PTO nanofiber arrays were 

performed using transmission electron microscopy (TEM). Figure 2.8 (a) and (b) shows the 

typical TEM images of PTO nanofibers with 200 nm in diameter which coincide with the SEM 

observation. As shown in Figure 2.8 (a) ~ (c), individual PTO nanofibers have same lattice 

fringes along growing direction and no grain boundaries, defects, and dislocations. 

Interestingly, the dark line was observed in the middle of nanowire along longitudinal direction. 
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This contrast line could be a ferroelectric domain similar to that observed in PZT nanowire.[53] 

This ferroelectric domain is the strong evidence that the PTO nanofibers have ferroelectric 

characteristics. The TEM results confirmed that the PTO nanofiber is single crystalline across 

its entire length and grows along the [100] direction. This result also closely agrees with XRD 

pattern of the PTO nanofiber arrays on TiO2/Ti foil as depicted in Figure 2.8 (d). The XRD 

patterns in Figure 2.8 (d) exhibit very sharp diffraction peaks indicating that the samples are 

well crystallized. All of the diffraction peaks can be indexed as the tetragonal perovskite 

structure of PTO which was in exactly agreement with that of JCPDS Card No. 77-2002. This 

confirmed that the fabricated PTO nanowire arrays have a single perovskite structure without 

the trace of any second phases. In addition, as shown EDS analysis of Figure 2.8, we can verify 

that the nanofibers are stoichiometrically equivalent to PbTiO3 phase. The high resolution TEM 

image in Figure 2.8 (c) shows the clear lattice fringes, which indicates that the PbTiO3 

nanowires are structurally uniform and well crystallized. The observed lattice-fringe distances 

of 3.87 ¡ is in agreement with the d-spacing of the tetragonal (101) plane. The selected area 

electron diffraction (SAED) pattern (Figure 2.8 (c) inset) shows clear diffraction spots of PTO 

crysalline obtained from nanowire region in Figure 2.8 (c), which unambiguously confirms the 

single crystalline nature of the nanowires. 

 

 

Figure 2.7. EDS analisys taken at (a) PbTiO3 nanorods and (b) bottom region  
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Figure 2.8. TEM images and XRD patterns of PbTiO3 nanofibers hydrothermally grown on 

TiO2/Ti substrate at 225 oC for 12 hours. (a) and (b) TEM images of individual PbTiO3 

nanofiber. (c) HRTEM image and SAED pattern (inset) of outside edge of PbTiO3 fiber. (d) 

XRD patterns of PbTiO3 nanofibers grown on Ti substrate with Rutile TiO2 seeding.  

 

For further survey of vibrational modes in PTO nanofibers, a Raman scattering investigation 

was performed at various temperature. The Raman scattering spectrum of PTO nanofibers 

recorded at room temperature (20 oC) is shown in Figure 2.9. All Raman modes of the PTO 

nanofibers were indexed based on the earlier study of Burns and Scott.[54] The frequency of 

Raman lines in the nanofiber agrees well with the previously reported typical spectra of the 

tetragonal PTO phase.[55, 56] At room temperature, PTO have tetragonal unit cells of P4mm 

point group symmetry and the zone-center optical phonons are grouped as: five A1, six E, and 



 33 

one B1 symmetry, all of which are Raman active. One of soft phonon modes, E(1LO) was 

observed in 124.4 cm-1 which indicates the nanofibers are polar at room temperature.  The 

Raman spectra of PTO nanofibers with variation of temperature from 400 oC to 500 oC are 

shown in inset of Figure 2.9. As increasing temperature, the Raman lines downshift and 

significanly broadened comparing of the room temperature spectrum. At 450 oC, the intensity 

of the Raman lines dramatically reduced and almost vanished at 500 oC. The result indicates 

the tetragonal-to-cubic phase transition (Ferroelectric-to-paraelectric) was occured between 

450 oC ~ 500 oC which is in accordance with previous Raman study and typical Curie 

temperature of PTO.[57] It is concluded that this ferroelectric transition is clearly evidence of 

ferroelectric behavior of the PTO nanofiber. 

 

 

Figure 2.9. Raman spectra of PbTiO3 nanofibers at room temperature. Inset is Raman spectra 

of PbTiO3 nanofibers in the vicinity of Curie temperature (400 oC, 450 oC and 500 oC). 
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2.4. Summary 

In summary, vertically aligned single crystal PTO nanofiber arrays have been demonstrated 

on metal Ti substrate via rutile TiO2 seeding. From crystal surface matching simulation, rutile 

TiO2 (110) and PTO (001) surfaces are the best fitting interface. The six Ti atoms in (0 -1 0)PTO 

and four Ti atoms in (0 -1 0)PTO planes are matched with seven Ti atoms in (-1 1 0)Rutile and 

five Ti atoms in  (-1 1 0)Rutile-type planes, respectively. The lattice matched plane could be a 

nucleation site to induce an epitaxial nanofiber growth. Furthermore, the experimental results 

confirm that only rutile phase TiO2 template can give rise to the PTO nanofiber epitaxial growth 

and the (110) orientation of rutile TiO2 of the most stable facet can provide (100) direction 

growth of PTO nanofibers. We have investigated the growth mechanism of PbTiO3 nanowires 

experimentally and theoretically, which has a broader appeal, as it can be readily extended to 

real application of piezoelectric nanofibers. 
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3. Chapter 3: Interface-Controlled Self-assembly of 3-D 

Piezoelectric Single Crystalline Nanostructures  

3.1. Introduction 

The past few decades have seen rising interest in the three-dimensional (3-D) nanostructures 

because of their unique characteristics, such as large surface area[1], novel coupled behavior 

[2] and better physical/chemical properties resulting from nano scale effects.[3-6] The 3-D 

nanostructures are attracting interest for applications in sensors, nano templates, electronic 

materials, transistors, catalysts and battery electrodes. There are two main methodologies for 

fabricating 3-D nanostructures, namely, soft-template assisted growth and self-assembly. The 

soft-template assisted fabrication process for 3-D nanostructures has advantages of scalability 

and precise microstructure control.[7-9] However, it is difficult to fabricate high quality 3-D 

nanostructures, especially single crystal structures, using soft-template assisted methods 

because of limitations in developing recipes and in separating the fabricated structures from 

the template.[10-13] Self-assembly provides a practical pathway towards overcoming these 

limitations and realizing 3-D single crystalline nanostructures while enabling the control of 

growth orientation.[1, 13-17] Here, we provide a breakthrough in this direction by exploiting 

interface driven growth that assists in relaxing the interfacial strain through shape modulation 

resulting piezoelectric 3-D nanostructures. 

Piezoelectric 3-D nanostructures provide additional advantages that arise from their 

anisotropic functional properties, that makes them promising for applications in 

nanogenerators, sensors and nonvolatile memory.[18-21] Among various known piezoelectric 

materials, PbTiO3 (PTO) has some appealing characteristics such as a low aging rate of the 

dielectric constant, a high voltage constant (g), and a high Curie temperature of 490 oC.[22, 23] 
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Also, PTO has high tetragonality (c:a ratio of 1.063) which can provide a low ratio for the 

planar-to-thickness coupling factor.[24] Photocatalytic characteristics of PTO for the 

production of O2 and H2 by splitting water have been explored recently.[25] However, 

synthesis of PTO 3-D nanostructures has been challenging and few successes have been 

reported. PTO exhibits high intrinsic strain during cooling from high temperature to room 

temperature, which normally fractures the ceramic material. Overcoming this issue, in the 

synthesis of the PTO nanostructures, without compromising the electromechanical properties, 

is highly desired but has been fundamentally difficult. In this paper, we report a novel interface 

controlled growth to achieve functional 3-D nanostructures and provide the fundamental 

understanding of the growth process. The (001) oriented PTO single crystal arrays with well-

defined geometrical shapes were grown on (001) SrTiO3 (STO) substrates through a 

hydrothermal synthesis process. The growth mechanism of the 3-D PTO nanostructures was 

found to be governed by the atomic interface between the PTO and underlying STO substrate. 

The crystallinity, orientation, and morphology of 3-D PTO nanostructures were investigated 

using high resolution transmission electron microscopy (HRTEM), Raman spectroscopy and 

energy-dispersive X-ray spectroscopy (EDX). The piezoelectric behavior of the 3-D PTO 

nanostructure was demonstrated using piezo response force microscopy (PFM). 

 

3.2. Experimental 

3.2.1. Fabrication of Three-dimensional PbTiO3 Nanostructure 

Reagent grade Tetrabutyl Titanate (C4H9O)4Ti (97%, Sigma-Aldrich) and Lead Nitrate 

Pb(NO3)2 (99.5%, Sigma-Aldrich) were used as reactants and potassium hydroxide (KOH) was 

employed as a mineralizer. Poly(vinyl alcohol) (PVA) and Poly(acrylic acid) (PAA) were 

added as a polymer surfactant to facilitate two-dimensional growth. First, (C4H9O)4Ti was 



 42 

distilled with a high purity ethanol under 200 rpm stirring for 10 min. Next, this solution was 

precipitated in a 0.1 M ammonia solution. The precipitate was filtered and washed with distilled 

D.I. water 10 times in order to remove ammonium ions and ethanol. The TiO(OH)2 precipitate 

was re-dispersed with 50 ml D.I. water to 0.1M concentration and a stoichiometric amount of 

Pb(NO3)2 was added to this aqueous solution with vigorous stirring. Pellets of KOH were 

slowly introduced to a 2M concentration. Finally, the polymer components, 0.02g PVA and 

0.4g PAA, were added to the solution and stirred for more than 12 hours. Hydrothermal 

synthesis was performed in a stainless steel autoclave with a 23 ml volume Teflon vessel (Parr 

Instrument Company, Model 4746) as shown in Figure 3.1 (b). SrTiO3 substrates with 

orientations corresponding to (001), (110) and (111) surface planes were prepared and cleaned 

ultrasonically in high purity acetone (99.9%) and ethanol (99.9%) in sequence. A SrTiO3 

substrate coated with a TiO2 film through a sol-gel process was prepared for comparison with 

the bare, oriented STO substrates. The TiO2 sol-gel solution was prepared using a previously 

reported process.[26] The TiO2 sol-gel solution was spin coated on a (001) SrTiO3 substrate at 

6000 rpm for 30 s. After drying at 120 °C for 10 min, the TiO2 films were annealed at 700 °C 

for 5 min. The as-prepared SrTiO3 substrates ((001), (110), (111) and TiO2 coated (001) 

SrTiO3)) were vertically suspended in the solution from a homemade Teflon holder as 

described Figure S3a. The Teflon vessel was filled with 20 ml of hydrothermal solution, sealed 

in a stainless steel autoclave and placed in a low temperature furnace at 200 °C for 12 hours. 

After cooling to room temperature, the synthesized specimens were washed several times with 

D.I. water and high purity ethanol (99.9%) and dried in air. The fabricated 2-D piezoelectric 

PbTiO3 nanostructures were characterized by XRD (Bruker D8 advance), FESEM (LEO 1550), 

HRTEM (FEI Titan 300), Raman spectroscopy (JY Horiba LabRam HR800-U) and PFM 

(Bruker). 
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Figure 3.1. (a) Schematic description of hydrothermal synthesis. (b) Picture for autoclave 

used in hydrothermal synthesis. 

 

3.3. Results and Discussion 

3.3.1. PbTiO3 Nanostructure on SrTiO3 substrates 

STO has the same crystal structure as PTO and a comparable a- and b- axis lattice parameter, 

which makes it a suitable substrate with least lattice mismatch. The a- and b-axis lattice 

constants of PTO (3.904 Å ) have almost no mismatch with the corresponding axes of STO 

(3.905 Å ), which favors epitaxial PTO growth in the [001] direction on (001) STO substrates. 

Representative SEM images of 3-D nanostructured PTO crystals grown using a hydrothermal 

synthesis process on (001) STO substrate are shown in Figure 1e. The growth procedure is 

schematically illustrated in Figure 3.2 (a) ~ (d). The inset in Figure 3.2 (e) is the magnified 

image of 3-D PTO nanostructures. The PTO nano-crystals are arranged in a three-dimensional 

array with a cross-hatched pattern that suggests 4-fold rotational symmetry. The individual 

PTO grains correspond to two-dimensional (2-D) PTO nanosheets that are periodically aligned 

in a cross-hatched pattern. The 2-D nanosheets have a rectangular plate-morphology with 1ɛm 

length and width and 50nm thickness and the plate are aligned along the [100] and [010] 

directions of the (001) STO substrate. As shown in Figure 3.2 (e), the average spacing of the 
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PTO grains is approximately 1ɛm, and is roughly the same in both alignment directions. In 

some cases, the large intersecting plates enclose a group of smaller plates, which are caused by 

the geometric constraint imposed by large plates on the subsequent growth of smaller plates. 

A fraction of the 2-D nanosheets grew at a 45o angle to the dominant alignment direction and 

intersected each other at right angles as shown in the magnified image in Figure 3.2 (e) inset. 

Figure 3.3 (a) demonstrates the 3-D PTO nanostructure has a uniform distribution over a 

relatively large area of the STO substrate.  

 

 
Figure 3.2. Schematic illustration of the growth mechanism of 3-dimensional PbTiO3 

nanostructures. (a) Ti-terminated (001) SrTiO3 substrate. (b) Nucleation dominated along the 

Ti-atom sites in [100] and [010] direction of (001) SrTiO3 substrate. (c) 2-dimensional 

nanosheet growth along c-axis of PbTiO3. (d) Growth of 2-dimensional nanosheets to reach 

equilibrium. (e) SEM image of 3-dimensional PbTiO3 nanostructures with aligned cross-links. 

Inset shows a magnified SEM image. 
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Figure 3.3. 3-dimensional PbTiO3 nanostructure with cross-hatched patterns synthesized on 

(001) SrTiO3 substrate. (a) 15,000, (b) 30,000, (c) 50,000 and (d) 100,000 magnifications.  

 

In order to investigate the growth mechanism of the 3-D PTO nanostructure, different 

orientations of STO substrates were used under the same hydrothermal synthesis conditions. 

Figure 3.4 (a), (b) and (c) show the PTO nanostructures fabricated on (001), (110) and (111) 

oriented STO substrates, respectively. Remarkably, the orientation of the STO substrate clearly 

modulates the PTO morphology (Figure 3.4 (a), (b) and (c)), as 3-D nanostructures with cross-

hatched patterns were formed on (001) STO substrate, while linearly aligned nanostructures 

were formed on (110) and triangular pattern (indicated by red lines in Figure 3.4 (c)) was 

produced on (111) oriented STO substrates. The PTO nanostructures on (001) STO were 

fabricated along the [100] and [010] directions, while in the case of (110) STO and (111) STO 

substrates, the nanostructures formed along the [100] direction of (110) STO and at 30o angle 
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from [100] and [010] of (111) STO, respectively. An explanation for the growth tendency of 

PTO grains is shown through schematic surface atomic structure of STO substrates (Figure 3.4 

(d), (e) and (f)) obtained via a rotation of the fundamental STO crystal structure (Figure 3.4 

(g)). If we assume that the STO (001), (110) and (111) surfaces are Ti-O terminated, the 

alignment direction of the PTO nanostructure is closely related to the Ti atom configurations 

in the substrate surface (See Figure 3.4 (d), (e) and (f)). The atomic structure of (001), (110) 

and (111) surfaces of the STO substrate has symmetry similar to the nanostructured 

arrangement of PTO crystals: square (4-fold rotational symmetry), linear (2-fold), and 

triangular (3-fold), respectively. Ti cations and O anions occupy corresponding sites in the STO 

and PTO lattices and they have similar symmetry and bonding environments. For this reason, 

Ti and Oïterminated surfaces of an STO substrate are likely to be effective nucleation sites for 

PTO nanostructure growth. The similarity in the symmetry of the nanostructures in Figure 3.4 

(a), (b), and (c) with the symmetry of the arrangement of Ti and O in the STO substrate surfaces 

in Figure 3.2 (d), (e) and (f) suggest this explanation is plausible, and Ti and/or O atoms in the 

STO surface greatly influence the shape and direction of growing PTO crystals. Thus, we 

suggest the shape evolution and distribution of 3-D PTO nanostructures are directly related to 

the Ti and O arrangements in the surface of the STO substrate. 
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Figure 3.4. PbTiO3 nanostructures hydrothermally synthesized on (a) (001), (b) (110) and (c) 

(111) oriented SrTiO3 substrates. Surface atomic structures of (d) (001), (e) (110) and (f) (111) 

oriented SrTiO3 substrates. 1 unit cell thickness of surface atoms were projected. (e) Schematic 

atomic crystal structure of Ti- and O- terminated SrTiO3 

 

To further test the role of arrangement of Ti atoms on the initial growth of 3-D PTO 

nanostructures, we deposited TiO2 thin films on (001) oriented STO substrate using the sol-gel 

process. This film includes both Ti and O cations, but in completely different geometric 

arrangements from that of the underlying STO substrate. Figure 3.5 (a) and (b) shows SEM 

images of the TiO2 sol-gel thin film spin-coated and annealed at 700 oC for 5 min. As shown 

in Figure 3.5 (a) and (b), the TiO2 thin film has a smooth surface with an average grain size of 

ca. 20 nm. Using this TiO2/STO substrate, the PTO nanostructure was hydrothermally 

synthesized under the same experimental condition used previously for the sample shown in 

Figure 3.4. The PTO nanostructures grown on the TiO2 seed layer are depicted in Figure 3.5 (c) 
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and (d). The presence of the TiO2 layer induces randomly-aligned nanosheets of PTO rather 

than the highly organized 3-D nanosheets of PTO formed on bare STO (Figure 3.4). This result 

confirms that the geometric arrangement of Ti atoms on the substrate surface plays an important 

role in the directional growth of PTO nanostructures.  

 

 
 

Figure 3.5. (a), (b) Polycrystalline TiO2 thin films on (001) SrTiO3 substrate annealed at 700 

oC for 5 min. (c), (d) Hierarchical two-dimensional PbTiO3 nanosheet network on TiO2 / (001) 

SrTiO3 Substrate. 

 

The X-ray diffraction (XRD) pattern of 3-D PTO nanostructures on (001) oriented STO is 

shown in Figure 3.6. Except for the peaks of STO substrate, all the diffraction peaks can be 

indexed as tetragonal perovskite structured PTO (in agreement with positions given in JCPDS 

Card No. 77-2002). The XRD pattern also indicated the nanosheets are highly textured and 

have 99.5% texturing degree, as obtained from the peak intensity comparison. The composition 
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of the 3-D PTO nanostructures with cross-hatched pattern was analyzed using energy 

dispersive X-ray spectroscopy (EDS) mapping and is presented in Figure 3.7. These results 

clearly show the Pb and Ti atomic distribution in 2D nanosheets. Given the approximately 1.0 

µm depth of the EDS probe, the dark inter-crystal regions between individual PTO nanosheets 

can arise from the STO substrate or thin PTO film. The atomic ratio in Figure 3.7 was obtained 

from a large area of the image and is consistent with PbTiO3 and SrTiO3 stoichiometry.  

 

 

Figure 3.6. XRD patterns for the two-dimensional PbTiO3 nanosheets on (100) oriented 

SrTiO3 substrates 
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Figure 3.7. EDX analysis of two-dimensional PbTiO3 nanosheets on (001) oriented SrTiO3 

substrates confirming the stoichiometry of plates. No inter-diffusion was observed in this 

analysis. 

 

Figure 3.8 (a) shows the Raman scattering spectrum of the 3-D PTO nanostructures recorded 

at room temperature (20 oC). All Raman modes of the 3-D nanostructure were indexed using 

based on the earlier study of Burns and Scott.[27] Most of the principal-axes modes were 

observed and are shown in Figure 3.8 (a). The frequency of Raman lines in the 3-D PTO 

nanostructure agrees well with the previously reported results for single crystal [28] and 

textured thin film PTO [29] (See Table 3). The lowest frequency soft phonon mode (Polar 

phonon mode), E(1TO), was below the detection limit of the equipment, but some signal was 

detected from another low-frequency soft phonon mode, E(1LO). It is found that Raman modes 

E(1LO), A1(1TO), E(2TO) and E(3TO) are notably shifted to higher frequencies (relative to 

single crystal PTO), whereas the mode A1(2TO) is downshifted and the silent mode B1+E is 

upshifted slightly. This blue shift of Raman lines, which is unusual in nanostructured crystals, 
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can be explained by assuming the presence of tensile stress in the specimen [30] due to 

increased tetragonality of the 3-D PTO nanostructures. Figure 3.8 (b) shows the temperature 

dependence of Raman spectra obtained from the 3-D PTO nanostructures near the Curie 

temperature. In the vicinity of the Curie point, the short- and long-range interactions compete 

with each other in such a way that the frequency of the transverse optical (TO) phonon 

approaches zero.[31] With increasing temperature, Figure 3.8 (b), the Raman lines shift to 

lower frequency and the peak width broadens significantly compared to the room temperature 

spectrum in Figure 3.8 (a). At 500 oC, one can still observe some prominent low-frequency 

peaks in the Raman spectra indicating the polar nature of the PTO nanostructures at this 

temperature.[32] These results suggest that the 3-D PTO nanostructures have a higher 

tetragonal-to-cubic phase transition temperature (Curie temperature) than that of bulk PTO 

(490oC). 

 

 
 

Figure 3.8. (a) Raman scattering spectrum of 3-dimenstional PbTiO3 nanostructure at room 

temperature and (b) variation of Raman spectrum with temperature near the Curie temperature. 
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Table 3. Frequencies of Raman modes observed in the 3-D PbTiO3 nanostructures at room 

temperature. 

Mode This work Single crystal 

(Ref.1)[28] 

Textured film 

(Ref.2)[29]  

E(1LO) 130 128  

 A1(1TO) 158 148.5 147 

A1(1LO)  194  

E(2TO) 224 218.5 212 

E+B1 289.5 289 288 

A1(2TO) 340 359.5 340 

E(2LO)+A1(2LO) 440 440.5, 465 442 

E(3TO) 507.5 505 503 

A1(3TO) 622 647 621 

E(3LO) 686 687 728 

A1(3LO) 772.5 795  

 

To further confirm the crystal structure of the PTO nanostructures on a (001) oriented STO 

substrate, we conducted microstructure analysis using transmission electron microscopy (TEM) 

and scanning transmission electron microscopy (STEM). Figure 3.9 (a) shows TEM images of 

a cross-section through the PTO nanostructure grown on the (001) oriented STO substrate. The 

short PTO crystal in Figure 3.9 (a) is approximately 130 nm high and 240 nm wide. The PTO 

nanostructures are not continuous on the STO substrate, rather there are gaps individual PTO 

crystals and the crystals have different thicknesses (See Figure 3.9 (a) and inset). The growth 

shape of individual crystals was found to vary as evident from the regular rectangular shape 

depicted in Figure 3.9 (a) and a more random shape in the inset of Figure 3.9 (a). The two white 

arrows in the upper left of the figure indicate the location of 45o ferroelectric domains. Figure 

3.9 (b) and (c) show high-resolution TEM (HRTEM) images of the interface between STO 

substrate and PTO nanostructure. The lattice fringes of PTO nanostructure and the underlying 

STO substrate are in a cube-cube epitaxial relationship with the [001] PTO growth direction 

oriented perpendicular to the (001) substrate surface. The TEM results confirm that the 

individual PTO nanosheets are single crystal that grow along the [001] direction with respect 

to STO substrate. This result is also in well agreement with the (001) textured XRD pattern of 
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the PTO nanostructures depicted in Figure 3.6. The selected area electron diffraction (SAED) 

pattern was taken from the area indicated by the red square in Figure 3.9 (b). The fundamental 

diffraction spots split into pairs; one half for PTO and the other for STO phase because of the 

slightly different lattice parameters of the two phases (See the inset of Figure 3.9 (b)). The 

brighter diffraction spots match well with the lattice spacing of PTO and the weaker spots are 

consistent with the lattice spacing of STO substrate. Figure 3.9 (c) shows the magnified 

HRTEM image of the interface of the PTO nanostructure and the STO substrate. The spacing 

of the PTO plane, 3.917 Å , almost coincides with the 3.905Å  lattice spacing of (110) plane in 

STO, with only 0.3 % lattice mismatch. Based on the d-spacing values measured from the 

diffraction pattern, the PTO nanostructure has higher tetragonality (c:a ratio of 1.070) than 

typical bulk crystals of (c:a = 1.063); which is expected to result in higher polarization and 

Curie temperature.[24, 33] The result of the increased tetragonality is in line with the Raman 

blue shift and increased phase transition temperature of 3-D PTO nanostructures. As shown in 

Figure 3.9 (d), the line scan concentration profile across the interface obtained from STEM 

shows that Pb and Sr are strictly confined to the PTO and STO crystals, respectively.  
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Figure 3.9. (a) Cross-sectional TEM image for 2-dimensional PbTiO3 nanosheets on (001) 

oriented SrTiO3 substrates. Inset is TEM image of another region. (b) A high-resolution TEM 

(HRTEM) image of the interface between SrTiO3 substrate and PbTiO3 nanosheet. Inset is the 

SAED pattern taken from the area indicated by red square. (c) Magnified HRTEM image of 

the interface. For better visibility, the TEM image is artificially colored. (d) Scanning TEM 

(STEM) elemental mapping of Pb and Sr in the PbTiO3/SrTiO3 interface region. 

 

In order to measure the piezoelectric property of PTO nanostructures, an electrically 

conducting (001) oriented, 0.5 wt.% Nb-doped STO substrate was used in the hydrothermal 

synthesis as illustrated in Figure 3.10 (a). The local piezoelectric response of the PTO 
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nanostructure was collected using piezoelectric response microscopy (PFM) under DC bias 

sweep from -12 to 12 V. The phase signal indicates that the PTO nanostructure exhibits 

unambiguous 180° ferroelectric domain switching behavior (Figure 3.10 (b)). From the 

amplitude and piezoelectric response signals, it was found that the PTO nanostructure has a 

strong piezoelectric response (Figure 3.10 (c) and (d)), which is evidence of an outstanding 

longitudinal piezoelectric coefficient.  

 

 
 

Figure 3.10. (a) Schematic description of PFM analysis. 0.5 wt% Nb-doped SrTiO3 substrate 

with (001) orientation was used for measurement of piezoresponse. (b) Amplitude and (c) phase 

from piezoelectric response taken from the cross-hatched PbTiO3 3-D nanostructures on (001) 

oriented Nb-doped SrTiO3 substrates. (d) Combined signal of amplitude and phase of PbTiO3 

3-D nanostructures, which confirms the ferroelectric behavior of PbTiO3 nanostructure. 
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3.4. Summary 

Novel 3-D PTO nanostructures with aligned patterns were formed on STO substrates using 

a hydrothermal synthesis process. Different crystalline patterns were obtained depending upon 

the STO substrate orientation; (001), (110), or (111) substrates produced cross-hatch, linear, 

and triangular patterns, respectively. The PTO nanostructures were aligned with symmetry 

consistent with that of Ti atomic configuration on the surface of STO substrate. When the STO 

substrate was coated with a thin film of polycrystalline TiO2 prior to hydrothermal synthesis, 

the resulting PTO nanostructures were random with no preferential alignment. 3-D PTO 

nanostructures were single crystal plates of PTO grown along the (001) crystal direction. The 

Raman shift as a function of temperature near the phase transition temperature indicates that 

the 3-D PTO nanostructure has a Curie temperature above 500oC. Using electrically conducting 

(001) oriented 0.5 wt.% Nb-doped STO substrate, the piezoelectric response of the 3-D PTO 

nanostructure was confirmed. These 3-D PTO nanostructures with large surface area, high 

ferroelectric and piezoelectric properties could be promising candidates for water splitting, 

nanogenerators, and high sensitivity strain sensors. 



 57 

References 

[1] Z. L. Wang, ñNanostructures of zinc oxide,ò Materials today, vol. 7, no. 6, pp. 26-33, 

2004. 

[2] B. Duan, M. Wang, W. Y. Zhou, W. L. Cheung, Z. Y. Li, and W. W. Lu, ñThree-

dimensional nanocomposite scaffolds fabricated via selective laser sintering for bone 

tissue engineering,ò Acta Biomaterialia, vol. 6, no. 12, pp. 4495-4505, 2010. 

[3] X. S. Fang, C. H. Ye, L. D. Zhang, J. X. Zhang, J. W. Zhao, and P. Yan, ñDirect 

observation of the growth process of MgO nanoflowers by a simple chemical route,ò 

Small, vol. 1, no. 4, pp. 422-428, 2005. 

[4] Y. j. Zhang, Y. Zhang, Z. h. Wang, D. Li, T. y. Cui, W. Liu, and Z. d. Zhang, ñControlled 

synthesis of cobalt flowerlike architectures by a facile hydrothermal route,ò European 

Journal of Inorganic Chemistry, vol. 2008, no. 17, pp. 2733-2738, 2008. 

[5] Y. Luo, S. Li, Q. Ren, J. Liu, L. Xing, Y. Wang, Y. Yu, Z. Jia, and J. Li, ñFacile synthesis 

of flowerlike Cu2O nanoarchitectures by a solution phase route,ò Crystal growth & 

design, vol. 7, no. 1, pp. 87-92, 2007. 

[6] Y.-S. Luo, W.-D. Zhang, X.-J. Dai, Y. Yang, and S.-Y. Fu, ñFacile synthesis and 

luminescent properties of novel flowerlike BaMoO4 nanostructures by a simple 

hydrothermal route,ò The Journal of Physical Chemistry C, vol. 113, no. 12, pp. 4856-

4861, 2009. 

[7] X. Zheng, H. Lee, T. H. Weisgraber, M. Shusteff, J. DeOtte, E. B. Duoss, J. D. Kuntz, 

M. M. Biener, Q. Ge, and J. A. Jackson, ñUltralight, ultrastiff mechanical 

metamaterials,ò Science, vol. 344, no. 6190, pp. 1373-1377, 2014. 

[8] X. Zheng, W. Smith, J. Jackson, B. Moran, H. Cui, D. Chen, J. Ye, N. Fang, N. 

Rodriguez, and T. Weisgraber, ñMultiscale metallic metamaterials,ò Nature Materials, 

2016. 

[9] H. Yan, C. F. Blanford, W. H. Smyrl, and A. Stein, ñPreparation and structure of 3D 

ordered macroporous alloys by PMMA colloidal crystal templating,ò Chemical 

Communications, no. 16, pp. 1477-1478, 2000. 

[10] H. G. Moon, Y.-S. Shim, H. W. Jang, J.-S. Kim, K. J. Choi, C.-Y. Kang, J.-W. Choi, H.-

H. Park, and S.-J. Yoon, ñHighly sensitive CO sensors based on cross-linked TiO2 

hollow hemispheres,ò Sensors and Actuators B: Chemical, vol. 149, no. 1, pp. 116-121, 

2010. 



 58 

[11] D. V. Bavykin, J. M. Friedrich, and F. C. Walsh, ñProtonated titanates and TiO2 

nanostructured materials: synthesis, properties, and applications,ò Advanced Materials, 

vol. 18, no. 21, pp. 2807-2824, 2006. 

[12] A. Bernal, A. Tselev, S. Kalinin, and N. BassiriȤGharb, ñFreeȤStanding Ferroelectric 

Nanotubes Processed via SoftȤTemplate Infiltration,ò Advanced Materials, vol. 24, no. 

9, pp. 1160-1165, 2012. 

[13] G. Von Freymann, A. Ledermann, M. Thiel, I. Staude, S. Essig, K. Busch, and M. 

Wegener, ñThreeȤDimensional Nanostructures for Photonics,ò Advanced Functional 

Materials, vol. 20, no. 7, pp. 1038-1052, 2010. 

[14] V. Polshettiwar, B. Baruwati, and R. S. Varma, ñSelf-assembly of metal oxides into 

three-dimensional nanostructures: synthesis and application in catalysis,ò Acs Nano, 

vol. 3, no. 3, pp. 728-736, 2009. 

[15] L. S. Zhong, J. S. Hu, H. P. Liang, A. M. Cao, W. G. Song, and L. J. Wan, ñSelfȤ

Assembled 3D flowerlike iron oxide nanostructures and their application in water 

treatment,ò Advanced Materials, vol. 18, no. 18, pp. 2426-2431, 2006. 

[16] S. M. Stratulat, X. Lu, A. Morelli, D. Hesse, W. Erfurth, and M. Alexe, ñNucleation-

induced self-assembly of multiferroic BiFeO3ïCoFe2O4 nanocomposites,ò Nano letters, 

vol. 13, no. 8, pp. 3884-3889, 2013. 

[17] H.-F. Zhang, A. C. Dohnalkova, C.-M. Wang, J. S. Young, E. C. Buck, and L.-S. Wang, 

ñLithium-assisted self-assembly of aluminum carbide nanowires and nanoribbons,ò 

Nano Letters, vol. 2, no. 2, pp. 105-108, 2002. 

[18] Z. L. Wang, X. Y. Kong, Y. Ding, P. Gao, W. L. Hughes, R. Yang, and Y. Zhang, 

ñSemiconducting and piezoelectric oxide nanostructures induced by polar surfaces,ò 

Advanced Functional Materials, vol. 14, no. 10, pp. 943-956, 2004. 

[19] H. Zheng, J. Wang, S. Lofland, Z. Ma, L. Mohaddes-Ardabili, T. Zhao, L. Salamanca-

Riba, S. Shinde, S. Ogale, and F. Bai, ñMultiferroic BaTiO3-CoFe2O4 nanostructures,ò 

Science, vol. 303, no. 5658, pp. 661-663, 2004. 

[20] F. Morrison, Y. Luo, I. Szafraniak, V. Nagarajan, R. Wehrspohn, M. Steinhart, J. 

Wendroff, N. Zakharov, E. Mishina, and K. Vorotilov, ñFerroelectric nanotubes,ò arXiv 

preprint cond-mat/0303609, 2003. 

[21] Y. Qi, J. Kim, T. D. Nguyen, B. Lisko, P. K. Purohit, and M. C. McAlpine, ñEnhanced 

piezoelectricity and stretchability in energy harvesting devices fabricated from buckled 

PZT ribbons,ò Nano letters, vol. 11, no. 3, pp. 1331-1336, 2011. 



 59 

[22] I. Ueda, and S. Ikegami, ñPiezoelectric properties of modified PbTiO3 ceramics,ò 

Japanese Journal of Applied Physics, vol. 7, no. 3, pp. 236, 1968. 

[23] N. Ichinose, and M. Kimura, ñMicrostructure and piezoelectric properties of modified 

PbTiO3 ceramics,ò Japanese journal of applied physics, vol. 31, no. 9S, pp. 3033, 1992. 

[24] Z. Jiwei, Y. Xi, W. Mingzhong, and Z. Liangying, ñPreparation and microwave 

characterization of PbTiO3 ceramic and powder,ò Journal of Physics D: Applied 

Physics, vol. 34, no. 9, pp. 1413, 2001. 

[25] D. Arney, T. Watkins, and P. A. Maggard, ñEffects of particle surface areas and 

microstructures on photocatalytic H2 and O2 production over PbTiO3,ò Journal of the 

American Ceramic Society, vol. 94, no. 5, pp. 1483-1489, 2011. 

[26] B. Chen, X. Zheng, M. Yang, Y. Zhou, S. Kundu, J. Shi, K. Zhu, and S. Priya, ñInterface 

band structure engineering by ferroelectric polarization in perovskite solar cells,ò Nano 

Energy, vol. 13, pp. 582-591, 2015. 

[27] G. Burns, and B. A. Scott, ñLattice Modes in Ferroelectric Perovskites: PbTiO3,ò 

Physical Review B, vol. 7, no. 7, pp. 3088, 1973. 

[28] C. Foster, Z. Li, M. Grimsditch, S.-K. Chan, and D. Lam, ñAnharmonicity of the lowest-

frequency A 1 (TO) phonon in PbTiO3,ò Physical Review B, vol. 48, no. 14, pp. 10160, 

1993. 

[29] Y. I. Yuzyuk, R. Farhi, V. Lorman, L. Rabkin, L. Sapozhnikov, E. Sviridov, and I. 

Zakharchenko, ñA comparative Raman study of ferroelectric PbTiO3 single crystal and 

thin film prepared on MgO substrate,ò Journal of applied physics, vol. 84, no. 1, pp. 

452-457, 1998. 

[30] M. Chen, Z. Shen, S. Tang, W. Shi, D. Cui, and Z. Chen, ñStress effect on Raman spectra 

of Ce-doped BaTiO3 films,ò Journal of Physics: Condensed Matter, vol. 12, no. 31, pp. 

7013, 2000. 

[31] B. Mani, C.-M. Chang, and I. Ponomareva, ñAtomistic study of soft-mode dynamics in 

PbTiO3,ò Physical Review B, vol. 88, no. 6, pp. 064306, 2013. 

[32] I. Taguchi, A. Pignolet, L. Wang, M. Proctor, F. Levy, and P. Schmid, ñRaman scattering 

from PbTiO3 thin films prepared on silicon substrates by radio frequency sputtering and 

thermal treatment,ò Journal of Applied Physics, vol. 73, no. 1, pp. 394-399, 1993. 

[33] J. Ryu, G. Han, T. K. Song, A. Welsh, S. Trolier-McKinstry, H. Choi, J.-P. Lee, J.-W. 

Kim, W.-H. Yoon, and J.-J. Choi, ñUpshift of phase transition temperature in 

nanostructured PbTiO3 thick film for high temperature applications,ò ACS applied 



 60 

materials & interfaces, vol. 6, no. 15, pp. 11980- 



 61 

4. Chapter 4: Low Frequency MEMS Energy Harvester 

4.1. Introduction 

Recent advances in RF transmitters, sensors (e.g. temperature sensor ~ 71 nW, pressure 

sensor ~ 5.3nW)[1, 2] and integrated chipsets (e.g. microprocessor ~500 pW)[3] have enabled 

the possibility of developing ambient powered microdevices [4-10]. Considerable attention has 

been paid to mature this possibility by demonstrating microscale solar[11], thermal[12], 

electromagnetic[13, 14] and mechanical energy harvesters[15-18]. Especially, energy 

harvesting from mechanical vibrations is attractive due to it ubiquitous nature on platforms 

such as machines, transportation and humans. There are four typical mechanical-to-electrical 

energy conversion mechanisms: piezoelectric, electromagnetic, triboelectric and electrostatic. 

Among these mechanisms, at micro-scale, piezoelectric energy harvesting has been extensively 

investigated because of high electromechanical conversion efficiency, energy density, and 

simplicity in integration with silicon [19-23]. 

In order to achieve direct integration with system-on-a-chip, the energy harvester should 

have microscale dimension and the fabrication process should be compatible with integrated 

circuits based on silicon. To maximize the generated electrical power from vibrations, the 

energy harvester should be operated at resonance frequency because displacement of 

piezoelectrics is significantly reduced in off-resonance and thereby most of the input 

vibrational energy is lost [16]. The natural frequency of the cantilever beam for the first bending 

mode can be expressed as [20]: 

 

 ‫
Ȣ

                    (4.1)  

 

where meq is the equivalent mass, keq is the equivalent spring constant, L is the length of the 
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beam, EI is the bending stiffness of the beam, Ml is the mass per unit beam length, and Mp is 

weight of proof mass. From this expression it can be seen that the natural frequency of 

cantilever beam is inversely proportional to length of beam and directly proportional to 

stiffness of the beam. Typical silicon-based MEMS energy harvesters have high natural 

frequency, typically in the range 500 Hz ~ 10 kHz, owing to their small dimensions (L) and 

stiff silicon substrate [16, 24, 25]. However, natural frequencies of most of the ambient 

vibration sources are normally less than 200 Hz [26]. To tune the natural frequency of the 

energy harvester to lower frequencies, the silicon beam needs to be designed to have higher 

effective length but smaller dimension along other directions. 

The generated output power is dependent on the area of the effective electrode area of 

piezoelectric materials. The generated output power from a piezoelectric material based 

unimorph cantilever can be determined from the expression [27]: 

 

                                                 ὖ ὠ Ὁ ὛὪὯ                                         (4.2) 

and 

  Ὧ
 

  
                               (4.3) 

 

where Vpiezo , Epiezo , S , f , kxy , and Ů are the volume of the piezo material, Youngôs modulus, 

strain, excitation frequency (Hz), electromechanical coupling coefficient with x- poling and y-

applied stress direction, and dielectric permittivity, respectively. From Equation (4.2) and (4.3), 

we can see that the generated electric power is proportional to piezoelectric constant (dxy) which 

is entirely related to characteristics of piezoelectric materials. In addition, according to the 

poling and applied stress direction of the piezoelectric material, the dxy value can be changed 

in the same material. For example, a unimorph cantilever structure uses a transversal 31 mode 

because applied stress direction is perpendicular to poling direction in piezoelectric material. 



 63 

By using interdigitated electrodes (IDE) instead of parallel electrodes, we can exploit 

longitudinal 33 mode. Generally, the d33 value is about two times larger than the d31 value in 

the same piezoelectric material. However, it is difficult to confirm if the generated power in a 

device with IDE is larger than that of parallel electrode because of large capacitance which 

results in small electric current. In this paper, we present solutions to these challenges in the 

design of low natural frequency and high power density MEMS piezoelectric energy harvester. 

The structure was fabricated by silicon MEMS process and exhibited an ultra-low natural 

frequency in few millimeter square dimension. The design is based upon a novel circular spiral 

cantilever structure as shown in Figure 4.1. In order to control the natural frequency of the 

energy harvester we provide relationship of the frequency with number of turns in spiral.  

 

 

Figure 4.1. Schematic design of spiral MEMS energy harvester.  

 

4.2. Experimental 

4.2.1. Multilayer Deposition of Films 

The spiral-shape MEMS cantilevers were fabricated using a silicon-on-insulator (SOI) wafer 

with 10 ɛm silicon device layer, 1 ɛm buried oxide layer, and 300 ɛm silicon handle layer. The 

process started with deposition of Pt/Ti/PZT/Ti/Pt/SiO2 films on the SOI wafer as shown in 
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Figure 4.2. After thermally growing the oxide layer of 500 nm on the front and back side of the 

wafer, a Pt(150 nm) /Ti(50 nm) bottom electrode was in-situ deposited by thermal evaporator. 

The Ti was used as a buffer layer for better adhesion between the oxide substrate and the bottom 

electrode Pt. Pb(Zr0.52,Ti0.48)O3 (PZT) sol-gel solution was prepared following a previous 

experiment without Poly(N-vinylpyrrolidone) addition [28]. The PZT sol was spin-coated 

multiple times on the platinized SOI wafer at a rate of 4,000 rpm for 40 seconds to reach the 

thickness of 1.8 ɛm. The film was pyrolized by a two-step heat treatment at 150 oC and 350 oC 

for 10 minutes per-process on a hot plate in order to remove solvents and organics. Every third 

layer was annealed at 600 oC for 10 minutes by rapid thermal annealing. Lastly, Pt(150 nm) / 

Ti(50 nm) thin films were sequentially deposited by DC magnetron sputtering without breaking 

vacuum to form the top electrode. The microstructure and crystal orientation of the PZT films 

were determined by using a field-emission scanning electron microscope (FESEM) and an X-

ray diffractometer (XRD). The polarization and piezoelectric properties of the PZT thin films 

were measured using the Radiant Technology RT-66A and piezo response force microscopy 

(PFM), respectively.   

 

4.2.2. MEMS Fabrication Process 

Following the multilayer deposition, the cantilever structure with spiral shape was produced 

using typical surface and bulk micromachining process. The detailed micromachining process 

is illustrated in Figure 4.2 (b). First, the SOI wafer with the multilayer films was rinsed in D.I 

water and then dehydrated at 110 oC. The wafer was coated on both front and back sides by 

thick photoresist (AZ 9260, Microchemicals GmbH) and patterned. The Pt/Ti top electrode was 

etched by reactive ion etching (RIE) as shown in Figure 4.2 (b) (ii). The wet-etching solution 

for PZT film was prepared as mixing HF and HCl aqueous solutions (HF: HCl : D.I. water = 
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1 : 2 : 8) at room temperature [29]. The etching process was performed by immersing the PZT 

films into as-prepared etchant at room temperature with gentle agitation as illustrated in Figure 

4.2 (b) (iii). The etch rate was approximately 50 nm/sec. The bottom electrode and surface 

oxide layer were also patterned using RIE as shown in Figure 4.2 (b) (iv). In Figure 4.2 (b) (v), 

the 10 ɛm silicon device layer and buried oxide layer were etched by deep reactive ion etching 

(DRIE) and RIE to define the thickness of the cantilever substrate, respectively. Finally, in 

Figure 4.2 (b) (vi), the surface oxide window and the silicon handle layer were etched from the 

backside using DRIE to release the PZT cantilever structure and to form a silicon proof mass 

at the center of the spiral cantilever. When etching was completed, the photoresist masks were 

removed by acetone. Fabricated devices were diced by laser cutting machine. To avoid 

electrical short and to achieve complete poling of the piezoelectric layers under a high electric 

field, a corona poling system was exploited [30]. Electric field of 8 kV was applied at the center 

of the spiral energy harvester at 1 cm distance from top electrodes. After poling, the energy 

generation was characterized by a vibration shaker (type 4809, Br¿el & KjÞr) and digital 

oscilloscope (Tektronix TDS754). The output voltage and generated power of the energy 

harvesters were measured by varying resistive loads while considering an inner resistance of 

the oscilloscope (1Mɋ). The vibration characteristics of the spiral energy harvesters were 

analyzed using a scanning laser vibrometer (Polytec, PSV-400). 
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Figure 4.2. Schematic fabrication procedure for piezoelectric MEMS energy harvester with 

spiral structure. (i) Multilayer deposition, (ii) Top electrode patterning, (iii) PZT etching, (iv) 

Bottom electrode patterning, (v) Front side DRIE etching and (vi) Back side DRIE etching and 

releasing structure. 

 

4.3. Results and Discussion 

4.3.1. Characterization of PZT Thin Film  

For the MEMS piezoelectric energy harvester, one of the most important issues is growth of 

a quality piezoelectric film on a silicon substrate. We have fabricated the PZT film on a 4-inch 

platinized silicon SOI wafer by sol-gel method. The overall deposition and annealing process 

were conducted inside clean room in order to form homogenous perovskite PZT film without 

cracks and defects. Figure 4.3 (a) and (b) shows the cross-section and top surface SEM images 

of 1.8 ɛm PZT (52/48) thin films. As shown in Figure 4.3 (a), the PZT film has the columnar 

structure as a result of the nucleation on the bottom electrode and vertical grain growth. The 
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surface SEM image, as shown in Figure 4.3 (b), was taken after Pt/Ti top electrode etching to 

check the reactive ion etch-induced damages on the PZT film and it shows a dense and crack-

free morphology. The grain boundaries are not clear in this image because of RIE etching 

however the grain size can be estimated to be approximately 150 nm from the topographic 

atomic force microscopy (APM) image shown in Figure 4.4. 

 

(a)                                                                     (b)                          
 

    
 

Figure 4.3. (a) Cross-sectional and (b) surface SEM images of PZT thin films used in the 

fabrication of spiral MEMS energy harvester. The surface SEM image was taken after etching 

top electrodes. 

 

 

Figure 4.4. Surface topographic image of the PZT film used in the MEMS energy harvester.  
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Figure 4.5 (a) shows the X-ray diffraction (XRD) spectra of the PZT thin film. A single-

phase PZT with perovskite crystal structure was formed with randomly oriented grain 

morphology. Figure 4.5 (b) shows the polarization-electric filed (P-E) hysteresis loops of the 

PZT thin film on the spiral MEMS energy harvester. The remnant polarization (Pr) and 

spontaneous polarization (Ps) of the PZT thin film are 36.2 ɛC/cm2 and 59.8 ɛC/cm2, 

respectively. The coercive electric field is 141 kV/cm. For energy harvesting applications, the 

deposited PZT films will show higher electric power through transverse piezoelectric 

properties [31].  

 

(a)                                                                           (b)                          

     
 

Figure 4.5. (a) X-ray diffraction patterns (b) Polarization vs. electric field (P-E) hysteresis 

curve of the PZT thin film.  

 

To understand the ferroelectric behavior and domain structure of the PZT thin film, 

piezoresponse force microscopy (PFM) was employed. Figure 4.6 (a) and (b) shows the out-

of-plane PFM phase and amplitude images acquired from the PZT film used in the spiral 

MEMS energy harvester, respectively. In the phase image (Figure 4.6 (a)), different color 

contrast corresponds to different polarization [32]. The film exhibits strong longitudinal 

amplitude as shown in Figure 4.6 (b), which suggests the predominantly out-of-plane 
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orientation of the polarization vector and high piezoelectric response along this direction. To 

verify this, the effective longitudinal piezoelectric constant, d33,f of the PZT film was measured 

using piezoresponse force microscope (PFM) [33]. The typical hysteresis loop obtained by 

measuring the piezo response by small ac signal as a function of a superimposed dc field is 

given in Figure 4.7. The value of d33,f was found to be higher ~97 pm/V under negative bias. It 

is well known that thin film piezoelectric constants are reduced with respect to bulk ceramic 

values because of the clamping effect on the substrate. The real d33 value of piezoelectric thin 

films can be calculated by following equation (4.4) [34]:  

 

Ὠ ȟ  Ὠ ςὨ                                        (4.4) 

 

where s11, s12, and s11 are the mechanical compliances of the piezoelectric film and d31 is the 

transverse piezoelectric coefficient, and Y and ů are the Youngôs modulus and the Poissonôs 

ratio of the substrate, respectively. The real d33 value of this PZT thin film has been calculated 

from ceramics data in previous studies [35, 36]. The calculated d33 vales were depicted in 

Figure 4.7 and exhibited the maximum value at 155 pm/V. 

 

(a)                                                             (b) 

     

Figure 4.6. Out-of-plane PFM images of the PZT film: (a) Amplitude and (b) Phase. 
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Figure 4.7. Out The clamped longitudinal effective piezoelectric coefficient (d33,f) and 

calculated real longitudinal  piezoelectric coefficient (d33) with variation of applied dc field for 

the PZT thin film grown on the spiral cantilever. 

 

4.3.2. Evaluation of MEMS Energy Harvester 

Figure 4.8 shows SEM images of fabricated spiral MEMS energy harvester. From Figure 4.8 

(a) and (d), we can see a clearly defined cantilever structure with spiral shape. Figure 4.8 (a) 

shows the front view of the fabricated two turns of the spiral MEMS harvester. In case of spiral 

cantilever structure, the bending stress will be concentrated on only one end of the connection 

region with clamping substrate. Therefore, we included in our harvester design a round-shaped 

notch in order to release the stress and prevent crack propagation as indicated by red dot in 

Figure 4.8 (a). This was verified by FEM simulation. Figure 4.8 (e) and (f) show the simulated 

stress distributions of sharp and round-shaped junction in the spiral MEMS energy harvester, 

respectively. As indicated in red dot circles in Figure 4.8 (e) and (f), the stress was much more 

relaxed in round-shaped junctions than sharp ones. The etched surface of the sidewalls of the 

spiral MEMS energy harvester was magnified in Figure 4.8 (b). An accurately defined vertical 

sidewall of the silicon substrate was achieved without ripples by etching and passivating cycles 

in the Bosch process. However, a relatively rough surface with planar direction was observed 
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due to the uneven recession of the soft masking of photoresist that transfers vertical striations 

onto the sidewalls. The use of hard masking materials, like silicon dioxide, helps alleviate this 

kind of surface roughness problem with planar direction [37]. We can observe that the 1~2 ɛm 

gap between the PZT layer and Pt/Si substrate was formed by a slight over etching of PZT layer 

during isotropic wet-etching. However, it did not affect the electrical isolation between the top 

and bottom electrodes.  

Figure 4.8 (c) shows the cross-sectional view of the diaphragm of the spiral MEMS energy 

harvester. The crack-free and homogeneous interface of PZT film and silicon diaphragm can 

be seen in this figure which ensures excellent transfer of input mechanical energy to the 

piezoelectric layer. The 10 ɛm thickness silicon substrate of spiral cantilever was uniformly 

achieved throughout the diaphragm due to the SiO2 etch stop in SOI wafer during backside 

DRIE etching process. Figure 4.8 (d) shows the back side image of the fabricated four turns of 

spiral MEMS harvester with a silicon proof mass which was formed by backside anisotropic 

dry etching of silicon substrate. The figure demonstrates the clearly defined and released silicon 

proof mass. The diameter and thickness of the proof mass are 945 ɛm and 300 ɛm, respectively. 

The weight of the silicon proof mass can be determined to be approximately 4.90 x 10-4 g using 

density of single crystal silicon substrate to be 2330 kg/m3. The same size and weight of proof 

masses were fabricated and applied to all different spiral MEMS energy harvesters fabricated 

in this study. 
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Figure 4.8. SEM images of (a) front side, (b) etched edge, (c) cross-section of membrane and 

(d) back side of the spiral cantilever energy harvester. Simulated stress distribution of (e) sharp 

junction and (f) round shape junction in the spiral energy harvester. 

 

The dynamic behavior of the fabricated spiral MEMS energy harvester was characterized by 

using the vibration testing system (Figure 4.9) including a shaker, power amplifier, function 

generator and oscilloscope. The harvester was assembled in a mounting holder by superglue 

and then attached on top of the shaker whose vibration conditions were monitored by an 

accelerometer. The devices were excited by 2.45 m/s2 (0.25 g) acceleration and maintained 
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same acceleration under changing vibration frequency. The generated output voltages of the 

harvesters were measured by digital oscilloscope.  

 

 

Figure 4.9. Experimental test set-up for the spiral MEMS energy harvesters 

 

Figure 4.10 shows the frequency dependence of output voltage with varying number of turns 

of the spiral energy harvester. The open circuit output voltages of each harvester was measured 

by oscilloscope and the RMS value (VPeak-Peak /Ѝς ) was recorded for further analysis. The 

generated output voltage gradually increased up to five turns and then started to slightly 

decrease with increasing number of turns. This might be because the dimension of active region 

in the energy harvesters was slightly increased with increasing number of turns as shown in 

Figure 4.10 (i) ~ (vi) images, however at higher number of turn the vibration mode became 

mixed. With increasing number of turns in spiral structure, it is more likely to have higher 

vibration modes such that torsion starts to influence the bending mode. Figure 4.10 (i) ~ (vi) 

shows the optical images of the fabricated spiral MEMS energy harvesters from two to seven 

turns, respectively. The access pads of top and bottom electrodes were wire-bonded onto the 
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mounting holder and connected to an electric circuit board as indicated in Figure 4.10 (i). The 

overall dimensions of devices are approximately 19.25 (7 Ĭ 5.5 Ĭ 0.5) mm3. The active area 

and volume of the piezoelectric energy harvesters are less than 10.75 mm2 and 0.11 mm3, 

respectively. 

 

 

Figure 4.10. (a) Frequency dependence of output peak voltages with the variation of number 

of turns of the spiral energy harvester. The harvesters were excited by 2.45 m/s2 (0.25 g) 

acceleration. (Inset) Optical pictures of the fabricated spiral energy harvester with number of 

turns; (i) 2 turns, (ii) 3 turns, (iii) 4 turns, (iv) 5 turns, (v) 6 turns and (vi) 7 turns. 

 

Figure 4.11 (a) ~ (d) shows the measured and simulated vibration mode shapes of three turns 

of spiral MEMS energy harvesters. Figure 4.11 (a) and (c) are the measured first and second 

vibration mode shapes of the spiral MEMS harvester obtained by scanning laser vibrometer 

respectively. The first resonance vibration mode at 136 Hz shows a distinct up and down 

displacement. The center of the spiral harvester on which the proof mass was placed reached 

the maximum displacement amplitude. This clearly guarantees that there will be no voltage 

cancellation by polarity difference in the piezoelectric element. However, the second resonance 
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mode observed at 348Hz shows a flapping shape with the edges of spiral exhibiting maximum 

displacement amplitude instead of center. This vibration motion could reduce the overall output 

power by the voltage cancellation from the left and right side regions of piezoelectric element 

having different polarity during bending motion as shown in Figure 4.11 (b). Thus, the second 

vibration mode should be avoided or the electrodes of left and right side parts should be 

separated to prevent the voltage cancellation. In order to further analyze the vibration 

characteristics of the MEMS harvester, the finite element modeling (FEM) was conducted 

using COMSOL Multiphysics simulation tool. Figure 4.11 (c) and (d) shows the simulated 

mode shapes of the first and second vibration modes corresponding to resonance frequencies 

of 139Hz and 356Hz, respectively. Both simulated shapes of the first and second modes exactly 

matched to the experimental result shown in Figure 4.11 (a) and (b). The inset image in Figure 

4.11 (c) shows simulated stress distributions of the first resonance mode. Most of the stress is 

concentrated at the emerging curvature rather than the center of spiral and the stress distribution 

in an inside edge is much larger than that on outside edge. The stress distribution of the second 

resonance mode are also shown in Figure 4.11 (d) inset. Most of stress in second vibration 

mode is concentrated on the flapping bending regions and the bending region closed to 

clamping point has a lager stress than the other end. The generated output power is proportional 

to the applied stress to piezoelectric element.  

 

(a)                                                                   (b) 
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(c)                                                                   (d) 

 

Figure 4.11. 2D live scan images obtained by laser vibrometer of the (a) first and (b) second 

vibration modes and FEM simulated images of (c) first and (d) second vibration modes for the 

3 turns of spiral MEMS energy harvester. (Inset) Simulated stress distributions in the first and 

second modes. 

 

Figure 4.12 (a) shows the change in natural frequency with variation of number of turns in 

the spiral MEMS energy harvester. The FEM simulation results for natural frequencies are 

almost matched to the experimental results. The slightly different values between simulation 

and experiment could be attributed to the fabrication deviation from the expected dimensions. 

As can be seen from Figure 4.12 (a), the resonance frequencies of the spiral MEMS energy 

harvesters were gradually decreased with increasing number of turns. The lowest resonance 

frequency of 48 Hz was achieved in the 7 turns spiral MEMS energy harvester, which is one 

of the lowest natural frequency reported in literature for silicon MEMS energy harvesters at 

millimeter square dimension. One can further reduce the natural frequency of the MEMS 

harvester by increasing the weight of the proof mass. The natural frequency of the spiral 

harvester can be expressed in terms of the number of spiral N by the empirical fit:   

 

                                                                                                      
1.273 555.3f N-=                                             (4.5) 

 

where N is number of turns in MEMS energy harvester and f is natural frequency. The equation 

(4.5) was obtained from a parabolic fitting of FEM simulation results in Figure 4.12 (a). The 
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natural frequency of spiral energy harvester exponentially decreased with increasing number 

of turns. Following equation (4.5), the natural frequency of the MEMS harvester can be 

adjusted through variation in number of turns and weight of proof mass.  

Figure 4.12 (b) shows the output power and voltage with variation of load resistances at 

resonance frequency of 68 Hz when the five turn spiral MEMS energy harvester was excited 

at acceleration of 0.25 g. The maximum output power of 23.3 nW was obtained at an optimum 

load resistance of about 40 kÝ. This value was matched to the measured impedance value of 

the piezoelectric materials in the MEMS harvester at same frequency. The energy density of 

MEMS harvester was normalized by acceleration, resonance frequency and dimension. The 

normalized area and volumetric energy density of five turn spiral MEMS energy harvester were 

5.04 Ĭ 10-4 ɛW/mm2Āg2ĀHz and 4.92 Ĭ 10-2 ɛW/mm3Āg2ĀHz, respectively. The comparison of 

the resonance frequency and normalized energy density of recent piezoelectric MEMS energy 

harvesters are shown in Table 4. The energy densities of the harvesters were normalized by 

active area, volume, square of acceleration and resonance frequency in order to fairly compare 

experimental conditions. The spiral MEMS energy harvester in this work showed the lowest 

resonance frequency which is within useable ambient frequency region and a high volumetric 

power density as shown in Table 4. The spiral MEMS energy harvester was excited at low 

acceleration of 0.25g and generated enough power to operate the ultralow power sensors and 

microprocessors [2, 3]. 
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(a)                                                                     

 
(b) 

         
 

Figure 4.12. (a) Natural frequencies of the spiral energy harvesters with variation of number 

of turns. (b) Output power and voltage of the 5 turns spiral energy harvester with variation of 

external electrical load. 
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Table 4. Comparison of normalized power density and resonance frequency of recent MEMS 

energy harvesters [38-50] 
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4.4. Summary 

 In summary, we have demonstrated the fabrication of spiral MEMS energy harvester with 

an ultra-low resonance frequency and high power density. The PZT thin film with 1.8 um 

thickness was deposited on a platinized SOI wafer exhibiting high crystalline quality and good 

piezoelectric properties. The spiral cantilever structure with different number of turns was 

fabricated by the industry compatible microfabrication process. In order to analyze dynamic 

behavior of the energy harvester, the vibration mode shape and stress distribution in the first 

and second resonance were characterized by scanning laser vibrometer and FEM simulation. 

The natural frequency of the spiral MEMS harvester gradually decreased with increasing 

number of turns and the lowest resonance frequency of 48 Hz was achieved in harvester with 

seven turns. Depending on the number of turns and weight of proof mass, the natural frequency 

of the spiral MEMS harvester was tunable to low frequency ambient vibrations. The maximum 

output power of 23.3 nW was obtained in the 5 turns spiral MEMS harvester excited at 0.25g 

and at its resonance frequency of 68 Hz. The results show that spiral piezoelectric MEMS 

energy harvester could provide solution for realizing standalone MEMS devices. 
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5. Chapter 5: Broadband Dual Phase Energy Harvester: 

Vibration and Magnetic field 

5.1. Introduction  

In the past decade, energy harvesting technology has been extensively investigated to realize 

self-powered low power consuming devices such as transceivers, sensors and MEMS 

components.[1-4] There are several mechanisms for converting ambient energy into electricity 

including photovoltaics[5], thermoelectrics[6], magneto-thermoelectric[7, 8], 

electromagnetics[9, 10], magneto-mechano-electric (MME) conversion, and various types of 

mechanical energy harvesters.[11-15] Mechanical energy harvesters utilize many different 

energy conversion phenomena and materials including piezoelectric, magnetic, electrostatic, 

electrets, triboelectric, dielectric elastomer, ionic polymer, etc. Among this large number of 

candidates, piezoelectric energy harvesting has been extensively studied as it can provide high 

electromechanical energy conversion efficiency, energy density, and high voltage.[4, 16-19] 

Mechanical energy is attractive due to its availability in a variety of scenarios such as vehicles, 

aircrafts, industrial machines, household appliances, and human motion. In some scenarios, 

mechanical energy is parasitically supplemented by the stray magnetic field generated from 

surrounding power cord in electronic devices and transmission cables. Simultaneous dual phase 

energy harvesting of mechanical and magnetic energy provides an attractive opportunity to 

amplify the power density and thereby strengthen the argument for self-powered devices.[20-

22] 

Traditionally, electromagnetic generators have been utilized for harvesting magnetic energy, 

but they are bulky in size and difficult to be integrated with low force ï low frequency 

oscillations.[9, 20, 23, 24] An example of constant oscillation frequency source would be stray 
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magnetic field generated from A/C power cords on electronic devices. The electric power 

transmission cables can generate low magnetic fields (<1 mT = 10 G at a distance of 10 mm 

from 50 A cable) at fixed frequency of 50/60 Hz (depending upon the geographical region). 

The available stray magnetic fields can be higher in the vicinity of electric equipment/machines. 

Recently, a magneto-mechano-electric (MME) energy conversion mechanism has been 

proposed that allows the combination of piezoelectric energy harvester and magnets to 

simultaneously harvest this magnetic energy and mechanical energy.[25-28] In contrast to 

magnetic fields, vibration frequency is seldom constant rather it varies over a band depending 

upon the mass and operating environment. Thus, the challenge lies in capturing this wide range 

of vibrations while also optimizing the power production at specific frequencies. 

In order to maximize the generated electrical power from mechanical vibrations, the 

piezoelectric energy harvester should be operated at resonance frequency.[12, 26] However, 

piezoelectric structures exhibit narrowband resonance frequency and thus it is difficult to 

couple with broadband vibrations. In particular, it is more difficult to harvest a sufficient power 

from continuously varying frequency conditions such as automobile and airplane engine 

vibrations. In order to fully capture the energy from vibrations, ideally piezoelectric harvesters 

should have a broadband response or ability to automatically tune the resonance frequency in 

accordance with an ambient vibration source.[29-33] One of the simpler methods introduced 

in prior literature for achieving the broadband response is arraying piezoelectric 

bimorph/unimorph type energy harvesters with different lengths. However, in this case, the 

energy density dramatically decreases because only one of the energy harvester generate 

electric power at a specific resonance frequency. In addressing this problem of low power 

density in broadband energy harvester arrays, we demonstrate a magnetically coupled 

piezoelectric energy harvester array (MaCoPEHA) that couples each harvester in the array 

through the interaction of magnetic proof masses. If one of the harvesters in the MaCoPEHA 
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is vibrating at resonance, the next neighbor harvester will be excited to a quasi-resonance state 

through the magnetic interaction. Thus, in varying vibration conditions, the generated power 

and bandwidth will increase significantly in comparison with a normal (non-magnetically 

coupled) harvester array. The MaCoPEHA shown in Figure. 5.1 (a) uses the MME mechanism, 

whereby piezoelectric bimorph cantilevers are mounted with magnetic proof masses such that 

they can also function as a magnetic field energy harvester while maintaining the broadband 

nature. The MaCoPEHA can respond to both mechanical vibrations and magnetic fields 

through the oscillation of the cantilever directly through bending stresses or indirectly through 

the coupling of magnetic proof mass displacements in neighboring beams. Vibrations from 

rotary pump, automobile engine and stray magnetic field surrounding the power cord of an 

electric kettle were successfully harvested using the MaCoPEHA and output power densities 

corresponding to the vibration and the magnetic field input were found to be 243 ɛW/cm3Āg2 at 

78 Hz and 36.5 ɛW/cm3ĀOe2 at 79.5 Hz, respectively. 

 

5.2. Experimental 

5.2.1. Fabrication of MaCoPEHA 

The cantilever type energy harvester was fabricated with 2-2 composite structure comprising 

of stainless steel (STS) shims (SUS304H, JINEI Corp.) and piezoelectric ceramics. The STS 

shims and piezoelectric ceramic plates with 5 mm × 50 mm dimension were fabricated by 

dicing larger size plates. Three layers of STS shims and two layers of piezoelectric ceramics 

were stacked alternately and bonded using high strain epoxy (DP-460, 3M) as shown in Figure 

5.1 (b) and cured at 80oC for 6 hours under pressure. Different lengths (30 mm, 27.5 mm, 25 

mm, 22.5 mm, and 20 mm) of cantilever beam were arrayed with 5mm interval using a 3D 

printed jig. The NdFeB magnetic proof masses with 144.18 mm3 (6.35mm x 3.18 mm x 7.14 
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mm, density ɟ = 7.4 g/cm3) volume were attached at the free end of each beam. All attached 

magnetic proof masses on the cantilever beam arrays had the same polarity and applied 

repulsive force on each other. 

 

5.2.2. Measurement of vibration and magnetic field characteristics 

The vibration characteristics of the MaCoPEHA was investigated using a vibration shaker 

(K2007E01, The modal shop, Inc.) and scanning laser Doppler vibrometer (Polytec, PSV 500). 

The cantilever beam arrays were clamped using a home-made jig. The energy harvester was 

excited by 1 g acceleration which was constantly monitored using an accelerometer. The 

resonance frequency and transfer function of the energy harvester were measured by laser 

vibrometer and Polytec data management system (DMS) by applying burst chirp vibrations 

and discrete sine sweep (manually stepping through frequencies). The generated output voltage 

of the energy harvester arrays was measured using a 4-channel digital oscilloscope 

(DSO1014A, Keysight). The actuation mode shapes of each cantilever beam were also 

measured simultaneously using the two-dimensional scanning laser vibrometer (Polytec, PSV 

500). The magnetic field response of the MaCoPEHA was tested using a homemade Helmholtz 

coil. The Helmholtz coil was driven by a bipolar amplifier and function generator to generate 

500ɛT magnetic field. The generated magnetic field was monitored using a 

Teslameter/gaussmeter (Model 6010, Laboratorio Electtofisico / Walker LDJ Scientific), and 

maintained a constant value with variation of frequency.  

For characterization of generated power from the MaCoPEHA, the generated voltage was 

measured across connected load resistance using a variable resistor (IET Labs, OS-260 RTD 

simulator). Internal impedance (1Mɋ) of the oscilloscope was considered for calculation of the 

total connected load resistance. The generated average power from the MaCoPEHA was 

calculated using the formula P = V2/R, where V is the rectified RMS voltage. The impedance 
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matching point was determined to be the impedance value where maximum in output power is 

obtained. The internal impedance of the energy harvester was also directly measured using an 

impedance analyzer (Agilent, 4990 A), and compared with the experimentally found 

impedance matching point. 

 

5.3. Results and Discussion 

5.3.1. MaCoPEHA Device Design and Operation 

The design of the MaCoPEHA is depicted in Figure 5.1 (a) and (b), where the use of 

magnetic poof masses on arrayed energy harvesters allows coupling between them and a 

subsequent broadband response. Figure 5.1 (c) illustrates of the expected output voltage 

generated from an individual energy harvester in the MaCoPEHA shown in Figure 5.1 (d), with 

an assumtion that the arrayed harvesters are coupled via magnetic force of attraction/repulsion. 

As shown in Figure 5.1 (c), each harvester in the array can have multiple resonance frequencies 

because the harvester is not only responds at its own fundamental frequency but also at the 

coupled frequencies corresponding to the response of other harvesters in the array. The 

maximum output voltage is obtained at the fundamental resonance frequency and decreases as 

the frequency varies, while still maintaining a significant magnitude over the wide range 

corresponding to flong ï fshort, where flong and fshort are the fundamental resonance frequencies of 

the longest beam and the shortest beam in the array, respectively. 

Figure 5.1 (d) shows the schematic configuration of each piezoelectric energy harvester in 

the MaCoPEHA comprised of a bimorph structure with the piezoelectric ceramic (PSI-5A4E, 

Piezo System, Inc.) and stainless steel (STS) shim (SUS304H, JINEI Corp.) layers. The 

piezoelectric ceramics layers were combined with an opposite poling direction in order to avoid 

the output power cancelation due to phase mismatch. In order to maximize the output power 
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from the bimorph cantilever, the configuration of each layer should be decided to maximize 

the value of the stiffness coupling parameter (ə) expressed as [34]: 

 

‖                                                         (5.1) 

 

where cs, and cp are elastic moduli of the STS shim layer and the piezoelectric ceramic layer, 

respectively, and ts, and tp are the thicknesses of the STS shim layer and the piezoelectric layer, 

respectively. The optimum ts,/tp value can be calculated as: 
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(5.2) 

 

The optimum ts,/tp value was found to be 0.6 using elastic moduli of the STS and the 

piezoelectric ceramic.[35] Using this value, the thicknesses of the STS shim and the 

piezoelectric layer were determined to be 80 ɛm and 125 ɛm, respectively. The piezoelectric 

ceramics and the STS shims were precisely sliced by a dicing saw and combined together using 

epoxy adhesive (DP-460, 3M) with a high strain rate according to configuration shown in 

Figure 5.1 (b). The total thickness of each cantilever beam was approximately 530 ɛm after 

bonding. 5 cantilever energy harvesters of the same size were fabricated and clamped at 

different length. 
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For broadband operation, the energy harvesters possessing different resonance frequencies 

were arrayed to respond to varying ambient vibrations. The first natural frequency of the 

cantilever beam structure can be expressed as [4]: 

 

   ‫
Ȣ

                                         (5.3) 

 

Ὅ                                                       (5.4) 

 

where meq is the equivalent mass, keq is the equivalent spring constant, L is the length of beam, 

E is elastic modulus of the beam, I is moment of inertia of the beam cross-section, Ml is the 

mass per unit beam length, Mp is the weight of a proof mass, and b and d are the breadth and 

depth of the beam cross-section. From equation (5.3), the natural frequency of a cantilever 

energy harvester is proportional to the elastic modulus (E) and the moment of inertia (I), while 

inversely proportional to the length of beam (L) and weight of a proof mass (Mp). To engineer 

the natural frequency, we can control the length of beam and weight of a proof mass.[12] In 

this work, we gradually modulated the length of beam (L) to adjust the natural frequency of 

each harvester in the array instead of changing the weight of the proof mass so that all energy 

harvesters have a similar magnetic force of the interaction with each other. The lengths of the 

beams were varied from 20 mm to 30 mm at an increment of 2.5 mm as shown in Figure 5.1 

(b). The fabricated harvester beams were fixed at 5 mm equidistant intervals in the 3-D printed 

plastic jig which was tightly clamped by a metal clamp as shown in picture of Figure 5.1 (e). 

For coupling of arrayed energy harvesters, permanent NdFeB magnet proof masses with the 

same polarity were attached at the end of each beam. The same weight magnets were placed 

on each beam equally spaced with respect to each other for homogeneous interaction between 

the harvesters. As shown in the front view of harvester in Figure 5.1 (e), the magnetic masses 
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were alternately shifted up and down in order to provide a magnetic force equilibrium. The 

longer beams deflected more than the shorter beams because of their lower stiffness. 
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Figure 5.1. (a) Schematic description of vibration and stray magnetic field dual phase energy 

harvester. (b) Schematic layout of the MaCoPEHA. The picture shows fabricated cantilever 

energy harvester array. (c) Expected output voltage of the MaCoPEHA with respect to 

cantilever beam positions. (d) Schematic diagram of the cantilever energy harvester consisting 

of 2-2 composite structure of metal shims and piezoelectric ceramic layers in order to improve 

the strength and output power. (e) Configuration of coupled magnetic proof masses that have 

same polarity and repulsive force.  
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5.3.2. Vibrati on and Magnetic Energy Harvesting Performance 

 

 

Figure 5.2. Testing setup for vibration characteristics of energy harvesters with two-

dimensional laser vibrometer. 

 

Using the vibration testing setup shown in Figure 5.2, frequency response spectrum for the 

MaCoPEHA was measured by applying a burst chirp frequency sweep (50%) from 35 to 100 

Hz at different acceleration conditions from a shaker. Open-circuit output voltage signal of 

each beam in the MaCoPEHA was recorded simultaneously using a multi-channel digital signal 

processor. Figure 5.3 (a), (b) and (c) show the burst chirp frequency spectrums for the 

MaCoPEHA output voltage at 0.01 V, 0.02 V, and 0.03 V excitation voltage applied to the 

shaker (to yield different acceleration conditions), respectively. For comparison, the output 

voltage was normalized by acceleration (g). It is apparent from the frequency spectrums that 

the MaCoPEHA provides broadband operation characteristics. Transfer function for the 
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individual beam is provided in Figure 5.3 (a), (b) and (c), which indicates that there are five 

resonance peaks in the MaCoPEHA which originate from the respective natural frequency of 

each beam without magnetic interference. Besides the mechanical resonance, each beam has 

coupled modes generated by the magnetic field interaction from neighboring beams. As shown 

in Figure 5.3, the higher order modes for each beam comply with the fundamental resonance 

frequency of the adjacent beams, which confirms that the magnetic interaction results in elastic 

coupling. With decrease of beam length (from beam #1 to beam #5), bandwidth of individual 

beam tends to broaden of low acceleration conditions, as presented in Figure 5.3 (a). This could 

be attributed to the fact that the longer beams lead higher bending deflection caused by the 

magnetic repulsion and lower non-linear interaction (magnetic force varies non-linearly with 

distance) with neighboring harvester beams as shown in the front view of the MaCoPEHA in 

Figure 5.1 (e). Additionally, as shown in Figure 5.3 (a), (b) and (c), beam #5 has the widest 

bandwidth which is due to two adjacent resonant modes merging with each other. With increase 

of acceleration, the frequency of fundamental modes was slightly shifted and those of higher 

order modes increased due to augmented interaction between adjacent beams as shown in 

Figure 5.3 (a), (b), and (c). This resulted in an increase of total bandwidth of the MaCoPEHA 

with increasing acceleration. Even though the broadband behavior of the MaCoPEHA was 

achieved at low acceleration, the non-linear stiffening effect by the magnetic field interaction 

was not sufficient. From the above results, it is worth noting that in order to improve the 

bandwidth and output power of our MaCoPEHA, the magnetic interaction between energy 

harvesters needs to be increased and bending deflection of the cantilever beam needs to be 

reduced. 
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Figure 5.3. Frequency spectrums of open-circuit output voltage of individual harvesters in 

the MaCoPEHA at (a) 0.01 V, (b) 0.02 V, and (c) 0,03 V burst chirp signals applied to shaker. 

The output voltages were normalized by applied acceleration (g). The MaCoPEHA has 

multiple-resonance frequencies and a broadband frequency spectrum. With increase of the 

applied voltage to the shaker (acceleration, g), the bandwidths increase, and the resonance 

frequencies of each harvester slightly shift due to the augmented magnetic interaction between 

adjacent beams. 

 

To quantify the magnetic coupling between beams, the phase deviation of generated voltage 

signal and the coupled mode shape of each beam at different frequencies were investigated. 

The phase deviation in generated power is a very critical factor when combining electrical 

energy from various beams as any difference could lead to cancellation of electric potential. 

Figure 5.4 shows the generated output voltages and coupled mode shape of the MaCoPEHA 
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under 1 g acceleration. In order to examine the mode shape of the first bending mode of each 

beam, all beams in the MaCoPEHA were scanned using a scanning laser vibrometer (Polytec, 

PSV 500) under a constant acceleration and frequency. Figure 5.4 (a) shows the output voltage 

and mode shape of the beam #1 at 52.5 Hz which generated the highest output voltage but has 

90o phase deviation with respect to the other beams. Figure 5.4 (b) and (c) display the time 

domain output voltages and phase characteristics of the MaCoPEHA at the fundamental 

resonance frequencies of beam #2 and beam #3, respectively. Due to complex magnetic 

interaction of all beams, the generated output voltages have different phases as shown in Figure 

5.4 (b) and (c). On the other hand, it is interesting to note that all beams have almost 

synchronized phase at the frequency of 78 Hz as shown in Figure 5.4 (d). At 78 Hz, all beams 

are near resonance and the actuation of each beam does not affect the movement of neighboring 

beams due to strong coupling. When we consider the amplitude of generated output voltage 

and the actuation mode shape of adjacent beams, the coupling among beams #3, #4, and #5 

seems to be stronger than the coupling between beam #1 and #2. 

 
 


